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Aim of the thesis

Vertigo and/or dizziness are very common complaints for general practitioners 

and otorhinolaryngologists alike. ‘Balance’ disorders may be associated with 

many different impediments or diseases. Because the presentation of specific 

vestibular diseases may vary widely, determining the right diagnosis and cause of 

the complaints can be challenging. Current vestibular function testing is limited to 

testing the general function of both vestibular systems, and unilateral testing of one 

of 5 separate organs within both vestibular systems. Therefore, the global goal of 

this thesis was to explore the diagnostic possibilities in relation to the otolith organs, 

2 other separate organs in the two vestibular systems. To achieve this goal, the 

characteristics of several innovative diagnostic tests were investigated and their 

application was further studied in different vestibular diseases. More specifically, 

this thesis is based on three main research goals. 

1. To explore the options of extending vestibular testing in relation to the otolith 

organs using recording of the ocular Vestibular Evoked Myogenic Potentials 

(oVEMPs).

For this both oVEMP recording after air-conducted sound (ACS) and in response 

to bone-conducted vibration (BCV) were performed and the characteristics 

extensively studied. 

2. To find new applications of oVEMP recording in relation to the diagnosis of 

specific vestibular diseases.

The ACS and BCV oVEMP tests were performed in different patient categories. 

More specifically the following research questions were pursued:

• Is oVEMP recording a valuable addition to the currently used clinical criteria 

for diagnosing Ménière’s disease?

• Do Ménière’s patients show the same alterations in frequency tuning of the 

oVEMPs as they do with respect to cervical VEMPs (cVEMPs)?

CHAPTER 01 | GENERAL INTRODUCTION
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• Can the BCV oVEMP be employed to demonstrate any possible damage to the 

otolith organs in otosclerotic disease and/or treatment with stapedotomy?

• Can the value of the BCV oVEMP test be confirmed in superior semicircular 

canal dehiscence syndrome (SCDS)? 

3. To develop a relatively simple unilateral centrifugation test for evaluation of 

the otolith organs.

In literature, an unilateral centrifugation test is described which is complex and 

difficult to implement in clinical practice. Therefore, a new method was devised 

and the first recordings with this method were performed. 

In this Introduction a short overview will be given on the background of the function 

of the vestibular organ, focusing on the otolith organs. Then, the general principles 

and methods of vestibular testing are explained, to underline their limitations and 

understand the necessity of developing additional new tests. In the case of this 

thesis this is specifically aimed at investigation of the otolith organs.

Equilibrium

The system of maintaining balance in rest and motion is complicated, and is 

dependent on sensory input from various sources. The three most important sources 

are vision, proprioceptive input and the vestibular system, not necessarily in this 

order. The visual system helps in estimating motion and the position we have taken 

in space, while propriocepsis provides information on the activity and position 

of muscles and joints with respect to our body, the inertial space and Earth-fixed 

gravitation. This information is integrated with signals from the vestibular system 

and after central integration results in four major outputs: conscious perception 

(self-motion and spatial orientation), eye movement (image stabilization), body 

movement (balance in rest and in motion) and autonomic regulation (visceral, e.g. 

GENERAL INTRODUCTION | CHAPTER 01
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blood pressure) (Fig. 1). Thus, the information from the vestibular organs is only 

one factor in this system and though it is an important factor, we always have to 

keep in mind that when we are confronted with a patient presenting a complaint 

of dizziness it is not necessarily a complaint associated with vestibular disorders. 

Nevertheless, in this thesis the focus will be on sensory signals evoked within the 

vestibular system, specifi cally with an otolithic origin.

Anatomy and physiology of the vestibular organs

The vestibular system consists of a peripheral (vestibular organs) and central 

(vestibular nerve and nuclei) part. These two will be separately discussed, with the 

focus on a subdivision of the peripheral vestibular organs, the otolith organs. 
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Figure 1 | Balance

Adapted from Brandt and Daroff [1980]. 
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Peripheral vestibular system

General characteristics

The peripheral vestibular system is positioned in the temporal bones at both sides 

of the head and is associated with a membrane, continuous with the membranes of 

the cochlea. The membranous labyrinth (a term often used in anatomical studies for 

the vestibular system) is filled with endolymph, a fluid with high potassium levels. 

The exact cycle of endolymphatic fluid is not clear, but the general, oversimplified 

thought is that the endolymphatic fluid is produced in the stria vascularis in 

the cochlea, then flows into the endolymphatic duct and is reabsorbed in the 

endolymphatic sac. Between the membranous labyrinth and the temporal bone is 

the perilymphatic space filled with perilymph, which is thought to be a filtrate of 

blood or cerebro-spinal fluid or both. This perilymphatic space connects with the 

cerebral (subarachnoidal) space through the cochlear aquaduct. The peripheral 

vestibular system is frequently characterized by identifying two subdivisions: the 

three semicircular canals, and the two otolith organs. Regardless of the subdivision, 

the sensory elements which are responsible for the transduction of motion are hair 

cells. These cells are called so, because they can be typified by a bundle of hair 

like protrusions at their apical end which in the vestibular system consists of 50 to 

100 stereocilia and 1 long kinocilium. Deflection in the direction of the kinocilium 

results in depolarization of the hair cell, and deflection from the kinocilium in 

hyperpolarisation.

Semicircular canals

The system of semicircular canals consists of a horizontal (or lateral), anterior (or 

superior) and posterior (or inferior) semicircular canal. Each canal shows a typical 

protuberance at one end, the ampulla, which contains the sensory epithelium with 

the hair cells on a ridge called the crista ampullaris. The canals are positioned 

approximately orthogonal (right-angled) to each other, and therefore are able to 

detect motion in all planes, together with their counterparts on the opposite side. 

GENERAL INTRODUCTION | CHAPTER 01
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When there is rotation of the head, the endolymph lags behind due to inertia, 

deviating the cupula. The cupula is a gelatinous structure containing the hair 

bundles of the hair cells, resulting in a stimulation or inhibition of the sensory 

epithelium, depending on the direction of deflection of the cupula. If the speed of 

rotation is kept at a constant level, the endolymph will gradually be moving as fast 

as the head does due to friction, and the position of the cupula will slowly return 

into its neutral position due to elastic properties.

Otolith organs

The otolith organs, the saccule and the utricle, look very much alike. Both organs  

contain a sensory epithelium which is called a macula. This is a single cell layer 

in which the hair cells are positioned on top of a layer containing nerve fibers. On 

top of the sensory epithelium lies a gelatinous membrane containing the otoliths 

(also called otoconia or statoliths): crystals of calcium-carbonate sized 1-5 μm with a 

specific mass larger than the endolymph. Movement of the head leaves the otoliths 

lagging behind, resulting in deflection of the cilia and de- or hyperpolarisation 

of the cells, depending on the orientation of the kinocilium. The utricular macula 

is more horizontally orientated and therefore sensitive for accelerations in the 

horizontal plane. The saccular macula is orientated more vertically and sensitive 

for vertical accelerations (Fig. 2). Both maculae have a striola along which the hair 

cells are positioned, but the hair cells on one side of the striola have their kinocilium 

oppositely oriented compared with the cells on the other side (Fig. 2). Similar to 

the semicircular canals, the otolith organs have counterparts on the contralateral 

side of the head, with a complementary effect to translational movement. Also 

similar to the canals, a high spontaneous rest activity is seen in the afferent nerves, 

resulting in a very low threshold of detecting linear movement and the possibility 

to convey information about the direction of motion because activity can increase 

or decrease. If a constant speed is reached after acceleration or deceleration, the 

elasticity of the gelatinous membrane results in replacement of the otoliths (and 

with that the cilia) into neutral position. The otoliths also register linear accelerations 

CHAPTER 01 | GENERAL INTRODUCTION



1716

that take place during rotation because of the centrifugal effect acting on the 

otoliths. Further, in rest gravity excerts a constant force on the otolith organs and 

with that a shift / movement of the membrane and otoliths and defl ection of cilia. 

The hair cells of the maculae of saccule and utricle are all polarized in a slightly 

different direction. Therefore all angles of movement can be adequately detected 

(Fig. 2). One problem of the otolith organs is the tilt-translation ambiguity, where 

the otolith organs respond identically to translational (inertial) accelerations and 

accelerations due to gravity as caused by changes in head orientation relative to 

gravity. Under certain conditions, this sensory ambiguity can be resolved using 

extra-otolith cues, including information from the semicircular canals, with use of 

the central vestibular system [Bos and Bles, 2002; Angelaki and Yakusheva, 2009]. 

The organization of the central vestibular system will be explained below. 
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Figure 2 | Anatomy of the macula of the utricle and saccule 

Orientation of saccule and utricle (left) and positioning of cilia along the striola of the otolith organs (right) 

resulting in a detection of movements in all directions. 
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Central vestibular system

General characteristics

Both the otolith organs and the semicircular canals project on afferent nerve fibers 

of which the bell bodies are located in the vestibular ganglion or Scarpa’s ganglion. 

They continue into nerves and are divided between the superior vestibular nerve 

and the inferior vestibular nerve. Afferents from the horizontal and anterior 

semicircular canals and from the utricular macula course solely in the superior 

division. However afferents from the saccular macula course in both parts: those 

from the “hook” region of the saccular macula course in the superior division, 

whereas those from the elongated “shank” region of the saccular macula travel in 

the inferior division, together with afferents from the posterior semicircular canal 

[de Burlet, 1924] (Fig. 3). Primary vestibular afferents can be categorized as regular 

and irregular depending on the regularity of their resting discharge, and these 

different categories have different physiological characteristics [Goldberg, 2000].

The afferents from the vestibular system follow the vestibular part of the 8th 

cranial nerve and project on the vestibular nuclei in the brainstem. In these 

nuclei information from the vestibular system, cerebellum, spinal cord and visual 

system are integrated. The lateral vestibular nucleus mostly receives information 

from the otolith organs and forms the laterospinal tract that projects on the motor 

neurons of the limbs (postural reflexes). The medial vestibular nucleus mainly 

receives information from the semicircular canals and projects through the medial 

vestibulo-spinal tract to the eye and neck muscles. Especially the projections to the 

eye muscles are interesting clinically, because these projections take care of one 

of the important functions of the system, i.e., for image stabilization on the retina, 

through a reflex arc which is called the vestibulo-ocular reflex.

Vestibulo-ocular reflex (VOR)

The VOR is a reflex eye movement that stabilizes images on the retina during 

head movement. This makes it possible to maintain a fixed gaze on an object 
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when moving the head. The pathway of this reflex commences in the semicircular 

canals (angular VOR) and otolith organs (linear VOR), and is projected through the 

bilateral vestibular nerves onto the vestibular nuclei and the cerebellum. From the 

vestibular nuclei, the signal is directly processed to the oculomotor nuclei. There, 

all nerves supplying the eye muscles of the contralateral eye are activated in order 

to compensate eye movement for the change of position of the head. Ipsilaterally 

a similar process occurs, resulting in complementary eye muscle activation of 

each eye. This way, the gaze-direction compensates for the head movement; the 

eyes moving to the left in a reflex when the head turns right and up when the 

head moves downwards and vice versa. The VOR plays an important role in the 

diagnostic work-up of patients presenting with suspected vestibular disorders, as 

explained below.

Diagnostic work-up

The work-up of patients with vestibular symptoms consists of three main aspects: 

patient history, physical examination and laboratory tests. All three will be briefly 

explained below. In the subsequent paragraph the new developments regarding 

the laboratory tests used in this thesis will be more extensively described. 

Patient history

In diagnosing vestibular disease the patient history is very important. Patients often 

complain of the symptom of ‘dizziness’, but this can have a completely different 

meaning for different patients. It is very important to discriminate for example 

between vertigo on the one hand and feelings of instability, lightheadedness etc. 

on the other. With vertigo there should be an illusory perception of movement of 

the body (spinning) and/or the surroundings. The duration of the vertigo, triggers 

of vertigo and accompanying symptoms might be indicative for the underlying 

process or disease. Attacks that last for seconds after head movement are indicative 
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for Benign Paroxysmal Positional Vertigo, attacks lasting for hours accompanied by 

tinnitus and hearing loss for Ménière’s disease and attacks after coughing or loud 

sounds for SCDS. Also other symptoms should be carefully questioned, such as 

nausea and/or vomiting (indicative for vestibular neuritis and Ménière’s disease), 

headache (vestibular migraine), numbness of mouth/limbs (hyperventilation) and 

oscillopsia (vestibulopathy). 

Physical examination

The physician should at first try to differentiate between peripheral and central 

disorders using physical examination. If a spontaneous nystagmus is present, the 

Frenzel’s glasses can be used. If the nystagmus is damped by visual fixation, it is 

most likely caused by a peripheral lesion. Then examination of the cranial nerves 

(especially eye movements), the Romberg test, provocation with Politzer balloon 

and Dix-Hallpike test should be performed, and optionally the Halmagyi-Curthoys 

head impulse test [Halmagyi and Curthoys, 1988].  

Laboratory tests 

For assessing the status of the vestibular organs objectively, derivatives of the 

strong VOR are used and movements of the eyes are closely observed. This can be 

done by Electronystagmography (ENG), Videonystagmography and scleral search 

coils. The test most widely used in the Netherlands is ENG in combination with 

rotational testing and calorisation (see below). A standard test battery then usually 

consists of 3 parts:

• Ocular motor evaluation (spontaneous nystagmus, gaze-evoked nystagmus, 

saccades, smooth pursuit, optokinetic reflexes)

• Positional / rotational testing (gain, phase, symmetry, per- and postrotatory 

nystagmus, fixation suppression of the VOR)

• Caloric stimulation (irrigation of the external auditory canal with 30°cold and 

44° warm water, this is the golden standard to identify unilateral labyrinthine 

disturbances, but it only evaluates the functionality of the horizontal canal)

CHAPTER 01 | GENERAL INTRODUCTION
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The purpose of ocular motor evaluation is to discover any disorders in eye movement 

that may influence the interpretation of the positional / rotational or caloric testing. 

Using this standard ENG test battery the general function of both vestibular organs 

can be tested. Furthermore, caloric stimulation allows for unilateral function testing 

of the horizontal canal. Unfortunately, the other 4 separate organs in the vestibular 

system cannot be tested with the combination of tests above. Therefore researchers 

have searched for new ways to identify and test the other two semicircular canals 

and the otolith organs. Two recent developments in testing the otolith organs that 

will be elaborated on further in this thesis, will be described below.

New developments in diagnostic testing of the otolith organs

Ocular Vestibular Evoked Myogenic Potentials (oVEMPs) 

In the last two decades the VEMP test has been developed, and many studies have 

been performed on the specifics and clinical application of these VEMPs. In this 

part first the discovery and development of the VEMP test will be clarified. Then 

the research on the origin of both the cervical VEMP (cVEMP) and oVEMP will be 

described. The focus will be on the oVEMP, because this test is used in this thesis, and 

the possibilities regarding stimulation and recording techniques will be explained. 

Discovery and development of VEMPs

VEMPs are short-latency myogenic potentials in response to activation of the 

otolith organs that project on cervical (cVEMP) or ocular (oVEMP) muscles, which 

can be recorded by surface electrodes. Stimuli that are used are mainly ACS 

with the use of a headphone and BCV with use of a standard bone-conductor or 

mini-shaker. A more extensive description of these different ways of stimulation 

and their characteristics is given below. It is currently believed that both ACS and 

BCV selectively activate a particular group of vestibular afferents, namely otolith 

irregular afferents [Murofushi and Curthoys, 1997; Curthoys et al., 2006]. These 
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irregular neurons are present in both saccule and utricle and represent a small part 

(approximately only 10-15%) of all vestibular afferents [Curthoys, 2010]. In guinea 

pigs single neuron action potentials were recorded and ACS was found to activate 

saccular afferent neurons [Murofushi and Curthoys, 1997]. However, in a later stage 

it has been shown that also some utricular afferents respond to ACS, and that BCV 

also activates afferents in both saccule and utricle [Curthoys and Vulovic, 2011]. A 

more extensive description of the exact theory and discussions on the origin and 

pathway of VEMPs is also given in the next paragraph. 

The cVEMP was firstly described by Colebatch and Halmagyi [1992] and Colebatch 

et al. [1994], who measured EMG activity from the sternocleidomastoid (SCM) 

muscles following vestibular stimulation through brief pulses of sound (clicks) as a 

manifestation of the vestibulo-collic reflex [Murofushi et al., 1995]. This response is 

uncrossed, thus stimulation of one side results in an ipsilateral inhibitory response. 

The amplitude of the cVEMP is directly related to the strength of the background 

SCM muscle activity, because of the inhibitory character, and a decrease of 

response rate and amplitude is seen with age [Colebatch et al., 1994; Brantberg et 

al., 2007]. cVEMPs can also be recorded in children and infants as young as a few 

days old if appropriate SCM activation is achieved [Sheykholeslami et al., 2005]. 

Although cVEMPs were originally evoked by square wave ACS clicks of 0.1 ms 

duration, they can also be produced by other stimuli, such as ACS tone bursts, BCV 

(including head taps) and galvanic (electrical) vestibular stimulation. Compared to 

click cVEMPs, ACS tone burst cVEMPs are typically larger due to longer stimulus 

duration (and consequently larger transmitted sound energy). Also an effect of 

‘frequency tuning’ is seen, where different stimulus frequencies that are used have 

differences in outcome. For the ACS tone burst cVEMPs, the lowest threshold and 

largest amplitude were seen between 200 and 1000 Hz [Akin et al., 2003; Murofushi 

et al., 1999].

The development of the oVEMP commenced with Todd et al. [2003] describing bone-

conducted sound to elicit short-latency vestibular evoked potentials that could be 

recorded throughout the scalp. Following, Rosengren et al. [2005] found these 

CHAPTER 01 | GENERAL INTRODUCTION



2322

excitatory potentials to be best recorded below the eyes because they seemed 

to originate from the inferior oblique (IO) muscle. Iwasaki et al. [2007, 2008a,b] 

investigated patients with unilateral vestibular loss through BCV oVEMP by fore-

head taps in Fz and found a contralaterally absent oVEMP. They showed the 

excitatory oVEMP to represent a crossed otolith-ocular function. ACS oVEMPs were 

firstly studied by Todd et al. [2007]. In the same year it was found that the ACS 

oVEMP can be recorded bilaterally upon unilateral stimulation, but that the largest 

response was recorded beneath the eye contralaterally to the stimulated ear in up-

gaze [Chihara et al., 2007; Govender et al., 2009]. This confirmed the oVEMP to be a 

mainly crossed response, but also an ipsilateral response to be present. 

The oVEMP is a result from excitation of the extraocular eye muscles, and a reflexion 

of the VOR, as explained above. It has been shown in literature that the oVEMP is 

not just a movement of the eyeball [Todd et al., 2007] or a blink reflex [Smulders 

et al., 2009]. Furthermore, oVEMPs are intact in patients with facial palsy, patients 

with profound sensorineural hearing loss and with excenteration of the eyeball 

with preservation of eye muscles [Chihara et al., 2009]. Suzuki et al. [1969] showed 

that the contralateral IO and inferior rectus muscles were activated upon utricular 

nerve stimulation, and Rosengren et al. [2005] localized the optimal recording of 

oVEMPs below the eyes. Recently, the IO muscle was identified as the activated 

muscle in oVEMPs, through single motor unit activity with simultaneous recording 

of surface potentials following ACS and BCV [Weber et al., 2012]. 

The origin of VEMPs: saccule or utricle?

It has been reported that ACS activates mainly saccular afferents although also 

some utricular neurons respond, as already explained above, with thresholds 

being higher for excitation of utricular afferents [Kantner and Gürkov, 2012]. 

BCV activates both utricular and saccular afferents [Curthoys and Vulovic, 2011]. 

Semicircular canals however do not respond to sound or vibrational stimuli 

[Curthoys, 2010]. Furthermore, motor projections from the saccule to the ocular 

system are rather weak, whereas there are strong utriculo-ocular and sacculo-
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collic neural connections. This indicates the saccule as the most likely origin of 

cVEMPs and the utricle as origin of oVEMPs [Ushino and Kushiro, 2011], but this is 

an oversimplifi ed description for the current discussion. 

Figure 3 | Vestibular nerve 
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Schematic illustration of the neural innervation of labyrinthine sensory regions, modified from de Burlet, 

1924 (by Y.E. Smulders, courtesy of I.S. Curthoys). The superior part mediates afferents from the horizontal 

and anterior semicircular canal, the utricle and from the ‘hook’ part of the saccule. The inferior division 

mediates afferents from the ‘shank’ part of the saccule and from the posterior canal.
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Because in this thesis the oVEMP is used in the diagnosis of specific vestibular 

diseases, the ongoing discussion that is taking place in literature on the precise 

pathway for the different stimuli ACS and BCV to elicit an oVEMP will be more 

extensively described. Therefore, first the evidence of the origin of the oVEMP in 

response to these stimuli will be described. There is agreement that ACS oVEMPs 

are mediated by the superior division of the vestibular nerve. In patients with 

superior vestibular neuritis ACS oVEMPs are absent, while cVEMPs are normal, 

and in inferior vestibular neuritis ACS oVEMPs are present and cVEMPs are absent 

[Curthoys et al., 2011; Shin et al., 2012]. Thus ACS oVEMPs passage through the 

superior vestibular nerve, and ACS cVEMPs through the inferior part. The superior 

division mainly carries utricular afferents, but also some saccular neurons from 

the ‘hook’ part and from the horizontal and anterior canal (Fig. 3). Thus mediation 

by the superior vestibular nerve is not absolutely indicative of the involved end 

organ [Kantner and Gürkov, 2012], and it is not completely clear-cut that ACS 

oVEMPs originate only from the utricle. Contrarily, it is clear that the ACS cVEMP 

originates in the saccule. If the projections of the otolith organs are most closely 

studied, it was already shown in 1969 by Suzuki et al., that electrical stimulation 

of the utricle resulted in activation of (mainly contralateral) extraocular muscles in 

cats. But Isu et al. [2000] reported that also weaker saccular-ocular connections are 

present. Thus, ACS oVEMPs are mediated through the superior vestibular nerve 

which contains mainly utricular afferents, and the utriculo-ocular connection is 

strong. Therefore it can be cautiously concluded that the ACS oVEMPs quite likely 

represent predominantly utricular function. 

Regarding BCV, literature is clearer on the fact that BCV oVEMPs are mediated by 

the utricle. Contralateral oVEMPs are diminished or absent in patients with superior 

vestibular neuritis [Iwasaki et al., 2009; Manzari et al., 2010], and the superior division 

of the vestibular nerve mainly contains utricular afferents. Furthermore, utriculo-

ocular connections are much stronger than saccular-utricular connections. These 

arguments have also been used in the discussion on ACS oVEMPs. Additionally, 

vibrational pulses applied at the mastoids activates these utricular afferents, while 
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they respond best to accelerations in the horizontal plane [Todd et al., 2008]. Thus, 

BCV oVEMPs are also likely to represent predominantly utricular function. 

It should be noted that the way of stimulus transduction and otolith activation of 

the different stimuli is different, and other tuning characteristics are expected. 

Therefore, although they both represent utricular function, ACS and BCV oVEMPs 

are not completely equal and cannot be compared [Curthoys, 2012]. 

Specifics of the oVEMP test

In this paragraph a description will be given of the different ways of stimulation 

and of recording of the oVEMP as reported in the literature. 

Stimulus properties to evoke oVEMPs: For ACS, either clicks or tone bursts can be 

used, but tone bursts result in oVEMPs with larger amplitudes and higher response 

rates [Chihara et al., 2007]. Frequency tuning effects of the oVEMP result in the 

largest amplitudes at a stimulus frequency of 500 Hz in some studies [Park et al., 

2010; Winters et al., 2012 (chapter 4 this thesis)], while others show 1000 Hz to be the 

optimal frequency [Lewis et al., 2010; Taylor et al., 2012]. The ACS cVEMP tunes to 

frequencies between 400-800 Hz [Todd et al., 2009]. For BCV the largest response 

of both oVEMP and cVEMP response was seen at 100 Hz [Todd et al., 2009]. The 

finding that ACS and BCV stimulation each produced a similar tuning profile for 

two distinct pathways (cVEMP and oVEMP) with differing targets, indicates that the 

tuning is determined at or distal to the vestibular nuclei. Therefore the tuning can 

be associated with the mechanical properties of the otolith organs. It seems logical 

for the two otolith organs to each have a different resonance frequency. The surface 

area of the utricle is larger and the utricle has a greater mass than the saccule. 

Furthermore, the saccular macula is tightly coupled to the temporal bone, while the 

utricular macula is attached only at the anterior region [Todd et al., 2009].  Todd et 

al. [2009] calculated the resonance frequency of the utricle and saccule at around 

160 Hz and 1000 Hz, respectively. Also theories based on a mechanical system, with 

mass and stiffness as elements, have recently been proposed to explain changes 
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in tuning in inner ear disease (e.g., Ménière’s disease) [Todd et al., 2009; Taylor et 

al., 2012]. 

ACS is usually delivered unilaterally taking conductive hearing loss into account, 

with a high stimulus level (up to 130 dB peak SPL). BCV can be applied at the forehead 

(Fz) or at the mastoid, where stimulation at the forehead results in approximately 

equal bilateral stimulation of the otolith afferents. Stimulation intensity is expressed 

in dB FL (force level; 0 dB FL = 1 μN), and with conductive hearing loss BCV oVEMPs 

are usually normal [Wang et al., 2010]. 

Recording methods: To record oVEMPs, active electrodes are placed just below 

the lower eyelids with reference electrodes directly underneath and a ground 

electrode on the chin or sternum, with stimulation of a headphone for the ACS 

oVEMP (Fig. 4a) or a Mini-shaker for the BCV oVEMP (Fig. 4b).  

An important factor in recording oVEMPs is direction of gaze. Amplitudes become 

maximal with maximal up-gaze [Chihara et al., 2007; Govender et al., 2009; 

Rosengren et al., 2012]. This was firstly explained by changes in position of the 

IO muscles, that become more superficial in upgaze, but now seems mainly 

caused by increased tonic activation of the IO muscle in upgaze [Rosengren et al., 

Figure 4 | Recording methods ACS and BCV oVEMP

a. ACS oVEMP using a Beyer DT48 headphone  b. BCV oVEMP using a Mini-Shaker 4810 

(beyerdynamic, Germany)   (Brüel & Kjær, Denmark)
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2012]. The surface potentials are amplified and filtered and recorded signals are 

averaged. The oVEMP is characterized by a negative peak (n1) at approximately 

10 ms after stimulus onset, followed by a positive peak (p1) at approximately 15 ms, 

and amplitudes can be measured baseline-n1 peak or peak-to-peak (n1- p1). 

The specific stimulus parameters and recording conditions (electrode placement 

and electrophysiological measurement) that are used in this thesis are thoroughly 

described in the individual methods sections of chapters 2-6.

Unilateral centrifuge 

Recording oVEMPs is a way to assess functionality of the otolith organs, but 

there is another test which we have explored in this thesis as well. This method 

is unilateral centrifugation, and uses eccentric head positions during high speed 

rotation. It was first introduced in the altered gravitational state, weightlessness 

in space, by Yegorov and Samarin [1970] and by von Baumgarten [1979] and was 

firstly introduced clinically by Wetzig et al. [1990]. The aim of the test is to determine 

individual functionality of the otolith organs, in particular the utricles. The eccentricity 

of the head is aimed at imposing an asymmetrical couple of centrifugal forces to 

both otolith organs, minimizing that to the on-axis organs. The current method of 

unilateral centrifugation is that subjects are rotated about an earth-vertical axis 

at a velocity of 300-400°/s. During the ongoing rotation, the subject is gradually 

translated 3.5-4 cm along an intra-aural axis, to a position at which one utricle 

becomes aligned with the axis of rotation. This stimulus induces ocular counter-

rolling or ocular torsion (OT), which reflects the otolith ocular reflex. To record this 

OT 3D-video-oculography can be used. Also a tilt of the subjective visual vertical 

occurs which can be measured. However, with making use of these methods a 

certain amount of semicircular canal adaptation can be of influence. Recently 

Buytaert et al. [2012] developed a sinusoidal translation profile during unilateral 

centrifugation. With this profile the total OT could be divided in a semicircular 

canal and a utricular contribution. This will be more extensively described in 

chapter 7 of this thesis, in which we also propose a simplified procedure using tilt 
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of the head only, instead of translating the body and head en bloc, also offering 

additional advantages. 

Pathology of the vestibular organs 

As described above, symptoms of dizziness can be a result of various pathologic 

processes. In this paragraph we will focus on a few vestibular and otologic 

diseases to provide background information relevant for this thesis: Ménière’s 

disease, otosclerosis and SCDS. For each disorder a brief explanation is given of 

the symptoms, pathophysiology and treatment, with the emphasis on existing gaps 

in diagnosing these diseases.  

Ménière’s disease 

The main symptoms of an attack of Ménière's disease consist of the triad vertigo, 

tinnitus and/or aural fullness and a perceptive hearing loss. Mono-symptomatic 

attacks that are purely cochlear or vestibular can occur, particularly at the 

beginning of the disease. During the course of the disease most patients develop a 

persistent sensorineural hearing loss of the affected ear. The onset of the disease is 

usually between the fourth and sixth decade. 

Currently, the diagnosis definite Ménière’s disease follows from clinical criteria 

stated by the American Academy of Otolaryngology – Head and Neck Surgery 

[AAO-HNS, 1995]. These criteria are: two or more episodes of vertigo lasting longer 

than 20 minutes, audiometrically confirmed perceptive hearing loss, tinnitus and/

or aural fullness and exclusion of alternative causes of the complaints. A ‘definite’ 

Ménière’s disease can only be confirmed histopathologically. The pathophysiology 

of Ménière’s disease is not completely known. The most probable hypothesis is that 

an endolymphatic hydrops develops, with periodical rupturing of the membrane 

separating the endolymphatic space from the perilymphatic space. This rupturing 

might damage the peripheral vestibular organs which can reflect in vestibular 

testing. There is also a theory that endolymphatic hydrops is associated with 
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mechanical disturbances in the membranous labyrinth (mass, pressure) which 

alters functionality. 

Caloric stimulation of both ears using nystagmography can show variable 

responses and in many cases the test is normal [Maire and van Melle, 2008]. VEMP 

studies show various results, which is extensively discussed in chapter 3 and 4 of 

this thesis. Summarizing, cVEMPs and oVEMPs both show a higher threshold and/or 

smaller amplitudes in affected Ménière’s ears. Despite these signals of dysfunction 

in vestibular testing, until now the gold standard for diagnosing Ménière’s disease 

remains based on the clinical criteria stated above. 

Otosclerosis

The main complaint of otosclerosis is a conductive hearing loss, caused by a bone 

remodelling process generally leading to fixation of the stapes footplate. Apart from 

this conductive hearing loss, concomitant symptoms such as tinnitus and dizziness 

can occur. The prevalence and pathophysiology of these specific symptoms will be 

described in chapter 5 of this thesis. 

For diagnosing otosclerosis, the patient history of slow progressive hearing loss in 

combination with an audiologically confirmed conductive hearing loss is usually 

sufficient. Additionally acoustic reflexes can be recorded. In otosclerosis these 

reflexes will be absent caused by fixation of the ossicles. Also the otosclerotic foci 

can be objectified on a CT scan of the petrous bone. On these images, both stapedial 

otosclerosis and cochlear/labyrinthine otosclerosis can be seen. Concerning 

the vestibular symptoms, an abnormal classical ENG recording could be found 

preoperatively in 31.2% of otosclerosis patients [Aantaa and Virolainen, 1978]. The 

recording of VEMPs in otosclerosis will be described in chapter 5 of this thesis. 

The treatment of otosclerosis is stapes surgery, and this has proven to be a safe and 

effective procedure [Vincent et al., 2006]. However, in 12-45% of patients postoperative 

vestibular symptoms can occur [Aantaa and Virolainen, 1978; Silverstein et al., 

1989]. Usually these symptoms resolve after 3-6 days. Seldom, patients complain 

of vestibular symptoms for longer than 6 months [Tange, 2000]. Chapter 5 will also 
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compare pre- and postoperatively acquired oVEMPs in a population of otosclerosis 

patients.

Superior canal dehiscence syndrome (SCDS)

SCDS is caused by a thin area of the bone of the superior canal, which is predisposed 

to disruption by trauma [Carey et al., 2000]. Also a part of the bone may be 

congenitally absent [Carey et al., 2000]. This dehiscence of the bone creates a third 

mobile window into the inner ear, in addition to the oval and round windows in the 

middle ear. Vestibular activation occurs with sound or pressure stimuli because the 

lack of bone causes a greater compliance. Stimuli that result in inward or outward 

pressure at the round or oval window result in a bulging of the membranous 

labyrinth at the dehiscence with activation of the cupula of the superior canal. 

SCDS is characterized by attacks of vertigo caused by changes in pressure, for 

example by loud noises, coughing, sneezing or lifting, and accompanied by illusory 

movements of the environment (oscillopsia) and instability of posture and gait. 

Some patients experience symptoms such as hearing their pulse in the affected 

ear, hearing eye movements or hearing the heel strike when running. This can be 

described as ‘conductive hyperacusis’. 

Provocation tests, which attempt to trigger attacks during observation (using 

Frenzel’s glasses) or recording of the resulting eye movements (nystagmus), can 

help to establish diagnosis. Such tests can consist of the Valsalva manoeuvre, the 

tragal pressure test or provocation with the Politzer balloon. Patients with auditory 

manifestations of the disorder may show a lateralizing Weber tuning fork test to the 

affected side, or may hear a low frequency tuning fork (128 and 256 Hz) placed on 

the lateral malleolus of the foot. 

Audiometry can show a conductive hearing loss or bone conduction thresholds 

lower than 0 dB hearing level. 

For diagnosing SCDS the gold standard is the high resolution CT scan of the petrous 

bone, which shows a bony defect in the superior canal. However, Brantberg et al. 

[2001] suggest that the CT findings are not completely reliable. They found that 
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in three patients with bilateral dehiscent canals on CT, the symptoms were only 

unilateral and also cVEMPs were normal at the asymptomatic side.

For testing the vestibular system, caloric testing showed normal function [Brantberg 

et al., 1999]. VEMP tests, both cervical and ocular, show lower VEMP thresholds 

and higher amplitudes in patients with SCDS [Welgampola et al., 2008; Zuniga et 

al., 2012]. This augmentation of VEMPs is most likely caused by the third window 

phenomenon at the site of the bony defect. This is also studied in chapter 6 in this 

thesis. The dehiscent canal can be treated neurosurgically by covering the bony 

defect (resurfacing) through a middle fossa approach, or by occlusion (plugging) 

of the canal through a middle fossa or transmastoid approach, which showed to 

normalize VEMPs [Welgampola et al., 2008]. 

Outline of the thesis

As explained above, the three main research goals are 1) to explore the options 

in broadening otolith testing using oVEMPs, 2) to find new applications of oVEMP 

recording in diagnosing specific vestibular diseases and 3) to find a more practical 

way to make use of unilateral centrifugation to test the otolith organs. For this, 

chapter 2 commences with exploring the characteristics of the ACS oVEMP in 

healthy subjects, mainly to establish reference values to be used in our clinic. 

Special attention is given to the ipsilateral oVEMP response. These data are 

subsequently used in the research of chapter 3 and 4. For the BCV oVEMP a similar 

study protocol is performed, and these data are discussed in chapter 5 and 6. 

In chapter 3 the ACS oVEMP test is performed in a group of patients with Ménière’s 

disease. Until recently, Ménière’s disease could only be diagnosed through clinical 

criteria [AAO-HNS, 1995] and no laboratory test was available that was specific in 

diagnosing this disease. In chapter 4 this is further explored regarding frequency 

tuning. With regard to the cVEMP, it had already been shown to have special tuning 

characteristics in response to different frequencies of stimulation, and this tuning 
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profile was different in patients with Ménière’s disease. In this chapter (4) the tuning 

effects are studied for the ACS oVEMP in normals and again in a group of patients 

with Ménière’s disease. In chapter 5 patients with otosclerosis are studied. These 

patients suffer from a conductive hearing loss, therefore it was not appropriate to 

use the ACS oVEMP. In this chapter also perioperative results of the BCV oVEMP 

in patients with otosclerosis are compared to a group of normal subjects. The 

hypothesis is that the otosclerotic disease and/or stapes surgery would damage the 

otolith organs, and that this results in abnormalities of the BCV oVEMP. In chapter 6 

the usefulness of the BCV oVEMP in SCDS is assessed. In chapter 7 the possibilities 

of a different procedure to record otolith function through eccentric rotation of a 

subject are explored. In previous literature the subject was placed eccentrically to 

reach the eccentric rotation of the otolith organs. In this study a more simple method 

is used, i.e., that of tilting of the head only, instead of translating the body and head 

en bloc. 

Finally, chapter 8 provides a general discussion and recommendations for future 

research. 
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Abstract 

Objective

To obtain a thorough analysis of the ocular Vestibular Evoked Myogenic Potentials 

(oVEMPs) to acoustic stimulation and estimate normal values in a large group of 

healthy subjects. 

Methods

oVEMPs in response to air-conducted sound (ACS) stimulation (tone burst, 500 Hz, 

maximum stimulus level 120 dB Sound Pressure Level (SPL)) were studied in 55 

healthy subjects. 

Results 

All subjects but one had a reliable contralateral and also ipsilateral oVEMP at 

the highest stimulus level. Contralateral responses were significantly larger and 

earlier than ipsilateral ones. No significant effect of gender or age was seen. Normal 

values at a stimulus level of 120 dB SPL (Mean (± SD)) were as follows: Ipsilaterally: 

amplitude 5.2 µV (normal range: 1.8 – 12.8 µV), n1 latency 11.0 ± 1.0 ms, p1 latency 

15.8 ± 1.3 ms; mean threshold 108.7 ± 4.1 dB SPL; Contralaterally: amplitude 8.0 µV 

(normal range: 3.0 – 19.5 µV), n1 latency 10.3 ± 0.7 ms, p1 latency 15.4 ± 1.1 ms, mean 

threshold 106.8 ± 3.9 dB SPL. The asymmetry ratio (AR) and response variability 

were evaluated. 

Conclusion

A healthy individual with a normal vestibular function and normal middle ear 

conduction should show a contralateral oVEMP at high stimulus levels. 
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Introduction 

Caloric testing in combination with rotatory chair testing is the gold standard 

for evaluation of dizziness with a suspected peripheral aetiology. Unfortunately, 

these tests normally evaluate solely the function of one of the five separate 

mechanosensitive organs in the peripheral vestibular system: the horizontal (or 

lateral) semicircular canal, and when three dimensional video-nystagmography is 

used the function of all three semicircular canals. 

In 1994 an additional clinical test of the vestibular organ in response to an acoustic 

stimulus, the Vestibular Evoked Myogenic Potential (VEMP) test, was developed 

[Colebatch et al., 1994]. It is currently thought that otolithic neurons are stimulated 

both by sound and by vibration; a small group is selectively activated by bone-

conducted vibration (BCV) (otolith irregular afferents) and many are also excited by 

ACS [Curthoys, 2010]. Therefore the VEMP can be used to evaluate the function of 

the saccule and utricle [Murofushi et al., 1995; Curthoys et al., 2006]. The recording of 

the VEMP by electromyography can take place at various locations, e.g. the cervical 

VEMP (cVEMP) on the sternocleidomastoid muscle (SCM) more representing the 

saccular neurons and the ocular VEMP (oVEMP) on the inferior oblique and inferior 

rectus muscle of the eye, more representing the utricular neurons [Curthoys, 2010]. 

However, the exact pathway of the VEMP is still under discussion. 

Colebatch et al. [1994] described a reliable procedure to record the myogenic 

potentials on the SCM evoked by air-conducted acoustic clicks. Currently this test 

is widely used. However this cVEMP test has some disadvantages. The amplitude 

of the response decreases with age and many patients with vestibular disorders 

are of higher age [Brantberg et al., 2007]. In these patients, cVEMPs are often 

absent. In addition, to measure the inhibitory cVEMP a basic tonic activity has to be 

maintained by the patient, which proved difficult, especially for the older patients. 

Another promising location for recording a VEMP is the eye musculature. Rosengren 

et al. [2005] measured an extra-ocular potential in response to both ACS and BCV 

and Todd et al. [2007] recorded these ‘oVEMPs’ with bipolar electrode montage. This 
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was confirmed by Chihara et al. [2007]. The latter authors used ACS and measured 

a higher response prevalence at the contralateral eye and amplitude with short 500 

Hz tone bursts (STBs) than with clicks.

In this study we aimed to establish a thorough analysis of the properties of the 

oVEMP and to provide normal values of all oVEMP characteristics by recording 

oVEMPs in response to ACS systematically in a large sample of healthy volunteers. 

Methods

Subjects

Fifty-five subjects older than 20 years were included (range 22-69 years, see Table 1). 

Informed consent was obtained prior to inclusion. Exclusion criteria were a history 

of vestibular problems, ear disease, eye movement disorders or a conductive 

hearing loss. Subjects underwent an eye-motility exam by the research physician 

and a pure tone audiogram. Subjects with conductive hearing loss larger than 20 

dB at 500 Hz were excluded. The subjects were divided in 5 age groups. For group 

characteristics see Table 1.

Stimulus generation and electrophysiological recording

Stimulus generation and electrophysiological recording were performed by 

a Toennies Multiliner evoked potential recording system (Erich Jaeger GmbH, 

Höchberg, Germany). The stimuli (STB, 500 Hz, rise/fall time 1 ms, plateau 3 ms, 

repetition rate 4.9 Hz) were presented monaurally through a calibrated headphone 

(Beyer DT48, beyerdynamic, Heilbronn, Germany). For equipment calibration a 

Bruël&Kjaer Investigator 2260 SLM in combination with a Bruël&Kjaer Artificial ear 

4153 and a Bruël&Kjaer Microphone 4192 was used.  Stimulus level at the onset of 

the test was 120 dB peak equivalent SPL and was decreased with 5 dB after each 

positive oVEMP recording until the threshold was reached. Next, the stimulus was 

delivered to the other ear.
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For recording, surface electrodes with impedance lowering gel (Red Dot, 3M Health 

Care, Minneapolis, MN) were used underneath both eyes. Before placement of 

the electrodes, the skin was cleaned with peeling gel. The active electrodes were 

placed just below the lower eyelid on both sides, in a direct line underneath the 

pupil while the subject was looking straight forward. The reference electrodes were 

placed directly underneath the active electrodes. The ground electrode was placed 

on the chin, see Figure 1. Impedance of the recording electrodes was maintained 

below 5 kΩ at all times. The supine subjects were asked to point their eyes upward, 

focussing on a point approximately 45 degrees from horizontal. This caused the 

inferior eye muscles to get nearer to the surface.

The surface potentials were amplified and filtered (20-3000 Hz) in two separate 

channels for the right eye and the left eye, respectively. Artefact rejection was used 

for the elimination of blinking and the recorded signals were averaged (at least 100 

responses).

An oVEMP was characterized by a negative peak (n1) at approximately 10 ms after 

stimulus onset, followed by a positive peak (p1) at approximately 15 ms (Figs 1a and 

b). A meaningful response had to exceed the residual noise by a factor of 1.5 and 

had to have an amplitude (n1-p1) of more than 1.0 µV. The oVEMP was judged to be 

absent when no replicable response was observed after averaging of at least 100 

responses. In such cases, the amplitude was zero. Characteristics of the oVEMPs 

were quantified offline. We measured the latency of n1, the latency of p1 and the 

Table 1 | Group characteristics

age groups (years) male female total

20 – 29 3 11 14

30 – 39 8 6 14

40 – 49 4 5 9

50 – 59 3 9 12

≥ 60 5 1 6

total 23 32 55
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n1-p1 amplitude at various stimulus levels. We calculated the threshold, defined 

as the iso-response level at 1 µV, for each response series in each individual by 

extrapolation of the line connecting the amplitude at a stimulus level of 120 dB SPL 

and the amplitude at 110 dB SPL, or interpolation between 120 dB SPL and the first 

stimulus level with an oVEMP amplitude smaller than 1 µV. The iso-response level 

refers to a particular level of the stimulus which evokes a response with a particular 

criterion amplitude, in our study 1 µV.

Another clinically important characteristic may be the asymmetry ratio (AR) of 

the oVEMP amplitude. We used the contralateral oVEMP amplitude at 120 dB SPL 

Figure 1 |
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(a) A family of contralateral ocular Vestibular Evoked Myogenic Potentials (oVEMPs) in response to a 500 Hz 

air-conducted short tone burst at the right ear at stimulus levels decreasing from 120 dB SPL to 90 dB SPL in 

a single individual. Note that the amplitude decreases with decreasing stimulus level, but that the latencies 

are very similar at the higher levels of stimulation. At the lower levels a trend of slightly increasing latency 

can be seen

(b) A comparison between contralateral and ipsilateral responses in the same individual. Stimulus level 

was 120 dB SPL. All other parameters were the same as above. Note the smaller amplitude and longer 

latencies of the ipsilateral response
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stimulus level in a Jongkees-like formula: (Right-Left / Right+Left) x 100 to calculate 

the AR.

The entire test (average of 100 responses) was performed twice in each subject, 

without re-administering the electrodes, to evaluate the factor response variabililty. 

Statistical analysis

The data were analyzed using MANOVA and t-tests. Amplitude data were 

logarithmically (base10) transformed before analysis to improve normality of the 

data and to make proportional effects additive effects. The reference values of the 

logarithmically transformed data were calculated as mean ± 2*SD. Subsequently, 

for Figures and Tables in this paper, the data were transformed back. All other 

characteristics were calculated as such, without transformation. For the MANOVA 

all recordings were used as dependent variables, between-subject factors were 

age and gender and within-subject factors were the stimulus and recording site 

(left or right), stimulus level and repetition. For evaluating response variability we 

calculated the product-moment correlation coefficient for the oVEMP amplitudes, 

measured in the two consecutive tests.

Results

General characteristics of contralateral responses

Fifty-four out of 55 of our subjects (108 ears) had a reliable contralateral oVEMP 

according to the criteria described above upon acoustic stimulation at the 

highest level (120 dB SPL) at either ear separately. In one subject (aged 64 years) 

the contralateral oVEMP in response to stimulation of the right ear could not be 

measured. Neither was there an ipsilateral response. The oVEMP in response to left 

ear stimulation appeared normal. However, this subject was excluded from further 

analysis.

Figure 1a shows a family of contralateral oVEMPs to right ear stimulation with 
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stimuli at declining levels in a single individual. 

General characteristics of ipsilateral responses; differences with contralateral 

responses

Ipsilateral oVEMPs were present in all 54 remaining subjects (108 ears). However, 

they were generally significantly smaller than the contralateral responses (p < 

.0001) (for an example see Fig. 1b). Also the latency of both ipsilateral peaks was 

slightly, but significantly, longer (n1: p < .0001; p1:  p < .001). A more quantitative and 

statistical description of these differences is presented below.

oVEMP amplitudes

A MANOVA was performed on the entire oVEMP amplitude dataset. We restricted 

the range of stimulus levels to be analyzed to 105-120 dB SPL, because below this 

level a large proportion (>90%) of our subjects did not show any response at all 

and we wanted to avoid floor effects. If no oVEMP was present, the amplitude of 

the response was zero. Firstly, an expected interaction was seen of stimulation side 

with recording side (F=56.9; p < .0001), indicating the difference between contra- 

and ipsilateral responses already described above, ipsilateral being smaller than 

contralateral. Secondly, a small interaction was found between age category and 

repetition (F=2.8; p < .05). Post hoc analysis with t-tests showed that this was entirely 

due to smaller responses at the second recording in the highest age category. 

Thus, in patients above 60 years of age (n=5) the mean amplitude of the ipsi- and 

contralateral response of all four stimulus levels in the first measurement was 3.34 

µV and in the second measurement 2.71 µV, resulting in a difference of only 0.63 

µV. The final small but significant interaction, that was found between stimulus 

level and age category (F=2.3; p < .05), indicates that growth curves for oVEMP 

amplitude as a function of stimulus level were more flattened for the highest two 

age groups. With this specific interaction the difference in decrease of amplitude 

from a 120 dB SPL to 105 dB SPL stimulus level between for example the 30-39 years 

(7.98 µV) and ≥60 years (6.38 µV) age group was 1.6 µV. 
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There was only one significant main effect, namely of level (F=266.3, p < .05), which 

is trivial (Fig. 2). Thus, there were no statistical differences based solely on age 

(F=1.8, p = .15), gender (F=1.6, p = .21), stimulus site (F=0.6, p = .44) and recording site 

(left or right) (F=0.1, p = .72) or repetition (F=3.0, p = .09) in our study population. This 

Table 2a | Reference values of the oVEMP amplitude, threshold and latencies

ipsilateral contralateral

mean ± SD

normal 

values mean ± SD

normal 

values

amplitude (µV)

at stimulus level

(dB SPL)

120 5.2 1.8 - 12.8 8.0 3.0 - 19.5

115 2.9 0.5 - 9.4 4.8 1.2 - 13.8

110 1.1 0 - 6.4 1.8 0 - 11.4

105 0.3 0 - 2.3 0.5 0 - 3.8

100 0.0 0 - 0.4 0.1 0 - 0.5

threshold (dB SPL) 108.7 ± 4.1 100.5 – 116.9 106.8 ± 3.9 99.0 - 114.6

latencies (ms) n1 11.0 ± 1.0 9.0 - 13.0 10.3 ± 0.7 8.9 - 11.7

p1 15.8 ± 1.3 13.2 - 18.4 15.4 ± 1.1 13.2 - 17.6

Reference values are based on mean ± twice the standard deviation. The number of subjects at all stimulus 

levels was 54. Amplitude data were logarithmically transformed. To determine the normal range of oVEMP 

amplitudes the mean ± 2*SD of these logarithmically transformed data were used. For this table the data 

were transformed back. Because amplitude data were logarithmically transformed before averaging and 

subsequently back transformed, we have not entered the linear SDs for amplitudes in this table

Table 2b | Amplitude and threshold data for each age group separately

ipsilateral contralateral

amplitude (µV)

at 120 dB SPL

threshold 

(dB SPL)

amplitude (µV) 

at 120 dB SPL

threshold 

(dB SPL)

20 – 29 4.62 110.52 7.83 107.79

30 – 39 6.97 106.12 9.79 104.74

40 – 49 4.85 110.45 7.28 108.79

50 – 59 4.47 108.10 6.65 105.77

≥ 60 5.29 109.38 9.31 109.17
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means that in terms of reference values, we can suffice with one reference value 

per stimulus level for ipsilateral and contralateral recordings, respectively. For a 

stimulus level of 120 dB SPL the ipsilateral amplitude was 5.2 µV (normal range: 1.8 

– 12.8 µV) and contralaterally 8.0 µV (normal range: 3.0 – 19.5 µV) (Table 2a). 

The proportion of ears (n=108 from 54 subjects) that fell within the normal range 

(Mean ± 2SD) was 94.4% (n=102) for 120 dB SPL stimuli. This was true for both the 

ipsi- and the contralateral responses. At a stimulus level of 115 dB SPL this was 

90.7% (n=98) for the ipsilateral responses and 94.4% (n=102) contralaterally. 

The correlation coefficient between test 1 and test 2 for amplitude at the highest 

level of stimulation at the right ear (n=54 ears) was 0.84 for contralateral responses 

and 0.79 ipsilaterally. At a stimulus level of 115 dB SPL this was 0.84 for contralateral 

and 0.52 for ipsilateral responses. The results for the left ear were similar. All 

correlations were statistically significant (p < .00005).

oVEMP thresholds

Threshold (Fig. 3) was defined as the 1 µV iso-response level (dotted line in Fig. 2). 

A t-test was performed to test for differences between ipsilateral and contralateral 

Figure 2 | Effect of stimulus level on oVEMP amplitude for the contra- and ipsilateral 

response in various age categories
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thresholds and was found to be highly significant (ipsilateral: 108.7 ± 4.1 dB SPL; 

contralateral 106.8 ± 3.9 dB SPL; p < .0001) (Table 2). All other factors (age, gender, 

stimulation side, repetition) were insignificant. 

oVEMP n1 and p1 latency

A similar MANOVA as described above for oVEMP amplitude was performed on 

latency of the n1 and p1 peaks. We had to restrict the analysis to the two highest 

levels of stimulation (115-120 dB SPL) because of too many missing data at the lower 

levels from subjects in whom the oVEMP amplitude was zero. Over this range, the 

only significant effect was an interaction between side of stimulation and side of 

recording, indicating the difference between contra- and ipsilateral responses 

already described above, ipsilateral n1 latency being longer than contralateral 

(F=37.4; p < .0001). The effects on the p1 latency were similar (F=11.6; p < .001). In 

addition a small interaction was found between age and repetition, which post 

Figure 3 | Threshold (Mean ± SD) as a function of age category

Threshold does not vary systematically with age. The threshold recorded contralaterally is significantly 

lower than ipsilaterally (paired t-test: p < .0001)
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hoc turned out to be a shorter p1 latency in the second recording in the oldest age 

group. A trend of prolonged n1 and p1 latency was seen at decreasing stimulus 

levels (Fig. 1a). However, within the two highest levels of stimulation this trend was 

not significant. Since there were no main effects of age, gender, side of stimulation 

or recording, stimulus level or repetition in our study population, only one reference 

value for n1 and p1 latency for ipsilateral and contralateral recordings, respectively, 

is sufficient (ipsilateral n1: 11.0 ± 1.0 ms, contralateral n1: 10.3 ± 0.7 ms; ipsilateral p1: 

15.8 ± 1.3 ms, contralateral p1: 15.4 ± 1.1 ms; Table 2).

Asymmetry ratio

Clinically important may be the asymmetry ratio (AR) of the oVEMP amplitude, 

because it would indicate an asymmetry in sensitivity between the ears. The mean 

AR of amplitude in our population is 6.3% ± 24.3, with extremes at 0.0% and 58.8% 

(range: -58.8 - +51.1%). Based on the assumption that the theoretical value of the AR 

should be 0 and that the value of 6.3% in favour of the right ear in our population 

is purely coincidental, the upper and lower limit for the AR would then be 49 and 

-49% (mean ± 2*SD), respectively. 

Discussion

In this study we analysed the oVEMP characteristics of a large sample of healthy 

subjects. The main findings in our study are that 1) oVEMPs, evoked by air-conducted 

500 Hz tone bursts were reliably recordable and reproducible in 54 subjects out of 

a group of 55 normals; 2) oVEMPs on the contralateral side from the stimulated ear 

are generally larger and earlier than on the ipsilateral side and 3) that the only 

important parameter seems to be stimulus level, with gender, age, left or right ear 

stimulation and repetition not relevant within our study population. These findings 

will be discussed further in the following sections.
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Reliability and response rate of ACS oVEMPs

In the last decade, various ways of stimulation to elicit an oVEMP have been 

investigated, such as ACS, BCV and galvanic stimuli, both mono- and binaurally 

[Rosengren et al., 2005, 2007; Todd et al., 2007; Chihara et al., 2007; Iwasaki et al., 

2008, 2009; Wang et al., 2009; Welgampola et al., 2008, 2009]. In our study we chose to 

use an ACS STB to stimulate the vestibular organ, as ACS is easy to use and control 

in a clinical setting and has been shown to activate otolithic neurons [Murofushi 

et al., 1995]. Furthermore, ACS is able to stimulate unilaterally, while a most BCV 

stimuli delivered in the midline (e.g. at Fz) activate both vestibular organs. This is 

important in investigating unilateral vestibular pathology. 

In our population of 55 normals, which is a large sample compared to other 

studies, solely one person did not produce a recordable oVEMP at one ear with 

ACS stimulation. Furthermore, repetition of the test did not result in a statistically 

significant main effect. The test-retest reliability representing response variability 

was acceptable, since the oVEMP amplitudes at the highest two stimulus levels 

for test 1 and test 2 were all highly significantly correlated. Other studies using 

an ACS stimulus show similar results in normal subjects. Welgampola et al. [2009] 

observed reliable contralateral oVEMPs in 6 out of 6 normals (6 ears) and Chihara 

et al. [2009] in 11 out of 12 subjects (22 ears) in response to ACS. Of the 20 normal 

subjects (40 ears) investigated by Wang et al. [2009] using ACS stimuli, 19 had a 

reliable contralateral oVEMP, but only 5 out of 20 (10 ears) showed an ipsilateral 

response as well. The latter finding is in contrast with our findings, because we 

found ipsilateral responses in 54 out of 55 subjects (108 ears), similar to the 100% 

by Govender et al. [2009] in 10 subjects and Welgampola et al. [2009] in 6 subjects. 

Thus, the presently available literature on the occurrence of ipsilateral responses 

is not unequivocal. However, our results and the other results available strongly 

suggest that using an ACS STB in oVEMP testing is a relevant way of stimulation 

for evoking at least a contralateral response. Therefore in a clinical setting, solely 

the contralateral response needs to be employed. 

The AR might be the most clinically relevant of all oVEMP attributes. The mean AR 
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± SD at 120 dB stimulation in our study was 6.3% ± 24.3 with extremes at 0.0% and 

58.8%. Wang et al. [2009] found similar results, with a mean AR ± SD of -1% ± 23.

Differences between ipsilateral and contralateral oVEMPs

The differences in contralaterally and ipsilaterally recorded oVEMPs we see in 

our study are that contralateral responses are generally larger and earlier than 

ipsilateral ones. When comparing these findings to available literature [Welgampola 

et al., 2009; Govender et al., 2009], similar differences between contra- and ipsilateral 

responses were seen. Welgampola et al. [2009] report a contralateral amplitude of 

6.3 ± 1.0 µV larger than the ipsilateral amplitude of 1.9 ± 0.6 µV in response to a 500 

Hz ACS STB at 125 dB SPL (n=6). These authors also showed prolonged ipsilateral 

latencies (ipsilateral n1 = 13.7 ± 0.3 ms, contralateral n1 = 11.9 ± 0.1 ms; ipsilateral p1 

= 20.4 ± 0.4 ms, contralateral p1 = 17.8 ± 0.6 ms). Govender et al. [2009] investigated 

the effect of gaze direction and also described larger contralateral amplitudes at 

maximal upgaze, respectively 2.6 ± 1.6 µV contralaterally and approximately 0.9 µV 

ipsilaterally. Furthermore, also longer ipsilateral n1 latencies were seen (ipsilateral: 

10.4 ms; contralateral: 9.2 ms). 

The ipsilateral response is largely neglected in literature and its origin in terms 

of neural activation pathways remains unknown. A high prevalence of ipsilateral 

responses might be artificially caused by electrical crosstalk between the recording 

channels. To exclude this possibility, we have performed a calibration check. An 

arbitrary waveform generator was connected to the Toennies Multiliner evoked 

potential recording system and a 1000 Hz sinusoidal signal was fed to one channel 

of the Toennies amplifier. Crosstalk was < 60 dB in the other channel. Additionally, 

we have investigated the difference between a two-channel recording of the ipsi- 

and contralateral responses and a one-channel recording of solely the ipsilateral 

response in five of our subjects. We have performed this test at the highest level 

of stimulation (120 dB SPL) only. Ipsilateral responses were very similar in both 

recording modes, which was confirmed in t-tests. Thus, we can trust the two 

channels to be electrically independent and the ipsilateral responses that we 
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have seen not to be artificial. This seems logical, considering the findings of Suzuki 

et al. [1969], who showed in 1969 that electrical utricular nerve stimulation in a 

cat induces a rotatory eye movement away from the stimulus and that tension 

increases in various eye muscles like the ipsilateral superior oblique and rectus 

muscle and the contralateral inferior oblique and rectus muscle. These ipsilateral 

eye muscles might generate an ipsilateral response. The differences between 

ipsi- and contralateral oVEMPs were small but significant and might implicate a 

longer neural pathway for the ipsilateral response, most likely involving one extra 

synaptic contact. An alternative explanation might be that the oVEMP reflex arc is 

100% crossed and the ipsilaterally recorded potential originates from unintended 

crossover of the stimulus to the contralateral vestibular organ. However, the 

Beyer DT48 headphone set we have used is an accepted audiological standard 

headphone set used in hundreds of publications on, e.g., unilaterally evoked 

auditory brainstem responses and the interaural attenuation is at least 40 dB at 500 

Hz, which would render the crossed-over stimulus below threshold. 

The presence of ipsilateral responses in almost all tested subjects implies that 

binaural acoustical stimulation, as proposed by Wang et al. [2009] and Cheng et al. 

[2009], may yield confounding results, because responses will originate from mixed 

contralateral and ipsilateral neural activity.  

Dependence of the oVEMP response on various parameters

The parameters studied were stimulus level, gender, age, left or right ear 

stimulation and repetition. The very small interactions we found in the two highest 

age categories with both repetition and stimulus level, as described in the results, 

were disregarded because they appeared too small to affect our reference values. 

Thus, we only need to discuss the main effects.

The only significant main effect was found for oVEMP amplitude as a function 

of stimulus level, which is trivial. We did not find an effect of level on n1 and p1 

latencies. However, this might be due to the fact that we restricted our analysis to 

the two highest levels of stimulation only. Figure 1a shows for a single subject that 
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at lower levels, where most of the subjects did not have reliable responses, a trend 

towards increasing latencies may be found.

Surprisingly, we did not find a main effect of age on the amplitude or threshold 

of the oVEMP in our group of subjects. However, we have to take into account we 

solely tested 6 subjects over 60 years of age. An effect of age was found in several 

previous studies with more older subjects, for both the cVEMP and the oVEMP 

[Brantberg et al., 2007; Iwasaki et al., 2008; Nguyen et al., 2010; Tseng et al., 2010], 

and based on our data we cannot exclude an affect of age in patients older than 

60 years. Although there was no main effect of age, we did find a small age effect 

at the interaction level. As we have described above, repetition of the test showed 

significantly lower amplitude in the second measurement in subjects above 60 

years. This might indicate an effect of fatigue or lack of concentration but can 

probably be disregarded in the clinical situation since the test will be performed 

only once in most circumstances. Furthermore, the differences in amplitude caused 

by the two age-concerned interactions were not large enough to seriously affect 

normal values as a function of age in our study population.

Conclusion

In conclusion, a healthy individual with a normal vestibular function and normal 

middle ear conduction should show a contralateral oVEMP at high stimulus levels. 
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Abstract

Objectives

Currently Ménière’s disease is predominantly diagnosed through clinical criteria. 

Additional standard vestibular testing, such as nystagmography, can show variable 

responses. In the last decade the cervical vestibular-evoked myogenic potential 

(cVEMP) has shown to be of additive value in diagnosing Ménière’s disease. In this 

study the results of the ocular VEMP (oVEMP) in response to air-conducted sound 

(ACS) will be discussed. To evaluate possible changes of the oVEMP in a large 

group (37) of patients with Ménière's disease.

Methods

In 55 normal subjects and 37 Ménière’s patients oVEMPs in response to ACS 

stimulation (tone-burst, 500 Hz; maximum stimulus level: 120 dB Sound Pressure 

Level) were studied. Recording was performed in upgaze with surface electrodes 

underneath both eyes. The burden of the test was scored by all subjects on a visual 

analogue scale.

Results 

In Ménière’s patients the response rates are lower, the oVEMP amplitudes smaller 

and thresholds higher than in normals. This effect is seen in both ears of the 

Ménière’s patients. The affected ear is more altered than the clinically unaffected 

ear. 

Conclusions 

The ACS oVEMP can be a relevant addition to the current diagnostic work-up of 

patients with possible Ménière's disease. A lower response rate, smaller amplitude, 

and higher threshold of the oVEMP indicate pathology in this population.
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Introduction

Currently, Ménière’s disease is diagnosed according to clinical criteria stated by 

the American Academy of Otolaryngology – Head and Neck Surgery [AAO-HNS, 

1995]. These criteria are as follows: 2 or more episodes of vertigo lasting longer 

than 20 minutes, perceptive hearing loss, tinnitus or aural fullness, and exclusion 

of alternative causes of the complaints. Ménière’s disease is accompanied by 

a hydrops of one of the inner ear fluid compartments, the endolymphatic space 

[Hallpike and Cairns, 1938; Yamakawa, 1938; Fraysse et al., 1980; Schuknecht and 

Gulya, 1983; Okuno and Sando, 1987]. Histopathologic studies have suggested that 

this hydrops is most often evident in the saccule, followed by the cochlea, utricle, 

and the three semicircular canals [Fraysse et al., 1980; Schuknecht and Gulya, 1983; 

Okuno and Sando, 1987]. Because there are histopathological alterations in the 

vestibular system, functionality might also be affected, and this situation should be 

reflected in vestibular tests. Current standard vestibular testing consists of caloric 

stimulation of both ears using nystagmography to evaluate functionality. This test 

solely shows disturbances in 1 of the 3 semicircular canals - the horizontal canal. In 

patients with Ménière’s disease, the calorigram can show variable responses, and 

in many cases, the result of this test is normal [Maire and van Melle, 2008].

In the last 2 decades, an additional vestibular test, the vestibular evoked myogenic 

potential (VEMP) test, was developed [Colebatch et al., 1994; Rosengren et al., 2005; 

Todd et al., 2007; Iwasaki et al., 2008]. This test can be used to evaluate the function of 

the saccule and utricle. The VEMP response can be measured on different locations, 

the cervical VEMP (cVEMP) on the sternocleidomastoid muscle [Colebatch et al., 

1994] and the ocular VEMP (oVEMP) on the inferior eye muscles [Rosengren et al., 

2005; Todd et al., 2007]. In addition, the VEMP can be evoked by different stimuli, 

such as air-conducted sound (ACS) and bone-conducted vibration (BCV). These 

stimuli most likely excite different populations of otolith afferents [Curthoys, 2010]. 

Therefore, in the remainder of this paper, we will restrict discussion of all c- and 

oVEMPs to those evoked by ACS. 
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VEMP and Ménière’s disease

Patients with Ménière’s disease have shown a lower response rate of the cVEMP in 

combination with an elevated threshold, which was interpreted as possible lesions 

in the otolith organs [de Waele et al., 1999; Murofushi et al., 2001; Rauch et al., 2004; 

Akkuzu et al., 2006; Osei-Lah et al., 2008; Wang et al., 2010; Huang et al., 2010; Taylor 

et al., 2011]. Ocular VEMP results, as opposed to cVEMP results, in patients with 

Ménière’s disease, are scarce, but Wang et al. [2010] showed the contralateral 

oVEMP to be absent in 9 of 10 patients with Ménière's disease at moderately high 

acoustic levels (127 dB sound pressure level (SPL)). Furthermore, Huang et al. [2010] 

studied 20 patients and found an abnormality in the ACS oVEMP in 65% of the 

affected ear of patients and in 40% of the unaffected ears. Finally, a recent study 

by Taylor et al. [2011] compared the cervical and ocular VEMP to both ACS an 

BCV stimuli. They noticed smaller amplitudes of the ACS VEMPs (both oVEMP and 

cVEMP) in affected Ménière’s ears and greater asymmetry ratio’s (ARs) in patients 

with Ménière’s disease compared with controls. 

Three main considerations led to the present study: 1) we wanted to add to our 

knowledge about oVEMP alterations in Ménière’s ears; 2) these alterations are 

likely because, in the cVEMP, they have been well documented; and 3) oVEMPs 

are easier to record in older patients than cVEMPs  [Wang et al., 2010]. Thus, in this 

study, we aimed to evaluate possible changes of the oVEMP in a large group (n = 

37) of patients with Ménière's disease.

Material and Methods

Subjects

Fifty-five normal subjects without Ménière's disease (32 women and 23 men; mean 

age, 42 yr; range, 22-69 yr) and 37 patients (17 women and 20 men; mean age, 56 

yr; range, 33-76 yr), diagnosed with unilateral or bilateral Ménière’s disease, based 
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on the AAO-HNS 1995 criteria, were included. Ménière's disease in patients was 

staged using the 4-tone average threshold at 0.5, 1.0, 2.0, and 3.0 kHz, according to 

the AAO-HNS [1995]. The oVEMP results of the 55 normal subjects without Ménière's 

disease were previously used to obtain normal values for our clinic (Winters et 

al., unpublished observations). Patients were diagnosed in our specialized clinic 

of balance disorders. All patients underwent an extensive diagnostic workup, 

including electronystagmography, magnetic resonance imagin of the labyrinth 

and the cerebellopontine angle, various laboratory tests including several viral 

tests, audiometry, and a consultation with a psychologist. Exclusion criteria for both 

patients and normal subjects without Ménière's disease were an audiometrically 

defined conductive hearing loss of > 20 dB at a stimulus frequency of 500 Hz 

(meaning a difference between the air- and bone-conducted threshold of > 20 dB), 

an interfering cause of vertigo, and a history of eye-motility disorders. Patients were 

asked to cease their medication for Ménière’s disease three days before the oVEMP 

test to avoid any influence of the medication on the results of the test.

The study was approved by the local ethics committee and informed consent was 

obtained from each subject before inclusion. 

oVEMP stimuli

Stimulus generation and electrophysiological recording were performed by 

a Toennies Multiliner evoked potential recording system (Erich Jaeger GmbH, 

Höchberg, Germany). 

The sound stimuli (short tone-burst, 500 Hz; rise-plateau-fall time, 1-3-1 ms; repetition 

rate, 4.9 Hz) were presented monaurally through a calibrated headphone (Beyer DT-

48; beyerdynamic, Heilbronn, Germany). The equipment was carefully calibrated 

with use of a Sound level meter (Investigator 2240; Bruel & Kjær, Nærum, Denmark) 

and an artificial ear (4153; Bruel & Kjær). The stimulus level at the onset of the test 

was 120 dB SPL (reference pressure is 20 µPascal or 0.00002 N/m2). The stimulus 

level was decreased with 5 dB SPL after every positive oVEMP response, until 

threshold was reached. Next, the stimulus was delivered to the other ear. 
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oVEMP recording

To record the oVEMPs, five surface electrodes (Red Dot; 3M Health Care, Minneapolis, 

MN, U.S.A.) with impedance-lowering gel were placed underneath both eyes and 

on the chin after cleaning the skin with peeling gel. The active electrodes were 

placed just below the lower eyelids on both sides in a direct line underneath the 

pupil while the subject was looking straight forward. The reference electrodes 

were placed directly underneath the active electrodes. The ground electrode 

was placed on the chin. Impedance measurements of the recording electrodes 

were maintained below 5 kΩ at all times. The supine subjects were asked to gaze 

upwards, focusing as much as possible on a mark on the wall, approximately 45 

degrees from horizontal just before providing the sound stimulus. All our subjects 

reported that they could see the mark. The surface potentials were amplified and 

filtered (20-3,000 Hz) in two separate channels for the right and left eye, respectively. 

The recorded signals were averaged (at least 50 responses).

Signal analysis

An oVEMP was characterized by a negative peak (n1) at approximately 10 ms after 

stimulus onset, and then a positive peak (p1) at approximately 15 ms (Fig. 1, A and 

B). A meaningful response had to exceed the residual noise by a factor of 1.5 and 

had to have an amplitude (n1-p1) of more than 1.0 µV. The oVEMP was judged to be 

absent when no replicable response was observed after averaging of at least 50 

responses. 

We recorded these oVEMP characteristics in every subject simultaneously at the 

contralateral and ipsilateral recording site. Furthermore, threshold, defined as 

the iso-response level at 1 µV, was calculated for each response series in both 

ears separately for all subjects by linear extrapolation of the line connecting the 

amplitude at a stimulus level of 120 dB SPL and the amplitude of 110 dB SPL. In 

each case, we checked whether the outcome of our calculation was within 5 dB 

from the highest level at which there was no meaningful response anymore. If 

not, we would use interpolation between 120 dB SPL and this level. Since we used 
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sound level steps of 5 dB there is only a very limited error term when the relation 

of amplitude to sound level would not be exactly linear. If no reliable oVEMP was 

present at the highest stimulus level, threshold was set as being 5 dB higher than 

maximum equipment level (125 dB SPL). 

A clinically important characteristic may be the AR of the oVEMP amplitude. We 

used the contralateral oVEMP amplitude at the highest stimulus level in a Jongkees-

like formula: ([right ear – left ear]/]right ear + left ear]) x 100 for normal subjects 

without Ménière's disease and ([affected ear - unaffected ear]/[affected ear + 

unaffected ear]) x 100 for patients with unilateral Ménière’s disease, to calculate 

the AR. 

Burden of the test 

After the oVEMP test the patients were asked to fill in a small questionnaire (in 

Dutch) on the burden of the test using a 10 point visual analogue scale (VAS). 

Question 1 related to the inconvenience associated with keeping the eyes in an 

awkward position, question 2 regarded the inconvenience associated with high-

level acoustic stimulation, and the overall perceived burden of the entire test was 

asked for in question 3.

Statistical analysis

The goal of this study was to compare the data of patients with Ménière’s disease, 

subdivided in an ‘affected’ ears group and an ‘unaffected’ ears group, with data of 

normal subjects without Ménière's disease. Since in the subjects without Ménière's 

disease no differences between oVEMPs of the right ear and the left ear were seen, 

we chose the right ear of all normal subjects for comparison to the affected and 

unaffected ears of patients with Ménière’s disease. In the case of bilateral disease, 

we used the right ear of patients for our analysis.

Two-group comparisons were made using the Student’s t-tests. When the variables 

were not normally distributed (Kolmogorov-Smirnov tests), as was the case with 

amplitude and threshold data, the Mann-Whitney U test was applied for the 
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comparison of patients with Ménière’s disease to normal subjects without Ménière's 

disease. A significance level of 0.05 was used. Statistical analysis was performed 

using Statistical Package for the Social Sciences (SPSS, Inc., Chicago, IL, U.S.A.) 

software version 15.0.1. All oVEMP characteristics (n1 latency, p1 latency, n1-p1 

amplitude, threshold, and AR) were described as means with associated SEM. 

Results

Of the 37 patients with Ménière’s disease we included in our study, 5 experienced 

confirmed bilateral disease and 1 patient had a history of congenital deafness in the 

unaffected Ménière’s ear. Thus, in the affected group, we had 37 independent ears, 

and in the unaffected group, we could include 31 independent ears. As described 

above, our subjects without Ménière's disease consisted of the right ears of a group 

of 55 volunteers. Of 37 patients with Ménière's disease, 10 were stage I and II and 

27 were stage III and IV (Table 1). As an example, representative oVEMP traces of a 

normal subject without Ménière's disease and a patient with Ménière's disease are 

shown in Figure 1.

stage of Menière’s disease hearing loss (dB) no. patients

I ≤ 25 dB 4

II 26 - 40 dB 6

III 41 - 70 dB 22

IV ≥ 70 dB 5

total 37

Table 1 | Number of patients (the affected ears) in various stages of Ménière’s 

disease, as proposed by the AAO-HNS in 1995, based on the average of the pure-

tone thresholds at 0.5, 1.0, 2.0, and 3.0 kHz.
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Age difference

The mean age in the group of Ménière's patients was slightly but significantly 

higher than in the group of normal subjects without Ménière's disease, 56 versus 

42 years. However, because oVEMP attributes are only slightly dependent on age, 

only small changes in mean amplitudes and thresholds are to be expected from 

this age difference. Data can be corrected for age based on linear regression 

analysis of a particular dataset with age. We have tried this with our control group 

of 55 individuals as input for the regression equation. We indeed found only very 

small effects. For example: in normal subjects without Ménière's disease, the mean 

Figure 1 | Families of contralateral oVEMPs in response to an air-conducted short 

tone-burst at declining stimulus levels
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contralateral threshold was 107.2 dB SPL, and after correction for age, using an age 

of 56 years as input for the equation with a slope of 0.0694 dB/yr and an intercept 

of 104.27, it was 108.2 dB SPL. In the affected ear of patients with Ménière's disease, 

the same analysis, using an age of 42 years in a regression equation with a slope 

of 0.1175 dB/year and an intercept of 111.17, this was 117.7 dB SPL before and 116.1 

dB SPL after correction for age. Because these effects were so small, we decided to 

disregard them in the rest of the analyses.

Response rate

Of 55 normals subjects without Ménière's disease, 1 (1.8%) showed no ipsilateral 

or contralateral oVEMP according to the criteria described above upon acoustic 

stimulation at the highest level (120 dB SPL). Thus, the response rate in our group of 

normal ears was 98.2%. At lower levels of stimulation, the response rate dropped, 

but at 115 dB SPL still 54 out of 55 normal subjects without Ménière's disease had 

a reliable contralateral oVEMP. The ipsilateral response rate, however, dropped to 

90.9%. In ears of patients with Ménière's disease, response rates were dramatically 

lower. At 120 dB SPL, it was 54.1% for contralateral responses, and at 115 dB SPL, 

29.7%. Ipsilaterally, these numbers and percentages decreased even more (Table 

2). 

The unaffected ear showed a slightly higher response rate than the affected ear in 

unilateral Ménière’s patients, but response rates were lower than in the group of 

normal ears. Recorded at the contralateral side, the oVEMP was present in 24 (77.4%) 

of 31 patients at 120 dB SPL stimulus level, and in 17 (54.8%) of 31 patients at 115 dB 

SPL. Again the ipsilaterally recorded response showed a lower response rate than 

contralaterally. The response rates in the unaffected ears were significantly lower 

than in normal subjects without Ménière's disease (Mann Whitney U tests, p < 0.05). 

For detailed data, see Table 2. 

Affected ears of patients with Ménière’s disease versus normal ears

The affected ears of patients with Ménière’s disease showed a significantly smaller 
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contralateral and ipsilateral oVEMP amplitude than normal subjects without 

Ménière’s disease. This was true at the highest 2 stimulus levels (120 and 115 dB 

SPL; Mann-Whitney U tests, p < 0.05) and could not be tested for lower levels because 

the response rate dropped dramatically in all groups. As an example, Figure 2 

shows the oVEMP amplitudes at 120 dB SPL. Ipsilateral and contralateral thresholds 

are presented in Figure 3A, and a scatterplot of contralateral thresholds is shown in 

Fig. 3B. Both the contralateral and ipsilateral thresholds were significantly higher 

in the affected ear of patients with Ménière's disease (p < 0.05) (Table 3).

Affected ears versus unaffected ears of patients with Ménière’s disease

When we compared the oVEMP amplitude of the affected ear with the amplitude 

of the unaffected ear of patients with Ménière’s disease, we could only use data 

from unilateral patients with Ménière’s disease (n=31) and not the ears of the 

bilaterally diseased patients or the patient with congenital deafness. Thus, the 

data in the Figures 2 and 3, in which all 37 affected ears have been depicted, are 

slightly misrepresentative in relation to this comparison. A significantly smaller 

contralateral amplitude of the affected ear was seen at the highest 2 stimulus levels

(p < 0.05). Ipsilaterally, this difference was also present, but not significantly (120 dB 

Table 2 | Ocular VEMPs present in normal subjects without Ménière’s disease and 

the affected and unaffected ears of patients with Ménière’s disease at the highest 2 

levels of stimulation, recorded at the contralateral (C) and ipsilateral (I) side. 

ocular VEMPs present, n (%)

normal affected ears unaffected ears

(n = 55) (n = 37) (n = 31)

120 dB SPL C 54 (98.2) 20 (54.1) 24 (77.4)

I 54 (98.2) 15 (40.5) 20 (64.5)

115 dB SPL C 54 (98.2) 11 (29.7) 17 (54.8)

I 50 (90.9) 7 (18.9) 11 (35.5)
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SPL, p = 0.14; 115 dB SPL, p = 0.13; Fig. 2 and Table 3). The contralateral thresholds 

of the affected Ménière’s ears were also higher than those of the unaffected ears (p 

< 0.05). Again this effect was present ipsilaterally, but not significantly (p = 0.13; Fig. 

3 and Table 3).

Unaffected ears of patients with Ménière’s disease versus normal 

subjects without Ménière’s disease

The unaffected ears of patients with Ménière’s disease generally showed 

contralateral oVEMP amplitudes similar to those of normal subjects without 

Ménière’s disease (Fig. 2). However, ipsilaterally, these amplitudes were smaller in 

the unaffected ears of patients with Ménière’s disease. This was significant at the 

highest 2 levels of stimulation (120 and 115 dB SPL, p < 0.05). The threshold of the 

unaffected Ménière’s ears was significantly higher than of normal ears ipsilaterally 

and contralaterally (p < 0.05; Fig. 3 and Table 3).

Figure 2 | Ipsilateral and contralateral oVEMP amplitude at 120 dB SPL. Comparison 

between patients with Ménière’s disease and normal subjects without Ménière’s 

disease 
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Figure 3a | Ipsilateral and contralateral oVEMP thresholds. Comparison between 

patients with Ménière’s disease and normal subjects without Ménière’s disease.
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Figure 3b | Scatterplot of contralateral oVEMP thresholds (dB SPL) of normal ears, 

affected and unaffected ears of patients with Ménière’s disease. 
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Latencies

No significant differences in n1 and p1 latencies were observed between the affected 

and the unaffected ears of patients with Ménière's disease and normal subjects 

without Ménière's disease at the various stimulus levels used in this study (Table 3).

Ipsilateral versus contralateral responses

Ocular VEMPs in response to loud sounds occur both at the contralateral eye and 

ipsilaterally [Govender et al., 2009]. We have analysed both in this results section; 

however, in the discussion, the emphasis will be on the contralateral responses 

because these are more prominent and are almost exclusively discussed in the 

literature [Chihara et al., 2007; Welgampola, 2008]. Generally, ipsilateral responses 

were smaller than contralateral responses and thresholds were higher. This 

was true in all 3 groups in this study (normal subjects without Ménière's disease, 

affected ears, and unaffected ears). Furthermore, latencies were generally 

longer ipsilaterally recorded than contralaterally. Again this was true in all 3 

Table 3 | Ocular VEMP amplitudes at a stimulus level of 120 dB SPL, thresholds, and 

n1 and p1 latencies of normal subjects without Ménière’s disease and the affected 

and unaffected ears of patients with Ménière’s disease, recorded at the contralateral 

(C) and ipsilateral (I) side. 

oVEMP qualities normal affected ears unaffected ears

mean ± SEM 

amplitude (μV) C 9.4 ± 0.8 5.2 ± 1.0 9.3 ± 1.5

 I 6.6 ± 0.5 2.5 ± 0.6 4.2 ± 0.7

threshold (dB SPL) C 107.2 ± 0.6 117.7 ± 1.3 113.1 ± 1.4

 I 109.0 ± 0.6 120.0 ± 1.1 117.4 ± 1.2

n1 latency (ms) C 10.4 ± 0.1 10.3 ± 0.2 10.0 ± 0.1

 I 11.2 ± 0.2 10.7 ± 0.3 10.5 ± 0.3

p1 latency (ms) C 15.5 ± 0.2 15.2 ± 0.3 14.8 ± 0.4

 I 16.1 ± 0.3 15.5 ± 0.4 14.7 ± 0.6
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groups (normal subjects without Ménière's disease, affected ears, and unaffected 

ears), except for the p1 latency in the unaffected ears, which was 0.1 ms shorter 

ipsilaterally (not significant; Table 3).

Asymmetry ratio

Asymmetry ratio’s were calculated at the highest stimulus level (120 dB SPL) for both 

groups (unilateral patients with Ménière’s disease and normal subjects without 

Ménière's disease) separately. The mean AR (± SEM) of the contralateral oVEMP 

amplitude in patients with Ménière’s disease was generally higher than the mean 

AR in normal subjects without Ménière's disease, -28.6%±11.6% and 5.1%±4.0%, 

respectively, but variability was large, with extremes in patients from -100% to 100% 

and in normal subjects without Ménière's disease from -100% to 62%. Statistical 

analysis with t tests resulted in a significantly larger AR in patients with Ménière’s 

disease than in normal subjects without Ménière's disease (p < 0.05). 

Burden of the oVEMP test 

The average duration of the entire test (oVEMP recording and threshold 

determination) was approximately 20 minutes. To quantify the burden of the oVEMP 

test, we used a questionnaire with 3 questions as described above. Mean VAS 

scores were relatively low, ranging from 1 to 3 for each question on a 10-point scale. 

The differences between normal subjects without Ménière's disease and patients 

with Ménière’s disease were small. After completion of the entire test, the highest 

mean VAS score was found for maintaining upward gaze in the group of normal 

subjects without Ménière's disease, namely 3.0 ± 0.3. Patients scored 2.6 ± 0.4 on this 

question. On the high-level stimulation, normal subjects without Ménière's disease 

scored 1.8 ± 0.2 and patients 2.7 ± 0.5. The overall burden for normal subjects 

without Ménière's disease was 1.8 ± 0.2, and for patients it was 2.1 ± 0.4.
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Discussion

The main findings in our study are that certain oVEMP characteristics of both ears 

of patients with Ménière’s disease differ from normal subjects without Ménière's 

disease, in which the affected ear is more altered than the unaffected ear. Therefore, 

we will redefine the ‘unaffected’ ears into ‘clinically unaffected’ in this discussion. 

Overall, response rates were lower, oVEMP amplitudes were smaller, and 

thresholds were higher in patients with Ménière’s disease. In addition, in this 

study, patients with clinically unilateral Ménière’s disease showed a statistically 

significantly larger AR with respect to contralateral amplitude at 120 dB SPL than 

was found in the normal subjects without Ménière's disease, but a large variability 

was observed in the AR of both groups, which ranged from -100% to 100% in the 

group of patients with Ménière’s disease. Taylor et al. [2011] also found significantly 

larger ARs in the affected ears of patients with unilateral Ménière’s disease.

The first study in which patients with Ménière’s disease underwent the ACS oVEMP 

test has been performed by Wang et al. [2010]. Because the focus of their study 

was on optimizing the stimulus type, they have only reported a lower response 

rate of 10% (1 out of 10 patients) with respect to oVEMPs with an ACS stimulus at 

127 dB SPL. This is considerably lower than the response rate in our population 

of 37 affected Ménière’s ears (54.1%) at 120 dB SPL. Huang et al. [2010] also found 

slightly lower response rates (35%) than we did in the affected ears and 60% (77.4% 

in our study) in the clinically unaffected contralateral ears of unilateral patients 

with Ménière’s disease. A recent study by Taylor et al. [2011] showed response rates 

of approximately 50% in patients with Ménière’s disease, which is very close to our 

result (54.1%). Regarding the cVEMP, results similar to our findings with oVEMP 

recording were observed. The percentage of present cVEMPs, evoked with ACS, 

in the affected ear of patients with Ménière’s disease ranges from 46% in a study 

performed by de Waele et al. [1999] at 100 dB normalized hearing loss stimulus 
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level to 85% in a study by Rauch et al. [2004] at a stimulus level of 123 dB SPL. 

Summarizing, our results on oVEMP response rate in affected Ménière’s ears 

correspond fairly well with most reported recent oVEMP and cVEMP results.  

In addition to the decreased response rate in patients with Ménière’s disease, the 

smaller amplitude we have observed in the oVEMP response at several stimulus 

levels was observed in the recent study by Taylor et al. [2011]. These authors 

recorded oVEMPs using an air-conducted click as stimulus in the affected ears 

of patients with Ménière’s disease, and found smaller amplitudes than in normal 

subjects without Ménière's disease. Similar results on VEMP amplitude were 

found in the cVEMP of patients with Ménière’s disease. Murofushi et al. [2001] have 

observed a smaller amplitude than the mean amplitude recorded in their normal 

subjects without Ménière's disease in 7 out of 22 patients with Ménière’s disease, 

and Rauch et al. [2004] showed a smaller mean amplitude in 34 patients with 

Ménière’s disease compared with 14 normal subjects without Ménière's disease. 

However, de Waele et al. [1999] report no difference in amplitude between patients 

with Ménière’s disease and normal subjects without Ménière's disease. 

Concerning threshold, unfortunately no oVEMP study could adequately be 

compared with our findings. As to the cVEMP, however, a significantly higher 

threshold in 34 affected Ménière’s ears was also found by Rauch et al. [2004]. 

Osei-Lah et al. [2008] studied 20 patients with Ménière’s disease and did not find a 

threshold shift in patients. 

Some studies report prolonged latencies of the cVEMP in several patients with 

Ménière’s disease: Murofushi et al. [2001] in the affected ear of 1 out of 43 patients 

and Akkuzu et al. [2006] in 6 out of 20 affected ears. We have not observed any 

effect of Ménière’s disease on oVEMP latencies, which corresponds to findings of de 

Waele et al. [1999] and Rauch et al. [2004]. 

Finally, Young et al. [2003] found that, in early stage Ménière’s disease, the cVEMP 

was enhanced. They observed an augmented amplitude of the cVEMP in 1 out 

of 6 stage I ears and 2 out of 9 stage II ears. For the oVEMP, Taylor et al. [2011] 
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observed this ‘augmentation’ in 2 out of 77 patients with Ménière’s disease. No stage 

of disease was given for these 2 patients. In our study, 10 out of 37 patients with 

Ménière’s disease were stage I and II, and 27 patients were stage III and IV. We 

found that the mean amplitude in the stage I and II affected ears was slightly larger 

than in the stage III and IV ears; 7.3 µV (n=10 stage I and II) and 4.47 µV (n=27, stage 

III and IV), respectively, for the contralateral amplitude at 120 dB SPL. However, 

this effect was not significant (p > 0.05) and these mean amplitudes remain smaller 

than normal subjects without Ménière’s disease. If we look at individual patients, 

no patient shows amplitudes higher than the maximum of normal subjects without 

Ménière’s disease. Thus, we did not observe any enhancement of the oVEMP in 

early stage Ménière’s disease. 

The clinically unaffected ear

In our study a distinction was made between the affected and the clinically 

unaffected ears of patients with unilateral Ménière’s disease, as has been done in 

previously published cVEMP [de Waele et al., 1999; Murofushi et al., 2001; Rauch 

et al., 2004; Osei-Lah et al., 2008] and oVEMP [Huang et al., 2010; Taylor et al., 2011] 

studies. In our study, the response rate in the clinically unaffected ears was higher 

than in the affected ears. With regard to cVEMPs, these response rates varied from 

85% in the study by de Waele et al. [1999] to 97% in the study by Rauch et al. [2004], 

slightly higher than our findings (77.4%).

A very interesting finding was that oVEMP thresholds of the clinically unaffected 

ears were significantly higher than the thresholds in our normal subjects without 

Ménière’s disease. Taylor et al. [2011] observed slightly, but not significantly, smaller 

amplitudes in the unaffected ears than in normal subjects without Ménière’s 

disease. They did not report on thresholds. Rauch et al. [2004] observed the same 

significant effect as we do, regarding the cVEMP. This suggests a pathologic change 

in the asymptomatic ears. Histological changes as a result of the endolymphatic 

hydrops are not only observed in the affected Ménière's ears. In 35% of the clinically 

unaffected and asymptomatic ears, similar changes are observed as well [Lin et 
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al., 2006]. This could explain the threshold shift we have observed in these clinically 

unaffected ears of patients with Ménière’s disease. These histological findings 

and the changes in oVEMP found in this study can possibly be characterized as 

presymptomatic, since it is known that approximately 2 to 47% [Huppert et al., 

2010] of the patients with unilateral Ménière’s disease eventually develop bilateral 

disease. 

Clinical implications

The goal of our study was to evaluate whether the oVEMP test characteristics of 

patients with Ménière's disease differ from those of normal subjects without Ménière’s 

disease. Taking an overview of our results, it seems that threshold is probably the 

best candidate to characterise oVEMP alterations in this population. Other options 

would be the oVEMP amplitude and the AR. However, the contralateral amplitude 

was not significantly smaller in the clinically unaffected ears of patients with 

Ménière’s disease, as was the contralateral threshold. As for the AR, it showed a 

large variability, varying in patients from -100% to 100%. Therefore, creating an 

AR criterion to distinguish between patients with Ménière’s disease and normal 

subjects without Ménière’s disease was not possible. Furthermore, the AR might be 

an underestimation if the contralateral ears are affected. In our patient population, 

the clinically unaffected ears indeed showed oVEMP alterations. Threshold seems 

a more stable and reliable variable, for only recordings of the affected Ménière’s 

ear are needed. Although we have chosen threshold here, we realize that VEMP 

threshold shifts are obviously not specific for Ménière’s ears because they are also 

encountered in various other vestibular disturbances, for example, vestibular 

neuritis [Murofushi et al., 1996; Kim et al., 2008] and central vestibular disease 

[Ushio et al., 2001].

Nevertheless, if we choose 115 dB SPL as cutoff point for a positive threshold test, 

meaning a contralateral threshold higher than 115 dB SPL to be pathologically 

altered, 73.0% of affected Ménière’s ears, 45.2% of clinically unaffected Ménière’s 

ears and 1.9% of normal ears would be positive in our population (Table 4). Thus, a 
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threshold criterion of 115 dB SPL might be useful as a criterion for vestibular disease 

in general and, in combination with other clinical observations, might help in the 

diagnosis of Ménière’s disease. 

Conclusion

The ACS oVEMP can be a relevant addition to the current diagnostic work-up of 

patients with possible Ménière's disease. A lower response rate, smaller amplitude, 

and higher threshold of the oVEMP indicate pathology in this population.

Table 4 | Overview of a diagnostic simulation on our dataset using a contralateral 

threshold criterion of 115 dB SPL

normal affected ears unaffected ears total

positive (≥115) 1 (1.9%) 27 (73.0%) 14 (45.2%) 42

negative (<115) 54 10 17 81

total 55 37 31 123

Below 115 dB SPL, the test was considered negative, and 115 dB SPL or higher, the test was considered 

positive for disease.
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Abstract

Objective 

Ocular Vestibular Evoked Myogenic Potentials (oVEMPs) in response to 250 Hz, 500 

Hz and 1000 Hz air-conducted short tone bursts were studied in 22 healthy subjects 

and 37 Ménière’s patients. The goal of this study was to investigate normal tuning 

characteristics of the oVEMP and the possible oVEMP changes with respect to 

frequency dependence in Ménière’s disease. 

Methods 

In unilateral Ménière’s patients a distinction was made between an affected ear 

and an unaffected ear. 

Results

 It was found that in normals the oVEMP tunes to a stimulus frequency of 500 Hz, with 

the highest amplitude and lowest threshold at this particular frequency. Generally, 

Ménière’s patients showed smaller amplitudes and higher thresholds than normals 

at all three stimulus frequencies in both the affected and the unaffected ear. 

Additionally, for Ménière’s ears the best stimulus frequency was 1000 Hz. 

Conclusion

With the use of this altered tuning in Ménière’s ears we tried to find a criterion to 

distinguish normals and Ménière’s ears.
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Introduction

General introduction on VEMPs

Since 1994 the Vestibular Evoked Myogenic Potential (VEMP) test has been used 

for evaluation of balance disorders, supplementary to the standard vestibular 

evaluation through caloric testing in combination with rotatory chair testing. This 

VEMP is probably associated with otolithic afferents, and can therefore be used to 

evaluate the function of the saccule and the utricle [Murofushi et al., 1995; Curthoys 

et al., 2006]. The recording of the VEMP by electromyography can take place on 

different locations, the cervical VEMP (cVEMP) on the sternocleidomastoid (SCM) 

muscle [Colebatch et al., 1994] and the ocular VEMP (oVEMP) on the inferior eye 

muscles [Rosengren et al., 2005; Todd et al., 2007; Iwasaki et al., 2008].

In the last decade, various ways of VEMP stimulation have been investigated, 

such as air conducted sound (ACS), bone conducted vibration (BCV) and galvanic 

stimuli, both mono- and binaurally [Rosengren et al., 2005, 2007; Chihara et al., 

2007, 2009a; Welgampola et al., 2008, 2009; Wang et al., 2010]. It has been shown 

that ACS is easy to use in a clinical setting and the stimulus characteristics can 

be controlled; for example the duration, level and frequency of the stimulus can 

be changed easily. However, in most studies solely one ACS stimulus frequency, 

generally 500 Hz, was used for testing VEMPs, because this particular stimulus 

frequency was proven to be the most effective in evoking VEMPs [Todd et al., 2000; 

Welgampola et al., 2001; Rauch et al., 2004; Node et al., 2005; Chihara et al., 2009b; 

Kim-Lee et al., 2009; Todd et al., 2009; Park et al., 2010]. 

Frequency dependence of the VEMP in normals 

Thus, cVEMP threshold and peak to peak amplitude are tuned. In the study by 

Rauch et al. [2004], the so-called tuning curve showed a typical V-shape form, with 

the lowest threshold and highest amplitude at 500 Hz stimulus frequency. 

Recently, the tuning properties of the oVEMP have been explored, and a similar 

effect of frequency tuning as in cVEMPs was found. The oVEMP evoked by ACS in 

TUNING OF THE ACS oVEMP IN NORMALS AND MÉNIÈRE’S DISEASE  | CHAPTER 04



8988

healthy subjects showed responses with the largest amplitude and lowest threshold 

at stimulus frequencies between 400 and 800 Hz [Chihara et al., 2009b; Todd et al., 

2009; Park et al., 2010].

Frequency dependence of the VEMP in Ménière’s disease

In Ménière’s disease two major changes in cVEMP were seen as a result of possible 

lesions of the otolith organs: an elevated threshold and altered tuning [Rauch 

et al., 2004; Node et al., 2005; Lin et al., 2006; Kim-Lee et al., 2009]. As reported 

before, healthy subjects showed the best response (highest amplitude and lowest 

threshold) for cVEMPs induced by an ACS stimulus at a stimulus frequency of 

approximately 500 Hz. Apart from a generally higher threshold in patients with 

Ménière’s disease, these patients also showed an altered cVEMP tuning profile. 

Both the lowest threshold and highest amplitude were seen at a stimulus frequency 

of 1000 Hz, turning the V-shaped tuning curve into a monotonic curve within this 

frequency range. This feature was seen in the affected ear and to a lesser degree in 

the unaffected ear [Rauch et al., 2004; Node et al., 2005; Kim-Lee et al., 2009]. 

Summarizing, the oVEMP response seems to have tuning properties similar to 

those of the cVEMP in normal subjects. Because the oVEMP test is also associated 

with otolith function, and a test which seems easier to perform than the cVEMP test, 

we considered it interesting to investigate the normal tuning characteristics of the 

oVEMP. In addition, we will investigate the oVEMP tuning qualities in Ménière’s 

patients, who are already known to exhibit an altered tuning profile of the cVEMP. 

Methods

Subjects

Twenty-two healthy subjects (12 females and 10 males, mean age 30 years, range 

23-52) and 37 patients (17 females and 20 males, mean age 56 years, range 33-
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76), diagnosed with uni- or bilateral Ménière’s disease (6 were bilateral), based on 

the AAO-HNS 1995 criteria [Committee on Hearing and Equilibrium, 1995] were 

included. A selection of the oVEMP data of these Ménière's patients has been 

described before [Winters et al., unpublished data]. Patients were diagnosed in 

our specialized clinic of balance disorders. All patients underwent an extensive 

diagnostic workup, including electronystagmography (ENG), a magnetic resonance 

imaging scan of the labyrinth and the cerebellopontine angle, various laboratory 

tests including several viral tests, audiometry and a psychological consult. 

Exclusion criteria for both patients and healthy subjects were an audiometrically 

defined conductive hearing loss of more than 20 dB at any of the three stimulus 

frequencies used in this study (250, 500 and 1000 Hz), an alternative cause of 

vertigo or eye-motility disorders. Patients were asked to cease their medication for 

Ménière’s disease three days before the oVEMP test to avoid any influence of the 

medication on the results of the test.

The study was approved by the local ethics committee and informed consent was 

obtained from each subject prior to inclusion. 

oVEMP stimulus generation

Stimulus generation and electrophysiological recording were performed by 

a Toennies Multiliner evoked potential recording system (Erich Jaeger GmbH, 

Höchberg, Germany). 

The sound stimuli (short tone burst; 250 Hz, 500 Hz and 1000 Hz, rise-plateau-fall time 

1-3-1 ms, repetition rate 4.9 Hz) were presented monaurally through a calibrated 

headphone (Beyer DT48, beyerdynamic, Heilbronn, Germany). Stimulus levels at 

the onset of the test were 120 dB sound pressure level (SPL) for 250 and 500 Hz tone 

bursts and 115 dB SPL for 1000 Hz. The stimulus level was decreased with 5 dB 

SPL after every positive oVEMP response, until threshold was reached. Next, the 

stimulus was delivered to the other ear. 
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oVEMP recording

To record the oVEMPs, five surface electrodes (Red Dot, 3M Health Care, Minneapolis, 

MN) with impedance lowering gel were placed underneath both eyes and on the 

chin after cleaning the skin with peeling gel. The active electrodes were placed just 

below the lower eyelids on both sides in a direct line underneath the pupil while 

the subject was looking straight forward. The reference electrodes were placed 

directly underneath the active electrodes. The ground electrode was placed on 

the chin. Impedance measurements of the recording electrodes were maintained 

below 5 kΩ at all times. The supine subjects were asked to gaze upwards, focussing 

on a point approximately 45 degrees from horizontal just before providing the 

sound stimulus. The surface potentials were amplified and filtered (20-3000 Hz) in 

two separate channels for the right and left eye, respectively. The recorded signals 

were averaged (at least 50 responses).

Signal analysis

An oVEMP was characterized by a negative peak (n1) at approximately 10 ms after 

stimulus onset, followed by a positive peak (p1) at approximately 15 ms (figs. 1a and 

b). A meaningful response had to exceed the residual noise by a factor of 1.5 and 

had to have an amplitude (n1-p1) of more than 1.0 µV. The oVEMP was judged to be 

absent when no replicable response was observed after averaging of at least 50 

responses. The oVEMP was recorded simultaneously at the ipsi- and contralateral 

side of the stimulated ear. Characteristics of the oVEMPs were objectified offline. 

We calculated the threshold, defined as the iso-response level at 1 µV, for each 

response series in each individual, by interpolation between the highest stimulus 

level (120 / 115 dB SPL) and the first stimulus level with an absent oVEMP. The iso-

response level refers to a particular level of the stimulus which evokes a response 

with a particular criterion amplitude, in our study 1 µV.

If no reliable oVEMP was present at the highest stimulus level, the threshold was set 

at 5 or 10 dB SPL higher than maximum equipment level (125 dB SPL for all three 
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frequencies). Note that in this way we probably underestimate the actual threshold, 

because it is unlikely that we would have found responses in all nonperforming 

Statistical analysis

Our first goal was to characterize normal oVEMP frequency tuning in 22 healthy 

subjects. Secondly these data were compared to tuning data of Ménière's patients. 

In these Ménière's patients we have made a distinction between affected ears 

and unaffected ears. Both groups were compared to normal ears. In the group of 

healthy subjects no differences between oVEMPs of the right ear and the left ear 

were seen. Therefore we chose the right ear of all healthy subjects for comparison 

to the affected and unaffected Ménière’s ears. In the case of bilateral disease, we 

used the right ear of patients for our analysis.

Three-group comparisons, for characterizing the effect of frequency, were made 

through the non-parametric Friedman test. Two-group comparisons were made 

using the Student’s t-tests. When the variables were not normally distributed 

(Kolmogorov-Smirnov tests), as was the case with amplitude and threshold data, 

the Mann-Whitney U-test was applied for the comparison of Ménière’s patients to 

normals. 

A significance level of 0.05 was used. Statistical analysis was performed using 

Statistical Package of Social Sciences (SPSS) software version 15.0.1. All oVEMP 

characteristics (n1 latency, p1 latency, n1-p1 amplitude and threshold) were described 

as means with associated standard error of the mean (SEM).

Results

As described above we were able to include 22 independent normal ears, 37 

independent affected ears and 31 independent unaffected ears. In the following 

section we will firstly characterize the normal frequency dependence of the oVEMP. 

Subsequently we will compare tuning characteristics of the three groups of ears: 
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normal, affected and unaffected ears. 

Frequency dependence of normals

The stimulus frequency of 500 Hz resulted in the largest contralateral amplitude (7.6 

± 1.3 μV at 115 dB SPL) in normals at all stimulus levels, followed by respectively 

1000 Hz (7.2 ± 1.4 μV at 115 dB SPL) and 250 Hz (3.6 ± 1.1 μV at 115 dB SPL) (fig. 

2a). Statistical analysis showed that the contralateral amplitudes at a stimulus 

frequency of 250 Hz were significantly smaller than at the other two stimulus 

frequencies at the highest two levels of stimulus (Friedman test and two Mann-

Whitney U-tests: p < 0.05). However, statistically the responses to 500 Hz and 1000 

Hz stimulus frequencies did not differ significantly. Ipsilaterally recorded oVEMPs 

showed the same effect (fig. 2b).
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Figure 2 | The oVEMP frequency dependence in normals

(a) The contralateral oVEMP amplitudes (mean ± SEM) at increasing stimulus levels at three stimulus 

frequencies.

(b) The ipsilateral oVEMP amplitudes (mean ± SEM) at increasing stimulus levels at three stimulus 

frequencies.

(c) Ipsi- and contralateral oVEMP threshold tuning curves (mean ± SEM) at three stimulus frequencies in 

normals. ±

TUNING OF THE ACS oVEMP IN NORMALS AND MÉNIÈRE’S DISEASE  | CHAPTER 04



9594

Regarding oVEMP thresholds, a similar effect was seen. A stimulus frequency of 

500 Hz resulted in the lowest contralateral threshold (105.9 ± 1.8 dB SPL), which 

proved to be significantly lower than the threshold at 250 Hz (113.7 ± 1.8 dB SPL) 

and 1000 Hz (109.4 ± 2.0 dB SPL) (Friedman test and two Mann-Whitney U-tests: p < 

0.05). Thus, as shown in fig. 2c, the tuning curve of the mean threshold for both the 

contralateral as well as the ipsilateral side was V-shaped with the lowest threshold 

at a stimulus frequency of 500 Hz. Overall, no differences in n1 and p1 latencies 

between the three stimulus frequencies were seen (Student’s t-tests). 

Frequency dependence of Ménière's ears

Affected ears of Ménière’s patients 

At a stimulus frequency of 250 Hz, 25 out of 37 affected Ménière’s ears did not show 

an oVEMP response either contra- or ipsilaterally. At 500 Hz 17 out of 37 of the 

affected ears showed no response and at 1000 Hz in 18 out of 37 ears the threshold 

was higher than maximum stimulus level.

The contralateral oVEMP amplitude of the affected ears of Ménière’s patients was 

significantly smaller than the amplitude of normals at all three stimulus frequencies 

at the highest two stimulus levels (all six Mann-Whitney U tests: p < 0.05). For lower 

levels we were not able to calculate significance, because of the considerable drop 

in oVEMP response rate in all groups. In fig. 3a the contralateral amplitudes at 115 

dB SPL are depicted.

For contralateral oVEMP thresholds the Ménière’s patients showed a significantly 

higher threshold than normals at all three stimulus frequencies (three Mann-Witney 

U tests: p < 0.05; fig. 3c). 

Note that because of these frequency-specific alterations, tuning to a best frequency 

of 500 Hz, as found in normal ears, is not present in affected ears. Within the 

frequency range used in this study, largest amplitudes and lowest thresholds are 

seen at a stimulus frequency of 1000 Hz. 
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Figure 3 | Comparison between oVEMP characteristics of patients with Ménière’s 

disease and healthy subjects at three different stimulus frequencies.

(a) The contralateral oVEMP amplitude at 115 dB SPL.    

(b) The ipsilateral oVEMP amplitude at 115 dB SPL.   

(c) The contralateral oVEMP threshold.

(d) The ipsilateral oVEMP threshold.
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Affected ears versus unaffected ears of Ménière’s patients

To compare the oVEMP amplitudes and thresholds of the affected and unaffected 

ears within a Ménière’s patient, solely the data of the 31 unilateral Ménière’s patients 

could be used. Note that in fig. 3 the data of all 37 affected ears have been used. 

The contralateral oVEMP amplitude of the affected ears was significantly smaller 

than the amplitude at the unaffected ears at 115 dB SPL stimulus level for 500 Hz 

and 1000 Hz stimuli (two Mann-Witney U tests: p < 0.05). At 250 Hz the contralateral 

amplitude was smaller, however this difference was not significant (Mann-Witney 

U test: p = 0.48; fig. 3a). 

The contralateral thresholds at stimulus frequencies of 250 Hz and 500 Hz were 

significantly higher in affected Ménière’s ears than in unaffected ears (two Mann-

Witney U tests: p < 0.05). At 1000 Hz this effect was not significant (Mann-Witney U 

test: p = 0.18; fig. 3c).

Unaffected ears of Ménière’s patients

At a stimulus frequency of 250 Hz, 13 out of 31 of the unaffected ears did not show an 

oVEMP response either contra- or ipsilaterally. At 500 Hz 7 out of 31 unaffected ears 

did not show a response and at 1000 Hz in 12 out of 31 unaffected ears the threshold 

was higher than maximum stimulus level. 

At all three stimulus frequencies and the highest two stimulus levels, the 

contralateral oVEMP amplitude of unaffected Ménière’s ears was usually smaller 

than the amplitude of the ears of healthy subjects (fig. 3a). Yet, this result was not 

significant (six Mann-Whitney U tests: p > 0.05). A similar effect was seen regarding 

contralateral oVEMP thresholds. 

The threshold of unaffected ears was higher than the threshold of normal ears 

at all three stimulus frequencies. However, in contrast to oVEMP amplitudes, in 

thresholds this effect was significant (three Mann-Witney U tests: p < 0.05; fig. 3c). 
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Ipsilateral versus contralateral response

Generally, ipsilateral responses were smaller than contralateral responses and 

thresholds were higher. In all three groups in this study (normals, affected ears, 

unaffected ears) this effect was seen. In the ipsilateral dataset we performed the 

same analysis as described above and found comparable results: thresholds were 

significantly higher and amplitudes significantly smaller in the affected ears of 

Ménière’s patients compared to normals and also, but often not significantly, in the 

unaffected ears (figs. 3b and 3d).

Latencies

No significant differences in n1 and p1 latencies were seen between the affected 

Ménière's ears, the unaffected ears and normals at the three frequencies and 

various levels used in this study (using Student’s t-tests). This was true for both 

ipsilateral and contralateral responses. 

Discussion

Frequency tuning in normals and Ménière's patients

The normal ears in our study exhibit a frequency tuning of the oVEMP, with the 

highest amplitude and the lowest threshold at a stimulation frequency of 500 Hz. 

The morphology of the oVEMP at different stimulus frequencies across individuals 

was similar, as can be seen in fig. 1. Three studies on frequency tuning of the 

oVEMP to ACS stimuli showed similar results. Todd et al. [2009] found that both 

the cVEMP and oVEMP increased in amplitude from 100 Hz, reaching their largest 

values at 400 Hz and 800 Hz then dropping off for higher frequencies. Chihara et 

al. [2009b] applied the same frequencies as we have done (250 Hz, 500 Hz and 1000 

Hz) and concluded that 500 Hz results in the highest response prevalence, largest 

amplitude and lowest threshold. Additional to these three frequencies, Park et al. 

[2010] also used 2000 Hz, and found again the highest response rate for the 500 Hz 
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stimulus frequency, the lowest thresholds at both 250 and 500 Hz, and the largest 

amplitude at 500 Hz. 

In Ménière’s patients we saw a frequency-specific alteration. More explicitly, 

tuning to a best frequency of 500 Hz, as found in normal ears, is not present in 

affected Ménière's ears. In Ménière’s patients the highest amplitude and lowest 

threshold was seen at 1000 Hz. This resulted in altered threshold tuning curves. 

This corresponds with data on the cVEMP in Ménière's ears. In various studies the 

lowest cVEMP threshold of Ménière’s patients is seen at 1000 Hz [Rauch et al., 2004; 

Node et al., 2005; Kim-Lee et al., 2009].

The frequency dependent tuning properties of cVEMPs and oVEMPs in normals 

are seen in response to both ACS and BCV stimuli [Todd et al., 2009; Chihara et al., 

2009b]. This tuning is most likely caused by peripheral mechanical characteristics 

of the otolith organs, such as surface area, mass and attachment to the temporal 

bone of both the utricle and the saccule [Todd et al., 2009]. In histological studies on 

Ménière's disease, the main pathologic change that is seen is the endolymphatic 

hydrops [Hallpike and Cairns, 1938; Yamakawa, 1938; Fraysse et al., 1980; Shuknecht 

et al., 1983; Okuno and Sando, 1987]. This hydrops is located most frequently in the 

saccule, followed by the cochlea, utricle and the three semicircular canals [Okuno 

and Sando, 1987]. In these structures the hydrops might change the mechanical 

properties. The endolymphatic hydrops can cause increased stiffness of these 

otolith organs, especially the saccule, thereby increasing the resonant frequency 

[Rauch et al., 2004]. This might explain the fact that we see the lowest oVEMP 

threshold of Ménière’s patients at a stimulus frequency of 1000 Hz instead of the 500 

Hz we see in normals. 

Diagnostic criteria for Ménière's disease using frequency tuning

The difference in tuning between Ménière's ears and normals might be clinically 

relevant. We investigated the issue of finding an appropriate criterion for 

differentiating between normal and Ménière's ears in two ways. For this analysis 

we have used a Pearson’s chi-square test. Furthermore we have calculated the 
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confidence interval of the difference in test results between normals and patients to 

indicate the reliability. 

Firstly, we compared the absolute difference between the contralateral amplitude 

at 500 Hz and 1000 Hz at a stimulus level of 115 dB SPL. We chose 0 as a cut-off 

point. Amplitude values above 0 were considered normal and equal to or below 0 

abnormal. For details see table 1a. The difference in positive tests between normals 

and the affected ear of Ménière's patients was 52.8% [95% CI: 30.3 – 75.3], and 

between normals and the unaffected Ménière's ears the difference was 31.3% [95% 

CI: 5.3 – 57.3].

A second possible appropriate criterion could be the absolute difference in 

thresholds at 500 Hz and 1000 Hz. Again 0 was chosen as a cut-off point. Below 

0 the oVEMP was considered normal and equal to or above 0 abnormal. If there 

was no response at both frequencies, the difference was set at 0, see table 1b. For 

this criterion the difference in positive test between normals and affected ears was 

32.8% [95% CI: 8.1 – 57.5]. Between normals and the unaffected Ménière's ears this 

difference was only 12.6% [95% CI: 0 – 39.6].

We also combined these two criteria, requiring both the difference in threshold and 

the difference in amplitude to be abnormal for the test to be positive. Differences 

between the positive tests of the affected and unaffected ears and normals were  

respectively 45.7% [95% CI: 22.4 – 69.0] and 27.5% [95% CI: 2.0 – 53.0], see table 1c. 

Thus, using the criteria above the oVEMP threshold and amplitude can potentially 

be used in diagnosing Ménière’s disease. If the threshold at 1000 Hz is lower and 

the amplitude higher than at 500 Hz, the oVEMP tuning is most likely pathologically 

altered. 

One should however be cautious in interpreting oVEMP results, while this criterion 

might be reached in 27.3% of healthy subjects. Nevertheless, altered tuning in 

combination with the clinical criteria stated by the AAO-NHS [1995] can be a good 

combination for diagnosis of this disease. 
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Table 1 | Diagnostic criteria for diagnosing Ménière’s disease with the use of the 

altered tuning profile of amplitude and threshold in Ménière’s patients 

(a) Analysis using the absolute difference in the contralaterally recorded oVEMP amplitude at 500 Hz and 

1000 Hz and at 115 dB SPL. 

(b) Analysis using the absolute difference in the contralateral oVEMP threshold at  500 Hz and 1000 Hz.

affected Ménière's normals total x2

test positive (≥0 dB SPL) 29 (78.3%) 10 (45.5%) 39 6.7

(p < 0.01)

test negative (<0 dB SPL) 8 12 20

total 37 22 59

unaffected Ménière's normals total x2

test positive (≥0 dB SPL) 18 (58.1%) 10 (45.5%) 28 0.8

(p = 0.37)

test negative (<0 dB SPL) 13 12 25

total 31 22 53

affected Ménière's normals total x2

test positive (≤0 µV) 33 (89.2%) 8 (36.4%) 41 18.2

(p < 0.001)

test negative (>0 µV) 4 14 18

total 37 22 59

unaffected Ménière's normals total x2

test positive (≤0 µV) 21 (67.7%) 8 (36.4%) 29 5.1

(p < 0.05)

test negative (>0 µV) 10 14 24

total 31 22 53
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Conclusion

The oVEMP in response to ACS stimuli in healthy subjects tunes to a 500 Hz STB, 

with the highest amplitude and lowest threshold at this particular frequency. In 

most Ménière’s patients this tuning is altered, resulting in 1000 Hz or possibly higher 

stimulus frequencies to be the best stimulus frequency. This altered tuning might 

help in diagnosing Ménière’s disease. 
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(c) Analysis using the combination of both the absolute difference of the contralaterally recorded oVEMP 

amplitude and contralateral threshold at stimulus frequencies 500 Hz and 1000 Hz. 

affected Ménière's normals total x2

tests positive (+/+) 27 (73.0%) 6 (27.3%) 33 11.7

(p < 0.001)

tests negative (+/-, -/-) 10 16 26

total 37 22 59

unaffected Ménière's normals total x2
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Abstract

Objective

Vestibular symptoms are seen variably in patients with otosclerosis, both in patients 

suffering from the disease, as well as in patients after treatment with stapes surgery. 

The goal of this study was to objectify any changes of the ocular Vestibular Evoked 

Myogenic Potentials (oVEMPs) evoked by bone-conducted vibration (BCV) in 

patients with otosclerosis, before and after stapes surgery

Methods

26 healthy subjects and 27 patients with otosclerosis were tested in a tertiary care 

center, and 11 of the patients were tested pre- and postoperatively. The ears of 

patients were divided in 4 groups: normal ears, otosclerotic ears, ears after primary 

stapes surgery and ears after revision surgery. The stimulus used in oVEMP testing 

was a BCV stimulus delivered by a mini-shaker at stimulus frequencies of 250 and 

500 Hz. oVEMP characteristics were the n1 and p1 latencies, n1 - p1 amplitude and 

threshold. 

Results

No significant differences were seen in all oVEMP characteristics between the 

four groups of ears without surgery, nor in the ears that were tested pre- and 

postoperatively. 

Conclusions

 No or undetectably little damage to the utricle is caused by both otosclerotic disease 

and stapes surgery. There is no additive value of screening with BCV oVEMPs peri-

operatively in otosclerotic patients.
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Introduction

Otosclerosis is one of the more common forms of adult onset hearing loss with a 

prevalence of 0.3 – 0.4% in Caucasians [Declau et al., 2001]. The main complaint is 

a slow progressive hearing loss. Approximately 65% of otosclerotic patients have 

concomitant tinnitus [Gristwood et al., 2003]. Additionally, vestibular symptoms are 

variably seen, ranging from 5% to 57% of patients in different studies [Gristwood 

et al., 2003; Virolainen, 1972; Aantaa and Virolainen, 1978; Gros et al., 2003]. The 

vestibular symptoms can consist of unsteadiness, dizziness, or vertigo, especially 

present after changes in position and head movements. Both the incidence of the 

vestibular symptoms is larger, and the severity is worse in the case of labyrinthine 

otosclerosis [Virolainen, 1972]. 

The cause of these vestibular complaints in otosclerosis remains unknown. 

Otosclerosis is caused by a disordered localized bone remodelling process that 

occurs in the otic capsule [Menger and Tange, 2003]. Correlation studies in relation 

to the histochemistry of the otosclerotic foci show a higher incidence of tinnitus and 

vestibular symptoms in the sclerotic type of disease compared with the fibrotic and 

spongious types [Gros et al., 2003]. A decrease in the number of vestibular neurons 

is seen in patients with otosclerosis [Richter and Schuknecht, 1982; Saim and Nadol, 

1996]. Two mechanisms for the presence of vestibular symptoms in patients with 

otosclerosis have been postulated. 1) Otosclerotic foci could produce end organ 

or neural degeneration or both [Sando et al., 1974]. 2) Enzyme release of the 

remodelling bone affects the homeostasis of the perilymphatic and endolymphatic 

fluids and the vascular structures in the inner ear [Menger and Tange, 2003]. 

Apart from the disease itself, also the treatment of otosclerosis, which mainly 

consists of stapes surgery, can cause vestibular symptoms. Therefore, preoperative 

and postoperative symptoms should be regarded as two different entities. Stapes 

surgery has proven to be a safe and effective procedure [Vincent et al., 2006]. 

However, in 12 to 45% of patients postoperative vestibular symptoms can occur 

[Aantaa and Virolainen, 1978; Silverstein et al., 1989]. Usually,  these symptoms 
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resolve after 3-6 days. Seldom, patients complain of vestibular symptoms for longer 

than 6 months [Tange, 2000]. Causes of postoperative vestibular symptoms may 

be a change in pressure and mobility of the endolymph, suppurative labyrinthitis, 

or changes in enzyme processes and blood supply in the labyrinth [Causse et 

al., 1988]. Furthermore, surgery with the use of laser techniques and a stapedial 

prosthesis can cause vestibular problems because of the close proximity of the 

stapedial footplate to the otolith organs. The distance of the utricle to the footplate is 

approximately 1.9 to 2.4 mm and of the saccule to the footplate 1.7 to 2.1 mm [Pauw 

et al., 1991].

In otosclerosis patients, an abnormal classical electronystagmography (ENG) 

recording in the form of a spontaneous or positional nystagmus, directional 

preponderance or a diminished caloric reaction could be found preoperatively in 

31.2% of patients and on the second day after surgery in nearly half of patients. 

The number of patients showing a nystagmus postoperatively decreased rapidly to 

one-third of patients on the sixth day [Aantaa and Virolainen, 1978]. Summarizing, 

both otosclerosis and stapedotomy can be associated with vestibular dysfunction.

An alternative way to investigate the vestibular function is the recently developed  

Vestibular Evoked Myogenic Potential (VEMP) test. The VEMP is associated with 

afferents of the otolith organs, and can therefore be used to evaluate the function 

of the saccule and the utricle [Murofushi et al., 1995; Curthoys et al., 2006]. These 

organs of the inner ear are more likely to be harmed by the otosclerotic process 

or stapes surgery than the semicircular canals, one of which is tested by classical 

ENG recording. This relatively new VEMP test was developed in 1994 by Colebatch 

et al. [1994] and can be recorded in the cervical (cVEMP) or ocular (oVEMP) muscles, 

and stimuli may be air-conducted sound (ACS) or bone-conducted vibration (BCV) 

[Colebatch et al., 1994; Rosengren et al., 2005; Chihara et al., 2007; Iwasaki et al., 

2008]. The cVEMP is more associated with saccular afferents and the oVEMP with 

utricular afferents [Curthoys, 2010]. It has already been demonstrated that the 

elicitability of ACS cVEMPs is reduced in otosclerotic patients, most likely due to 
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respectively conductive hearing loss and inner ear impairment [Yang and Young, 

2007; Trivelli et al., 2010] and that this might correlate with the progression of 

otosclerosis [Yang and Young, 2007]. Also BCV cVEMPs show a lower response rate 

in otosclerosis [Yang and Young, 2007; Singbartl et al., 2006], and a higher frequency 

of abnormal BCV cVEMPs is observed in otosclerotic patients with dizziness than 

in patients without symptoms [Saka et al., 2012]. When cVEMPs were compared 

before and after stapes surgery in otosclerosis patients, Trivelli et al. [2010] found 

no difference in response rate in both ACS and BCV cVEMPs, and Singbartl et al. 

[2006] show reappearance of the BCV cVEMP in 3 of 23 patients after stapes surgery.

Regarding the different VEMP tests, the intensity of the ACS stimulus in the inner 

ear is definitely influenced by the conductive hearing loss in otosclerosis patients. 

Therefore, a BCV stimulus will be more appropriate in these patients. Furthermore, 

for measuring cVEMPs, a certain amount of muscle tension is required which can 

be difficult to produce for patients. Thus, the oVEMP seems more appropriate than 

the cVEMP. Finally, the cVEMP is more associated with saccular function [Curthoys, 

2010]. Therefore, we thought it of interest to perform the oVEMP test to objectify 

mainly utricular function in response to a BCV stimulus in normals and in patients 

with otosclerosis pre- and postoperatively.

Methods

Subjects

Twenty-six healthy subjects (13 female and 13 male subjects; mean age, 41 yr; range, 

24–73 yr) and 27 patients (14 female and 13 male subjects; mean age, 48 yr; range, 

29–74 yr) diagnosed with otosclerosis at the University Medical Center Utrecht were 

enrolled in this study. All patients were scheduled for stapes surgery in our clinic 

and were tested pre-operatively. Eleven patients were also tested postoperatively 

between 8 weeks and 1.5 years after surgery. Several of the patients included had 

already undergone previous stapes surgery, either in the ear operated in this study 
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or the contralateral ear. Thus, we were able to analyze our data by comparing 

several groups of ears. For the first analysis we divided all ears of subjects into 4 

groups:  

1) Normal ears: Both ears of the healthy subjects were included.

2) Otosclerotic ears: In patients with unilateral otosclerosis, the contralateral, 

currently not diseased ear was not included for analysis. In patients with bilateral 

otosclerosis both ears were included. 

3) Ears after primary stapes surgery.

4) Ears after revision surgery. 

For the second part of the study only the ears that we measured both pre- and 

postoperatively were included. The stapes surgery was performed by 2 experienced 

otologic surgeons, who used the same technique for stapedotomy with use of KTP 

laser technology. 

Patients with vertigo associated with other pathologies or a history of eye-

motility disorders were excluded and were not among the 27 patients mentioned 

previously. All patients underwent audiometric examination preoperatively and 

postoperatively and a 4-frequency pure tone mean was used for air bone gap 

(ABG). The patients were asked to fill in a dizziness handicap inventory (DHI) 

questionnaire before and after stapes surgery. We considered 0 points on the DHI 

as no complaints, 1–30 indicated mild handicap as a result of dizziness, 31–60 

moderate, and 61–100 severe handicap, based on Whitney et al. [2004]. The study 

was approved by the local ethics committee and informed consent was obtained 

from each subject prior to inclusion.

oVEMP Stimulus Generation

Stimulus generation and electrophysiological recording were performed by 

a Viasys Synergy evoked potential recording system (Carefusion, San Diego, 

CA, USA). The stimuli (short tone burst, rise-plateau-fall time 1-2-1 ms, stimulus 

frequency 250 and 500 Hz, repetition rate 5 Hz) were amplified through a Brüel & 
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Kjær power amplifier type 2712 (Brüel & Kjær, Naerum, Denmark) and transduced 

to bone-conducted stimuli through a Brüel & Kjær Mini-Shaker type 4810 (Brüel & 

Kjær, Naerum, Denmark). The Mini-Shaker was handheld and fitted with a short 

bolt terminated in a bakelite cap (Ǿ 1,5cm) which served as the contact point for the 

Mini-Shaker on the participants’ forehead. The stimulus intensity was calibrated 

through a Brüel & Kjær model 4930 artificial mastoid (Brüel & Kjær, Naerum, 

Denmark) using the peak equivalent sound pressure level (0 dB vibrational force 

level (VFL) = 1 μN) and maximum stimulus level was 125 dB VFL. This level was 

decreased with 5 dB VFL after every positive oVEMP response, until threshold was 

reached. At both stimulus frequencies, the tone burst commenced in rarefaction, 

resulting in an outward motion of the Mini-Shaker cap. 

oVEMP Recording

To record the oVEMPs, 5 surface electrodes (Red Dot, 3M Health Care, MN, USA) 

with impedance lowering gel were placed underneath both eyes and on the chin 

after cleaning the skin with peeling gel. The active electrodes were placed just 

below the lower eyelids on both sides in a direct line underneath the pupil while 

the subject was looking straight forward. The reference electrodes were placed 

directly underneath the active electrodes. The ground electrode was placed on 

the chin. Impedance measurements of the recording electrodes were maintained 

below 8 kΩ at all times. The supine subjects were asked to gaze maximally upwards. 

The surface potentials were amplified and band-pass filtered between 0.1-500 Hz 

during calibration or 20-500 Hz during the actual oVEMP testing. For calibrating 

the surface potentials, the participants were asked to look up and down between 2 

points, creating saccades of approximately 20 to 30 degrees. These eye movements 

produced step-like potential changes on our recording electrodes. Participants 

with changes smaller than 50 μV were excluded. This happened to 1 patient in 

the otosclerotic group. We used the standard way of calculating an asymmetry 

ratio, comparing the responses of the left and right eyes (AR = ((largest – smallest) 

/ (largest + smallest)) x 100). In participants with an AR > 30%, the electrodes were 
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replaced until the calibration was symmetrical. Only then the actual oVEMP testing 

was performed. This procedure succeeded in all participants. The recorded signals 

were averaged (50 responses), and each test was performed twice in order to 

ascertain reproducibility. 

Signal Analysis

An oVEMP was characterized by a negative peak (n1) followed by a positive peak 

(p1) and the n1 and p1 latencies and n1 - p1 amplitude were measured. For analysis 

we calculated the mean of two consecutive oVEMP recordings. An oVEMP was 

judged to be absent when no replicable response was observed after averaging of 

at least 50 responses. Threshold was calculated as the level of the stimulus at which 

no response was evoked. If no reliable oVEMP was present at the highest stimulus 

level, the threshold was set at 5 dB VFL higher than maximum stimulus level, 130 

dB VFL. 

Statistical Analysis

We have performed 2 different analyses. As mentioned above we firstly have 

divided the healthy subjects and patients in four groups of  ‘ears’: a ‘normal ear’ 

group in which both ears of our healthy subjects were included, an ‘otosclerotic 

ear’ group, a ‘post primary surgery ear’ group and a ‘post revision surgery ear’ 

group.  Then we compared the different ‘ear groups’ as mentioned above with each 

other. Secondly, we compared pre- and postoperative testing results within the 11 

patients that were tested both pre- and postoperatively in our clinic. Two-group 

comparisons were made using the Student’s t tests. A significance level of 0.05 

was used. Statistical analysis was performed using Statistical Package of Social 

Sciences (SPSS) software version 15.0.1. All oVEMP characteristics (n1 latency, p1 

latency, n1-p1 amplitude and threshold) were described as means with associated 

standard error of the mean (SEM).
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Results

Subjects

The baseline characteristics of age, gender and left or right side of otosclerosis 

were not significantly different (p > 0.05) between the 4 groups. The patients with 

otosclerosis showed a mean ABG of 31.9 dB HL. Pre-operatively 7 of 20 patients 

scored mild dizziness, and two patients moderate dizziness with a mean DHI of 17.3 

± 2.1. After primary stapes surgery 4 of 11 patients showed mild dizziness and one 

moderate with a mean of 14.4 ± 2.4. After revision surgery one patient of 3 showed 

a mild dizziness of 8.0. No significant changes were seen between the 3 groups 

and no correlation between the DHI results and the oVEMP thresholds could be 

demonstrated. Details on the characteristics of the study population are presented 

in Table 1.

General oVEMP Characteristics 

Figure 1 illustrates an example of an oVEMP response. Almost all included ears 

showed an oVEMP response when stimulated at high intensities. The mean 

response rate in all 91 ears (normal and diseased ears) was 97.8 % (89 / 91) and 

87.9 % (80 / 91) at 250 and 500 Hz stimuli respectively at the highest stimulus level 

(125 dB VFL). At 120 dB VFL the rate was 91.2 % (83 / 91) at 250 Hz and 74.7 % (68 / 

91) at 500 Hz. At lower levels of stimulation the response rate dropped dramatically. 

Therefore, all statistical analyses on the oVEMP results were performed at 125 and 

120 dB VFL. 

All oVEMP characteristics (n1 latency, p1 latency, n1-p1 amplitude, and threshold) 

described as means with associated standard error of the mean (SEM) are shown 

in Table 2a for a stimulus frequency of 250 Hz and Table 2b for 500 Hz.

Otosclerosis Patients versus Healthy Subjects

There were no significant differences in the testing results between the four groups 

of ears (p > 0.05) for all oVEMP characteristics, except for the n1 latency at 125 dB 
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VFL. This n1 latency was significantly shorter in the ‘post primary stapedotomy ear’ 

group compared with the ‘normal ear’ and ‘otosclerotic ear’ group (p = 0.010 and 

p = 0.033, respectively) at 500 Hz stimulus frequency. This effect disappeared at a 

lower stimulus level and did not occur at 250 Hz stimulus frequency.

Preoperative versus Postoperative Testing

For the second part of this study, we compared preoperative and postoperative 

testing results within the 11 patients that were tested both pre- and postoperatively 

in our clinic (Table 3). The mean ABG decreased significantly from 34.3 dB 

preoperatively to 15.3 dB postoperatively (p = 0.006). All 11 patients showed pre-

operative BCV oVEMPs. In 2 patients, the BCV oVEMPs at 250 Hz stimulus frequency 

otosclerosis, operated

all
healthy 

subjects

otosclerosis 

unoperated

primary 

stapedotomy

revision 

stapedotomy

total subjects (n) 60 26 20 11 3

total ears (n) 91 52 23 13 3

age (mean ± SEM) 44.2 ± 1.8 41.0 ± 3.3 48.2 ± 2.7 46.9 ± 3.2 36.0 ± 1.2

gender

males (%) 48.3 (n=29) 50.0 (n=13) 50.0 (n=10) 27.3 (n=3) 100.0 (n=3)

females (%) 51.7 (n=31) 50.0 (n=13) 50.0 (n=10) 72.7 (n=8) 0.0 (n=0)

side

left (%) 50.5 (n=46) 50.0 (n=26) 52.2 (n=12) 53.8 (n=7) 33.3 (n=1)

right (%) 49.5 (n=45) 50.0 (n=26) 47.8 (n=11) 46.2 (n=6) 67.7 (n=2)

ABG (mean ± SEM)   31.9 ± 2.3 17.4 ± 3.1 39.2 ± 7.9

Age is given in years. ABG = air-bone gap, given in dB. Description of 4 groups of ears: 1) Normal ears: 

26 healthy subjects with 52 normal ears. 2) Otosclerotic ears: 26 patients of which 20 patients listed for first 

surgical intervention and 3 of these patients showed bilateral otosclerosis: 23 otosclerotic ears. 3) Ears after 

primary stapes surgery: 13 ears of 11 patients had already undergone primary stapes surgery. 4) Ears after 

revision stapes surgery: 3 ears of 3 patients had already undergone revision stapes surgery. The remaining 

13 ‘not diseased’ ears of patients were not included to rule out contamination of the results with possible 

sub-clinical disease. 

Table 1 | Clinical characteristics of subjects
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disappeared postoperatively, whereas the responses remained intact at 500 Hz. 

Regarding the oVEMP characteristics, the n1-p1 amplitude seemed smaller, and the 

threshold seemed higher postoperatively compared with preoperative recordings 

at both 250 Hz and 500 Hz and both stimulus levels, but this difference was not 

signifi cant (paired sample t test: p > 0.05). Also no signifi cant differences in n1- and 

p1 latency were found between the recordings. 

Discussion

The goal of this study was to see if any alteration in BCV oVEMP recordings in patients 

with otosclerosis could be observed to indicate damage to the otolith organs, more 

specifi cally the utricle, in otosclerotic disease and/or stapes surgery. However, no 

relevant alterations in all BCV oVEMP characteristics could be detected, not when 

Figure 1 | A family of BCV oVEMPs of the right eye, representing the left otolith 

organs, of a healthy subject
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comparing groups of otosclerotic patients with normals, nor when comparing these 

characteristics preoperatively and postoperatively in the same group of patients.  

Healthy ears versus otosclerotic ears

First, we will evaluate the comparison between healthy ears and otosclerotic ears. 

The only significant difference that could be detected was a significantly shorter n1 

latency at the highest stimulus level (125 dB VFL) at a stimulus frequency of 500 Hz in 

ears after primary stapes surgery compared with healthy ears and also compared 

with diseased unoperated otosclerotic ears. Because this difference disappeared at 

lower stimulus levels and did not occur at a stimulus frequency of 250 Hz we do not 

consider this a relevant finding. In fact, because multiple comparisons were made 

otosclerosis, operated

healthy subjects
otosclerosis, 

unoperated

primary 

stapedotomy

revision 

stapedotomy

total ears (n) 52 23 13 3

response rate (%)

125 dB 100.0 (52/52) 91.3 (21/23) 100.0 (13/13) 100.0 (3/3)

120 dB 92.3 (48/52) 87.0 (20/23) 92.3 (12/13) 100.0 (3/3)

latency n1 (ms)

125 dB 9.89 ± 0.11 9.95 ± 0.13 10.43 ± 0.32 9.73 ± 0.12

120 dB 10.18 ± 0.11 10.01 ± 0.14 10.51 ± 0.33 9.69 ± 0.14

latency p1 (ms)

125 dB 13.87 ± 0.19 13.19 ± 0.29 14.51 ± 0.70 13.30 ± 0.75

120 dB 13.76 ± 0.20 13.23 ± 0.32 14.53 ± 0.78 12.34 ± 0.25

amplitude (μV)

125 dB 10.65 ± 0.92 8.68 ± 1.36 13.65 ± 3.08 15.62 ± 3.74

120 dB 5.87 ± 0.60 5.60 ± 1.10 9.26 ± 2.43 5.65 ± 0.75

threshold (dB VFL) 111.44 ± 0.60 111.74 ± 1.59 108.08 ± 1.75 105.00 ± 2.89

Table 2a |  oVEMP characteristics at a stimulus frequency of 250 Hz.  

No significant differences between the different ear groups for all oVEMP characteristics were found

(p > 0.05).
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in this study, a Bonferroni correction on significance criteria would be appropriate. 

In that case, the small latency effect described above would not be significant at 

all. In studies regarding the cVEMP no change in latency was also observed [Yang 

and Young, 2007]. 

The lower response rate that is seen in ACS cVEMPs in otosclerotic ears [Yang and 

Young, 2007; Trivelli et al., 2010] is most likely due to the conductive hearing loss in 

patients with otosclerosis. This has its effect on the energy transmitted into the inner 

ear. However, also in BCV cVEMPs [Yang and Young, 2007; Singbartl et al., 2006], a 

lower response rate was seen in patients with otosclerosis. Several explanations for 

not finding this effect in BCV oVEMP recording can be suggested. 

First, the BCV cVEMP is more associated with a response of the saccular macula and 

otosclerosis, operated

healthy subjects
otosclerosis, 

unoperated

primary 

stapedotomy

revision 

stapedotomy

total ears (n) 52 23 13 3

response rate (%)

125 dB 90.4 (47/52) 78.3 (18/23) 92.3 (12/13) 100.0 (3/3)

120 dB 75.0 (39/52) 73.9 (17/23) 76.9 (10/13) 66.7 (2/3)

latency n1 (ms)     

125 dB 12.50 ± 0.09 12.64 ± 0.19 11.79 ± 0.37 * 12.90 ± 0.25

120 dB 12.48 ± 0.10 12.75 ± 0.18 12.06 ± 0.44 12.53 ± 0.13

latency p1 (ms)     

125 dB 17.00 ± 0.25 16.40 ± 0.31 16.60 ± 0.21 16.59 ± 0.19

120 dB 16.73 ± 0.23 16.19 ± 0.33 16.83 ± 0.34 16.09 ± 0.01

amplitude (μV)     

125 dB 10.53 ± 1.12 7.73 ± 1.27 8.67 ± 1.89 12.72 ± 6.86

120 dB 5.75 ± 0.75 5.11 ± 0.99 4.88 ± 1.05 10.12 ± 7.14

threshold (dB VFL) 115.00 ± 0.86 115.87 ± 1.80 115.38 ± 1.55 113.33 ± 2.67

Table 2b |  oVEMP characteristics at a stimulus frequency of 500 Hz

* The n1 latency in ears after primary stapedotomy is significantly shorter compared with normal ears and 

with unoperated otosclerosis ears. 
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the BCV oVEMP with the utricular macula [Curthoys, 2010]. Also, the cVEMP and 

oVEMP were shown to reflect function of different parts of the vestibular labyrinth in 

patients with unilateral peripheral vestibular disorders [Murofushi et al., 2011; Shin 

et al., 2012]. Therefore, one might conclude that the otolith damage in otosclerosis 

appears more at the saccular than the utricular macula. Anatomically, the saccule 

lies closer to stapes footplate than the utricle [Pauw et al., 1991], and effects of the 

remodelling bone might affect the saccule easier and earlier than the utricle. 

However, histologically no predilection for changes in the saccule can be observed. 

The most common site of otosclerotic foci is anterior of the oval window involving 

the stapedial footplate [Schuknecht and Barber, 1985]. Changes in utricular and 

saccular end-organs were seen as a result of otosclerotic disease, such as absent 

otoconia located near an otosclerotic focus [Sando et al., 1974]. However, this was 

preoperative postoperative

250 Hz 500 Hz 250 Hz 500 Hz

response rate (%)

125 dB 100 90.9 100 81.8

120 dB 100 90.9 100 81.8

latency n1 (ms)

125 dB 9.76 ± 0.08 12.60 ± 0.27 9.90 ± 0.22 11.74 ± 0.35

120 dB 9.96 ± 0.12 12.73 ± 0.26 10.01 ± 0.21 12.00 ± 0.32

latency p1 (ms)

125 dB 13.05 ± 0.19 16.21 ± 0.51 13.67 ± 0.41 16.00 ± 0.40

120 dB 12.97 ± 0.25 15.98 ± 0.51 13.62 ± 0.45 16.36 ± 0.44

amplitude (μV)

125 dB 10.86 ± 1.96 10.55 ± 2.15 9.32 ± 1.80 9.44 ± 2.16

120 dB 6.98 ± 1.83 7.56 ± 1.90 5.14 ± 1.16 5.84 ± 1.48

threshold (dB VFL) 109.09 114.09 109.55 115.45

Table 3 |  Preoperative and postoperative oVEMP characteristics in 11 otosclerotic 

ears

No significant differences between preoperative and postoperative testing were found (p > 0.05).
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not more apparent in the saccule than in the utricle. 

If the dissimilarity in cVEMP and oVEMP response is not caused by changes in 

saccular and utricular end-organs, it might be caused by neural differences. 

Histologically, degeneration of the vestibular nerve and lower cells counts in 

Scarpa’s ganglion were seen in patients with otosclerosis [Saim and Nadol, 1996; 

Sando et al., 1974]. The saccular and utricular maculae have a primarily separate 

afferent innervation [Curthoys, 2010]. This might also cause the difference in 

response rate that is seen in the saccular BCV cVEMP and not in the utricular BCV  

oVEMP. 

A final explanation for our results might be that the damage of the utriculus due 

to otosclerotic disease is very small and that the BCV oVEMP test is not sensitive 

enough to detect this damage. However, in other vestibular diseases such as 

vestibular neuritis, Ménière’s disease and superior canal dehiscence, both cVEMP 

and oVEMP changes could be observed [Shin et al., 2012; Rauch et al., 2004; 

Welgampola et al., 2008; Winters et al., 2011]. 

Otosclerotic ears: before versus after stapes surgery

In the second part of our study the results before and after primary stapes surgery 

were compared within a group of 11 patients. Comparable to the first part, we could 

not find any difference in characteristics of the BCV oVEMPs comparing preoperative 

and postoperative recordings. Regarding the cVEMP, also no difference in response 

of the ACS and BCV cVEMP response rates was seen perioperatively [Trivelli et al., 

2010]. Thus, we can conclude that no or very little damage is inflicted on both the 

saccule and the utricle by stapes surgery. 

Surprisingly, Singbartl et al. [2006] show reappearance of the BCV cVEMP in 3 of 23 

patients 3 to 6 weeks after stapes surgery. Their hypothesis is that this might be caused 

by a postoperative increase in resting activity of the saccular afferents. For utricular 

afferents this postoperative increase in resting activity was indeed described by 

Tribukait and Bergenius [1998] in 10 otosclerosis patients using the subjective 

visual horizontal. Supposedly, this was caused by irritation and disturbance of the 
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vestibular organ after stapedotomy. Another cause for this increase in reactivity of 

the saccule, proposed by Singbartl et al. [2006], might be an increased mechanical 

stimulation of the saccule by the piston after surgery. In our study no reappearance 

of BCV oVEMPs was seen, while all 11 patients showed pre-operative oVEMPs. 

Upon closer inspection of our data, we saw that in 2 of 11 patients the BCV oVEMPs 

at 250 Hz stimulus frequency disappeared postoperatively. In two other patients the 

amplitudes were increased postoperatively for both the 250 Hz and 500 Hz stimulus 

frequency, with thresholds not decreasing concurrently. Although, these results 

show no evident trend and number of patients was small, we can not draw any 

other conclusion from our data than that there is, on average, no effect.  However, 

in our patient population, the severity of vestibular symptoms is low. Therefore, it 

might still be informative to record the BCV oVEMP to check for otolith damage in 

the rare case of severe symptoms of dizziness after stapes surgery.

Conclusion

No differences in BCV oVEMPs were seen between healthy subjects and patients 

with otosclerosis after primary stapes surgery and after revision surgery, nor in 

individual patients before and after stapes surgery. Therefore, we can conclude that 

no or undetectably little damage to the utricle is caused by both otosclerotic disease 

and stapes surgery. Thus, it follows that there is no additive value of screening with 

BCV oVEMPs perioperatively in otosclerotic patients. 
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Abstract

Objective 

Superior semicircular canal dehiscence syndrome (SCDS) occurs when the bone 

covering the superior semicircular canal is absent. This causes symptoms such as 

a conductive hearing loss and vestibular symptoms. Diagnostics of this disease 

currently consist of patient history and computed tomography (CT) imaging. 

However, it is possible that the symptoms are not correctly recognized, and the 

syndrome is not diagnosed. 

Methods 

In this case report the use of bone-conducted vibration (BCV) ocular Vestibular 

Evoked Myogenic Potentials (oVEMPs) is described in diagnosing SCDS. Also more 

background is given on the diagnostic challenges of this disease. 

Results and conclusion

Finally a combination of clinical presentation (symptoms), audiological testing 

(including stapedial reflexes), CT imaging of the temporal bone and (BCV) (o)VEMP 

testing is advised for diagnosing SCDS.
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Case presentation

A 58-year-old man was referred to the University Medical Center Utrecht with 

suspected otosclerotic disease in the left ear. Patient history reported a progressive 

conductive hearing loss and tinnitus in the left ear since 5 years. Additionally, the 

patient described autophonia in his left ear. Furthermore, as a construction worker, 

he reported vertigo during several seconds when lifting heavy materials. Vestibular 

tests (electronystagmography (ENG) and calorisation), already performed 

elsewhere, had not shown any vestibular dysfunction. Because of the complaints 

of vertigo associated with heavy lifting at work, the patient was declared partially 

disabled. 

Physical examination in our clinic showed a normal tympanic membrane with 

otoscopy and a negative Rinne tuning fork test on the left side with a Weber test 

lateralizing to the left side. Provocation tests (Valsalva maneuver and tragal 

pressure test) did not provoke vertigo or a nystagmus. Audiologic testing revealed 

a bilateral symmetrical high-frequency perceptive hearing loss, with an additional 

conductive hearing loss in the low frequencies on the left side, resulting in an air-

bone gap (ABG) of approximately 30 dB (Figure 1). Acoustic reflex tests showed a 

normal stapedial reflex on the right side, and a diminished response on the left 

side. Because the clinical presentation was not typical for otosclerotic disease on 

the left side, for which the patient was referred, CT imaging of the temporal bone 

was performed. This imaging showed an SCD on the left side and no signs of 

fenestral or cochlear otosclerotic disease (Figure 2). Additional vestibular testing 

was performed through the BCV oVEMP (for recording method see Figure 3), which 

showed decreased thresholds of the BCV oVEMP of the left ear compared to the 

right ear (respectively 95 dB Vibration Force Level (VFL) and 120 dB VFL), with 

accompanying larger amplitudes of the left oVEMP compared to the right oVEMP 

(Figure 4). This decreased threshold and larger amplitude are typical for a ‘third 

window’ in the left ear. Therefore, the BCV oVEMP confirmed the diagnosis SCDS 

seen on the CT imaging in this patient.
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Introduction

SCDS was firstly described by Minor et al. [1998]. They studied a population of 

patients with complaints of oscillopsia and vertigo evoked by sound and/or pressure. 

On CT imaging these patients showed an absent bony coverage of the superior 

semicircular canal. This resulted in a ‘third window’ phenomenon in the inner ear. 

With this phenomenon, sound and/or pressure are able to evoke a pressure wave 

in the endolymph by creating a movement of the round or oval window and at the 

location of the dehiscence. This results in stimulation of the cupula of the superior 

semicircular canal which induces vertigo [Minor et al., 1998]. Furthermore, it is 

thought that a shunt of a portion of the (acoustic) energy through the dehiscence 

away from the cochlea is seen, resulting in an increase of air-conducted sound 

thresholds and creating an ABG in audiological testing [Minor et al., 2003]. Other 

auditory symptoms can be autophonia, auditory perception of the heart beat or 

eye movements, or hearing the heals touching the ground while running. These 

symptoms can be described as ‘conductive hyperacusis’ [Minor et al., 2001].  Also 

Figure 1 
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Audiometric testing showed a symmetrical high-frequency sensorineural hearing loss. On the left side an 

additional conductive hearing loss is seen with an ABG of approximately 30 dB.
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more aspecifi c complaints can occur, such as tinnitus, aural fullness and/or ear 

blockage [Zhou et al., 2007]. Presentation of these symptoms can differ widely. Some 

patients present with solely auditory symptoms, solely vestibular symptoms or 

both [Merchant et al., 2007]. Therefore, in some patients SCDS may resemble other 

otological diseases, such as otosclerosis or Ménière’s disease [Halmagyi et al., 2003; 

Figure 2a | Coronal image with the arrow indicating the dehiscence of the superior 

semicircular canal

Figure 2b | Axial image of the dehiscence
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Brantberg et al., 2005; Merchant et al., 2007], which makes correctly diagnosing 

SCDS solely based on symptomatology difficult, and explains the fact that some 

authors refer to SCDS as ‘a great otologic mimicker’ [Zhou et al., 2007]. The exact 

incidence of SCDS currently remains unknown, but in a temporal bony study SCD 

was found in 0.7% of a non-selected group of individuals [Carey et al., 2000].

Physical examination can show vertigo and/or a nystagmus in provocation tests, 

such as Valsalva maneuver, the tragal pressure test (external pressure on tragus) 

or provocation with the Politzer balloon. Also acoustic provocation with the Barany 

noise box may induce vertigo and/or a nystagmus. This nystagmus can be seen 

using Frenzel glasses or through recording eye movement electrically (ENG) or 

with video monitoring. In patients with unilateral SCDS and auditory symptoms, the 

Weber tuning fork test will most likely lateralize to the affected ear. Some patients can 

hear a low-frequency tuning fork (128 and 256 Hz) placed on the lateral malleolus 

of the foot in the affected ear [Halmagyi et al., 2003]. With audiological testing, a 

20-30 dB conductive hearing loss can be seen, generally in the low-frequencies 

Figure 3 | Method of recording of the BCV oVEMP

Stimulation takes place with a ‘Minishaker’ (type 4810, Brüel & Kjær, Naerum, Denmark) on the forehead in 

midline (bilateral stimulation) with recording with electrodes underneath the eyes.
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[Minor et al., 2003]. Sometimes this conductive hearing loss is accompanied with BC 

thresholds lower than 0 dB (-5 dB - -15 dB). Stapedial refl exes are usually present in 

SCDS [Brantberg et al., 2001; Merchant et al., 2007]. 

For diagnosing SCDS, the ‘gold standard’ is high resolution CT imaging of the 

temporal bone. This shows the bony defect of the superior semicircular canal, ideally 

on reconstructions parallel and perpendicular to the affected canal (respectively 

reconstructions of Pöschl and Stenver) [Belden et al., 2003]. Vestibular testing, 

consisting of testing the function of the horizontal semicircular canal through ENG 

and calorisation, showed normal results in SCDS patients [Brantberg et al. 1999]. 

Recently, VEMPs were developed as functional tests of the otolith organs (utricle and 

saccule), in which both air-conduction sound (ACS) as BCV are used to stimulate 

the otolith organs. The response can be recorded in the sternocleidomastoid 

muscle (the cervical VEMP, cVEMP) and in the inferior oblique muscle of the eye 

(ocular VEMP, oVEMP) [Colebatch et al., 1994; Todd et al., 2003; Iwasaki et al., 2008]. 

Because high-level acoustic or vibrational stimuli are used, this VEMP test can also 

Figure 4 | Result of the BCV oVEMP with a stimulus level of 125 dB VFL
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It can be seen that the response in the affected left ear (recorded with electrodes underneath the right eye) 

shows a larger amplitude (27.3 μV) than the normal right ear (1.8 μV) (recorded underneath the left eye).
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be used to record if a ‘third window’ is present. It has already been shown that 

both the ACS cVEMP and the ASC and BCV oVEMP show lower thresholds and 

larger amplitudes in patients with SCDS [Welgampola et al., 2008; Janky et al., 2012; 

Zuniga et al., 2012]. After treatment of SCDS these VEMPs normalized [Welgampola 

et al., 2008; Janky et al., 2012]. 

SCDS can be surgically treated in several ways. The bony defect can be covered 

(‘resurfaced’) through a craniotomy with middle fossa approach. Also the canal can 

be obliterated (‘plugged’) through the middle fossa approach or transmastoidal, 

of which the last method is less invasive [Amoody et al., 2011]. Surgical treatment 

diminishes the conductive hearing loss and vestibular symptoms [Mikulec et al., 

2005; Beyea et al., 2012; Ward et al., 2012]. Possible complications are post-operative 

vertigo and/or vestibular dysfunction, senorineural hearing loss or facial nerve 

paralysis [Vlastarakos et al., 2009]. If a middle fossa approach is used craniotomy-

associated morbidity can occur additionally [Vlastarakos et al., 2009].

Discussion

The clinical presentation of patients with SCDS may vary widely, and therefore this 

syndrome can resemble other otological and/or vestibular disorders, as described 

above. Therefore it is important for the clinician to keep SCDS in mind in patients 

with an atypical presentation of audio-vestibular complaints. The combination of 

patient history, audiological testing, CT imaging and VEMP testing can give rise to 

several diagnostic issues. These will be discussed below.

Audiological testing usually shows a conductive hearing loss in patients with SCDS, 

which can be confused with the hearing loss seen in e.g. otosclerotic disease. A 

difference between otosclerotic disease and SCDS might be, that bone-conducted 

thresholds can be less than 0 dB in patients with SCDS in the low frequencies 

[Minor et al., 2003]. Another difference is the stapedial reflex, that is present in most 

patients with SCDS, and usually absent in otosclerotic disease [Brantberg et al., 
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2001; Merchant et al., 2007]. However, the case we have described above showed a 

diminished stapedial reflex on the side with SCD without any signs of otosclerotic 

disease on CT imaging. This demonstrates the diagnostic challenges for this 

disease. Because of the similarity of the conductive hearing loss, the diagnosis 

SCDS should be considered in the group of patients, suspected of otosclerotic 

disease, that did not show any improvement in hearing after stapes surgery. In this 

group of patients, additional CT imaging and VEMP testing should be performed 

[Minor et al., 2003]. If subsequently SCDS is diagnosed, the conductive hearing loss 

might improve with surgical treatment of the dehiscent superior semicircular canal 

[Minor et al., 2003; Mikulec et al., 2005]. We have reviewed the CT imaging of the 

group of patients with suspected otosclerotic disease, treated in our clinic in the 

last 2 years, that did not show any improvement in hearing after stapes surgery. 

Contrary to our expectations, we did not find any patients with SCDS in this group, 

while these cases have been regularly described in earlier literature. This might 

be caused by the growing knowledge of SCDS, which may have resulted in more 

accurate differentiation between SCDS and otosclerosis in these last years. 

Apart from sometimes confusing audiological testing, also the ‘gold standard’ CT 

imaging can show varying results, which can lead to both false positive and false 

negative outcomes. On CT imaging, it can be difficult to objectify the difference 

between a thin layer of bone and the absence of bone, and dehiscences smaller 

than 0.1 mm cannot be seen [Carey et al., 2000]. On the other hand, there is a group 

of patients with solely anatomical SCDS. These patients show a dehiscence on 

imaging but do not have audio-vestibular symptoms. For example, Brantberg et al. 

[2001] saw bilateral dehiscences of the superior semicircular canal on CT imaging 

in three patients with unilateral symptoms. Also in our clinic we have seen several 

patients with uni- or bilateral dehiscences, without vestibular complaints, that did 

not show a ‘third window’ in BCV VEMP testing. Of course these patients did not 

undergo surgical treatment.  

Regarding VEMP testing, it should be taken in consideration that a decreased 

VEMP threshold alone is not specific for SCDS. The VEMP threshold depends on 
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several factors, and a decreased threshold is solely an indicator for a ‘third window’ 

somewhere in the vestibular organ. Additionally, in SCDS the size and location of 

the dehiscence are important. A small dehiscence located far from the ampulla (in 

the direction of the ‘common crus’) can even show normal VEMPs [Niesten, 2012, 

personal communication]. Thus, a decreased VEMP threshold confirms SCDS but a 

normal VEMP does not fully reject the diagnosis. Janky et al. [2012] found the ACS 

oVEMP to be most sensitive in defining the affected canal, but also BCV oVEMP 

and ACS cVEMP were able to diagnose SCDS. In our experience however, the BCV 

oVEMP shows more robust results than ACS oVEMP, especially in patients with 

a conductive hearing loss. For stimulation and recording methods of respectively 

ACS and BCV oVEMP used in our clinic see Winters et al. [ 2012; 2013]. 

Because all tests described above have advantages and disadvantages, and 

the clinical presentations shows wide variability, a combination of information 

is needed for correctly diagnosing SCDS. The combination of ACS cVEMP and 

audiological testing was found to be important in determining the (most) affected 

ear in bilateral SCDs seen on CT imaging [Niesten et al., 2013]. Furthermore, Zhou 

et al. [2007] found a combination of CT imaging and ACS cVEMP testing to diminish 

the number of false positive and false negative results, compared to CT imaging 

or ACS cVEMP testing alone. Our advise would be to combine clinical information 

and audiological testing, CT imaging and VEMP testing for diagnosing SCDS.
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Conclusion

A combination of clinical presentation (symptoms), audiological testing (including 

stapedial reflexes), CT imaging of the temporal bone and (BCV) (o)VEMP testing 

is advised in the diagnostic process of SCDS. Audiological testing provides 

information on hearing thresholds and stapedial reflex function. CT imaging with 

the appropriate reconstructions can objectify the location and size of the dehiscence. 

(BCV) (o)VEMP testing can functionally indicate the ‘third window’. The vestibular 

complaints however should guide the decision-making process for therapy, and 

purely anatomical SCDS does not need treatment.
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Abstract

Objective

To test for otolith asymmetries, several studies described horizontal translation of the 

body and head en bloc during fast vertical axis rotation. This stimulus causes one 

otolith organ to rotate on-axis, and the other to experience centripetal acceleration. 

The objective of this study was to test a new, more simple method of unilateral 

stimulation with head tilt and the body remaining on axis.

Methods

During stationary and during 360 deg/s rotation, 12 healthy blindfolded subjects 

had their heads tilted 30 degrees sideways, positioning one otolith organ on the 

axis of rotation after the other. The haptic subjective vertical (SV) was recorded 

several times by means of a manually adjustable rod.

Results

It was found that during stationary the SV tilted about 4 degrees on average in the 

direction of the head. During rotation, the SV tilted about 9 degrees on average. We 

therefore estimate the effect of eccentric otolith rotation to be 5 degrees on average.

Conclusion

Tilt of the subjective vertical induced by head tilt during on-axis body rotation can 

provide a relatively uncomplicated alternative to test unilateral otolith function as 

compared to body and head translation during rotation. Moreover, unlike eccentric 

rotation of the entire body, somatosensory cues are minimized by keeping the body 

fixed on axis and by subtracting the effect of head tilt per se.

The work described in this paper was supported by the Dutch Ministry of Defense 

through the program V937 Improved Performance at Motion. 
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Introduction

The individual functionality of the otolith organs, in particular the utricles, can be 

determined using eccentric head positions during erect high speed vertical axis 

rotation. The eccentricity of the head is aimed at imposing an asymmetrical couple 

of combined centrifugal  and gravitational forces to both organs of balance, possibly 

minimizing the centrifugal component to the on-axis organ. Due to the relatively 

small human inter-utricular distance of 7.2 cm on average [Nowé et al., 2003], a 

relatively large angular velocity is required to impose an effective centrifugal force 

(see Fig. 1). 

Figure 1 | Centrifugal and gravitational forces

In case both organs of balance are positioned symmetrically about the rotation axis, the resultants of both 

centrifugal and gravitational forces forces tilt equally outward (see Fig. 1 left). If, however, the head is tilted 

over an angle θ such that one labyrinth coincides with the rotation axis, the contralateral labyrinth will be 

displaced from the rotation axis over a distance of dcos θ  (see Fig. 1 right). The centripetal acceleration at 

that point will then tilt away from gravity by an amount φ given by

where m represents the otolith mass, ac the centrifugal and g the gravitational acceleration. With ω= 360º/s 

= 2π rad/s, d = 0.072 m, θ = 30º = π/6 rad and g = 9.81 m/s2 it follows that φ =14.1º. Although the projection of 

the centrifugal force onto the plane of the utricles is attenuated by another factor sin θ, this is not considered 

𝜑𝜑𝜑𝜑 = tan−1
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On the basis of the anatomy, it is most likely that this type of stimulation will have 

its largest differential effect on the utricular maculae, because these are primarily 

oriented in the horizontal plane. However, some saccular afferents may respond 

as well. Excitation or inhibition of the semicircular canal afferents is unlikely when 

a constant speed of centrifugation is applied [van Egmond et al., 1949; Lowenstein 

and Sand, 1940]. 

Unilateral centrifugation was introduced in the altered gravitational state by 

Yegorov and Samarin [1970] and by von Baumgarten and Thumler [1979] and was 

firstly introduced clinically in 1990 by Wetzig et al. [1990]. Soon these authors were 

followed by several other research groups [Böhmer et al., 1996, Clarke et al., 1996, 

2001; Wuyts et al., 2003; Helling et al., 2006; Buytaert et al., 2010; Schönfeld et al., 

2010; Janky and Shepard, 2011]. The capability of testing both ears independently 

makes this test potentially clinically relevant. To validate this clinical use, the 

test has already been shown to differentiate between normals and patients after 

vestibular deafferentiation [Clarke et al., 1998; Wuyts et al., 2003; Buytaert et al., 

2010; Valko et al., 2011].

Technically, all authors use lateral translation of the body and head en bloc along 

a rotating sled. This method requires a major technical investment. Moreover, a 

fundamental disadvantage of translating the body and head en bloc is that the 

whole body experiences eccentric rotation. This might give rise to somatosensory 

input contributing to spatial orientation through bodily visceral-mediated 

graviception [Mittelstaedt, 1983]. 

In this paper we explored an effect of lateral head tilt with fixed on-axis body 

rotation on the haptic subjective vertical (SV), indicated by manipulating a rod. 

Here, two effects will interact to determine the spatial orientation of the subject. 

The first is the effect of tilting the head 30 degrees sideways with respect to gravity, 

thereby causing a displacement of the otolithic masses in both ears. It was verified 

by goniometrical calculation that maximum tilt then led to a lateral displacement 

of the labyrinths of 3.6 cm. Assuming an interlabyrinthine distance of 7.2 cm 

[Nowé et al., 2003], this tilt would align one labyrinth with the rotatory axis, thus 
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experiencing virtually no centrifugal force. At the same time the opposite labyrinth 

would experience an acceleration of 2.5 m/s2 resulting in a tilt of the gravito-inertial 

acceleration at that point of approximately 14° (see Fig. 1). This angle is far above 

the threshold for the perception of tilt as inferred from the oculo- or somatogravic 

illusion [e.g. Graybiel and Patterson, 1955]. 

Because of the centrifugal force experienced by the off-axis rotating labyrinth, the 

displacement of the otolith crystals will be enhanced in that particular organ and 

the subject will experience a larger tilt than without rotation. With this mechanism, 

we aimed at getting an indication of the functionality of both ears separately.

The second effect concerns the observed tilt of the haptic SV with head tilt as shown 

previously [Kushner and Kraft, 1983; Mittelstaedt, 1983]. To account for this effect, 

we performed measurements both during stationary and rotation conditions. The 

approach as a whole requires a less extensive technical investment, both with 

respect to the rotation chair and the response measurement, and reduces the effect 

of somatosensory clues, both due to head tilt and due to visceral-mediated bodily 

graviception [Mittelstaedt, 1992].

Methods

Twelve healthy volunteers (3 women and 9 men, aged 24-56 years) were tested at 

TNO Human Factors in Soesterberg, the Netherlands. The study was approved by 

the local ethics committee and informed consent was obtained from each subject 

prior to inclusion.

The subjects were seated in an in-house made rotation (Barany) chair (Fig. 2). 

They were blindfolded to exclude visual influences and minimize differences in 

perception between no rotation and rotation, and secured with a 5-point safety belt. 

The head was held in position by an in height adjustable head support (Fig. 2), 

which could be tilted laterally. Head tilt was servo controlled and limited to +/- 30°. 

To minimize Coriolis effects and possible nausea, head tilt velocity was limited to 

1°/s.  
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To account for the confounding effect of tilting the head 30º, we performed the test in 

stationary and during rotation. To set the subjects at ease, the stationary conditions 

were always performed fi rst. The chair angular velocity was servo controlled too 

and accelerated and decelerated with 3°/s2 to induce a minimum of discomfort to 

the subjects. Peak velocity was 360º/s.

We measured the subjects’ sense of verticality by means of a manually adjustable 

rod, approximately 10 cm long and 1 cm diameter, held above its rotation axis, 

allowing only tilt in roll (Fig. 2). The hand and arm of the subject were not supported 

Figure 2 | Picture of the rotatory Barany chair with the head tilt device and the 

manually adjustable rod. 

The manually adjustable rod could be tilted 360º and subjects were asked to point the rod directly upwards 

in a vertical position, while the arm of the subject was not supported. The head tilt device could be tilted 

+/- 30° with a velocity of 1°/s.  
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to avoid confounding factors and the hand of the subject was on the rod in order to 

tilt the rod when necessary. The haptic SV was derived directly from the tilt of the 

rod, and measurement sensitivity was better than 0.5°. With this rod, the haptic SV 

was recorded with 0° head tilt (upright), -30° (right ear down), +30° (left ear down) 

and 0° again. The order of right to left ear down (- to +) and left to right ear down 

tilts were randomized between subjects. Because it is known that after a change of 

head position and/or angular velocity an adaptation in ocular counter roll and the 

SV may take place [Kushner and Kraft, 1983; Mittelstaedt, 1983; Buytaert et al., 2010], 

we repeated the recordings of the haptic SV 6 times during 2 minutes at every head 

position. To that end, subjects were asked to rotate the rod one complete cycle in 

between individual recordings to create 6 uninfluenced recordings of the SV. 

A complete set of measurements thus comprised of 2 (stationary and rotation) x 4 

(head tilt positions) x 6 = 48 SV measurements, taking 16 minutes all together. Taking 

into account another 4 minutes for tilting the head to the different positions and 4 

minutes for accelerating and decelerating the chair, the entire procedure took 24 

minutes in total (see also Fig. 3).

Figure 3 | Study protocol
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Firstly the haptic SV was recorded 6 times in the 4 various head positions while stationary. Subsequently 

these recordings were performed at 360º /s on-axis rotation.It took 4 minutes to tilt the head in various 

positions and 4 minutes for acceleration and deceleration of the chair. 
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For statistical analysis ANOVA's were used and a significance level of 0.05 assumed 

critical.  Statistical analysis was performed using the Statistical Package for the 

Social Sciences (SPSS) software version 15.0.1. 

Results 

We first analyzed the raw data of all 12 individuals. A typical example is shown in 

Figure 4. We tested whether within each series of 6 measurements performed in 

each condition an order effect was present. To that end, we determined the slopes 

of the trends over time within these individual sets by means of linear regression. 

Using these slopes as dependent variable and head tilt as an independent variable, 

no effects were revealed by separate ANOVA's while stationary nor during rotation 

(F = 0.5, p = 0.68, and F = 2.05, p = 0.13, respectively). Therefore, the data of each 

group of 6 SV measurements were averaged.

In several cases, such as shown in Figure 4, there appeared to be an effect over 

time over the different head tilt conditions while stationary and during rotation. The 

haptic SV in the 0° position shifted more to one side in time (in Fig. 4 to the left side), 

both in stationary and during rotation. To correct for these effects, we performed 

Figure 4 | A typical example of a plot of raw data 
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The first ensemble of 4 groups of 6 recordings are the data with head tilting alone (twice at 00) and the 

second ensemble represents the recordings with a combination of head tilting and rotation. 
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a trend removal, based on both 0° tilt conditions, separately for each subject and 

separately for stationary and for rotation. 

Figure 5 shows the corrected haptic SV-values per condition averaged over all 

subjects. The haptic SV is affected by head tilt in stationary as shown in the left 

panel. During rotation the right panel clearly shows that the effect of head tilt on the 

haptic SV is enhanced, together with a larger SD. In stationary the mean (± SD) tilt 

of the haptic SV in tilting the head to the left was 3.7° ± 3.6 and to the right -1.7° ± 3.0. 

During rotation these values were 8.4 ° ± 5.1 and -7.6° ± 5.6, respectively. 

If a linear addition of the SV component induced by head tilt and that by 

centrifugation would be assumed, alternatively the head tilt data may be subtracted 

from the rotational data to reveal the rotational effect on the otoliths per se. A single 

ANOVA using the accordingly adjusted SV-values during left- and rightward head 

tilt (with signs inverted for rightward tilt values) as the independent variable, and 

tilt direction and chair rotation as independent factors, revealed no effect of head 

tilt direction (F = 2.37, p = 0.13) but a highly signifi cant effect of chair rotation (F = 

Figure 5 | The effect of centrifugation
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The mean corrected averaged haptic subjective vertical (SV) values in stationary (left) and rotation (right) 

with the associated standard deviations for the head tilt positions. We did not show the SDs of the head 

upright positions because we have used these two series of recordings for the trend removal in time (see 

results section). 
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32.75, p < 10-5). The subsequently pooled rotational effect, i.e., the average haptic 

SV during head tilt and rotation minus that during stationary was 5.3 degrees.

Discussion

In this study a relatively straightforward unilateral otolith function test was 

presented using healthy subjects. We used head tilt during on-axis body rotation 

instead of translating the body and head en bloc as used before [Wetzig et al., 1990; 

Böhmer et al., 1996; Clarke et al., 1996, 2001; Wuyts et al., 2003; Helling et al., 2006; 

Buytaert et al., 2010; Schönfeld et al., 2010; Janky and Shepard, 2011; Valko et al., 

2011]. Using a simple haptic SV-indication we were able to show that a significant 

effect of unilateral otolith function, meaning an effect of the haptic SV caused by 

stimulation of the otolith organs, could be measured. Our main conclusion therefore 

is that the test may be used for the clinical diagnosis of otolith asymmetries.

Unilateral centrifugation by head tilt offers several advantages over translation 

of the body and head en bloc. Most importantly by keeping the body on axis, 

the effects due to abdominal graviception are minimized, especially compared 

to eccentric rotation. As was shown by Mittelstaedt [1992], the center of visceral-

mediated receptors sensitive to the gravito-inertial force is located centrally 

in the body, and does affect the SV if the body is rotated eccentrically. It is not 

exactly known to what extent the SV is affected, but if the body is rotated on-axis 

only, as is performed in our experiment, the effect thereof is kept to a minimum. 

Another effect concerns that of head tilt, i.e., the SV tilts with the head, and our 

data do confirm those of, e.g., Mittelstaedt [1992]. By comparing the SV head tilt 

measurements during centrifugation with those without centrifugation, both the 

effect of head tilt and the remaining effect of the abdominal graviceptors can be 

cancelled, resulting in an uncontaminated estimate of otolith function per se. While 

no other information is available, we have applied the most simple, i.e., first order 
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approximation to calculate this otolith effect. Although a more complex relationship 

cannot be excluded, this is not essential for showing an asymmetry per se. Note that 

the subtraction of extravestibular effects is impossible using a translation paradigm.

Another advantage of the method described above is the relatively uncomplicated 

procedure. First of all the use of the haptic SV is far less complex than recording 

ocular torsion (OT). Small somatosensory clues like air flow around the hand tilting 

the rod cannot be excluded, but are also present using the SVV when rotating 

a luminous rod. An additional practical advantage is given by the fact that the 

construction of a head tilt device is technically far less complex and demanding 

than that of translation. A final advantage is given by the fact that haptic SV 

recordings can also be used in patients with eye disorders. Blindness or even 

complete absence of the eyes still allows recording the haptic SV, whereas in these 

patients most other available vestibular testing, e.g., electronystagmography and 

ocular vestibular-evoked myogenic potential testing, cannot be performed.

There are, however, a number of issues requiring further attention. One point of 

concern in our recordings was the trend in observed haptic SV values during the 

measurements, especially during centrifugation. In time the recording in the 0° 

position shifted more to one side. Although the subjects were fixed with a five-point 

belt, a slight outward displacement during rotation was occasionally reported by 

the subjects. This may have resulted in a slight change in head position but also 

a shift of the center of abdominal graviception [Mittelstaedt, 1992], which likely 

explains the trend. A better fixation of the subjects seems to be the solution.

Another point of discussion is the difference between our method using head tilt 

and translating of the head and body en bloc. When keeping the head vertical, 

mainly the utricles will be stimulated, while during head tilt also the saccules are 

stimulated. For both situations excitation or inhibition of the semicircular canal 

afferents is unlikely due to the constant speed of centrifugation [Lowenstein and 

Sand, 1940; van Egmond et al., 1949].  A useful addition to testing the otolith organs 

using centrifugation might be tests involving the recently developed cervical 
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and ocular vestibular-evoked myogenic potentials [Colebatch et al., 1994; Todd 

et al., 2003] which can help in distinguishing saccular and utricular dysfunction 

[Curthoys, 2010].

Comparing our findings to current literature, it is seen that various other studies 

use OT to measure the effects of eccentric rotation of the head. Typical OT values 

with on axis rotation between 300 and 400 º/s were 1.5 to 2.5º [Clarke et al., 1996; 

Buytaert et al., 2010; Janky and Shepard, 2011], which is smaller than the SV-effect 

of 5.3° we found. Here, however, the effect of eccentric rotation on the OT itself 

seems an evident confounding factor. Moreover, we did not find a consistent trend 

in our haptic SV measurements during the repeated measurements. Buytaert at al. 

[2010] did observe such a trend, and attributed this to the semicircular canals. They, 

however, used OT, and the difference may be explained by different processing 

of canal afferents leading to a VOR mediated visual SV (see, e.g., De Graaf et al. 

[1992]) and a haptic SV. This further complicates comparing our haptic SV data with 

the mentioned OT data. 

A better comparison might be possible with studies which used the subjective visual 

vertical (SVV). The haptic SV and the SVV are shown to have comparable accuracy 

and preciseness [Schuler et al., 2010]. However, the exact correlation between the 

SVV and the haptic SV we recorded needs further investigation. This SVV was used 

by various groups to indicate otolith function in similar rotational protocols (on axis 

rotation of 300°/s at 3.5 - 4 cm eccentric position) and no trend in repeated measures 

was mentioned. In these studies a tilt of the SVV between 2.7° and 6.2° was seen 

[Clarke et al., 2001; Janky and Shepard, 2011], which is comparable to our findings. 

Yet, these SVV measurements may also have been confounded by OT, because the 

altered torsional position of the eye can cause a change of the perceived visual 

orientation [De Graaf et al., 1992].
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Conclusion

Tilt of the haptic SV induced by head tilt during on-axis body rotation can provide a 

relatively uncomplicated alternative to test unilateral otolith function as compared 

to body and head translation during rotation. 

Acknowledgement

The work described in this paper was supported by the Dutch Ministry of Defense 

though the program V937 Improved Performance at Motion. 

 

UNILATERAL CENTRIFUGATION BY HEAD TILT | CHAPTER 07



153152

References

Böhmer A, Mast F, Jarchow T. Can a unilateral loss of otolithic function be clinically detected by assessment 

of the subjective visual vertical? Brain Res Bull 1996;40:423-427.

Buytaert KI, Nooij SA, Neyt X, Migeotte PF, Vanspauwen R, Van de Heyning PH, Wuyts FL. A new model 

for utricular function testing using a sinusoidal translation profile during unilateral centrifugation. Audiol 

Neurootol 2010;15:343-352. 

Clarke AH, Engelhorn A, Scherer H. Ocular counterrolling in response to asymmetric radial acceleration. 

Acta Otolaryngol 1996;116:652-656.

Clarke AH, Engelhorn A. Unilateral testing of utricular function. Exp Brain Res 1998;121:457-464.

Clarke AH, Schönfeld U, Hamann C, Scherer H. Measuring unilateral otolith function via the otolith-ocular 

response and the subjective visual vertical. Acta Otolaryngol 2001;545:84-87.

Colebatch JG, Halmagyi GM, Skuse NF. Myogenic potentials generated by a click-evoked vestibulocollic 

reflex. J Neurol Neurosurg Psychiatry 1994;57:190-197.

Curthoys IS. A critical review of the neurophysiological evidence underlying clinical vestibular testing 

using sound, vibration and galvanic stimuli. Clin Neurophysiol 2010;121:132-144. 

De Graaf B, Bekkering H, Erasmus C, Bles W. Influence of visual, vestibular, cervical and somatosensory tilt 

information on ocular rotation and perception of the horizontal. J Vestib Res 1992;2:15-30.

Egmond AAJ van, Groen JJ, Jongkees LBW. The mechanics of the semicircular canal. J Physiol 1949:1110:1-17.

Graybiel A, Patterson JL. Thresholds of stimulation of the otolith organs as indicated by the oculogravic 

illusion. J App Physiol 1955;7:666-670.

Helling K, Schönfeld U, Scherer H, Clarke AH. Testing utricular function by means of on-axis rotation. Acta 

Otolaryngol 2006;126:587-593.

Janky KL, Shepard NT. Unilateral centrifugation: utricular assessment and protocol comparison. Otol 

Neurotol 2011;32:116-121.

Kushner BJ, Kraft S. Ocular torsion movements in normal subjects. Am J Ophthalmol 1983;95:752-762.

Lowenstein O, Sand A. The mechanism, of the semicircular canal. A study of the responses of single-fiber 

preparations to angular accelerations and to rotation at constant speed. Proc R Soc B 1940;129:256-275.

Mittelstaedt H. A new solution to the problem of the subjective vertical. Naturwissenschaften 1983;70:272-

281.

CHAPTER 07 | UNILATERAL CENTRIFUGATION BY HEAD TILT



153152

Mittelstaedt H. Somatic versus vestibular gravity reception in man. Ann N Y Acad Sci 1992;656:124-139.

Nowé V, Wuyts FL, Hoppenbrouwers M, Van de Heyning PH, De Schepper AM, Parizel PM. The interutricular 

distance determined from external landmarks. J Vestib Res 2003;13:17-23.

Schönfeld U, Helling K, Clarke AH. Evidence of unilateral isolated utricular hypofunction. Acta Otolaryngol 

2010;130:702-707. 

Schuler JR, Bockisch CJ, Straumann D, Tarnutzer AA. Precision and accuracy of the subjective haptic 

vertical in the roll plane. BMC Neurosc 2010; 11:83. 

Todd NP, Rosengren SM, Colebatch JG. A short latency vestibular evoked potential (VsEP) produced by 

bone-conducted acoustic stimulation. J Acoust Soc Am 2003;114;3264-3272.

Valko Y, Hegemann SCA, Weber KP, Straumann D, Bockisch CJ. Relative diagnostic value of ocular 

vestibular evoked potentials and the subjective visual vertical during tilt and eccentric rotation. Clin 

Neurophysiol 2011;122:398-404.

Von Baumgarten RJ, Thumler R. A model for vestibular function in altered gravitational states. Life Sci 

Space Res 1979;17:161-170.

Wetzig J, Reiser M, Martin E, Bregenzer N, von Baumgarten RJ. Unilateral centrifugation of the otoliths 

as a new method to determine bilateral asymmetries of the otolith apparatus in man. Acta Astronaut 

1990;21:519-525.

Wuyts F, Hoppenbrouwers M, Pauwels G, Van de Heyning P. Utricular sensitivity and preponderance 

assessed by the unilateral centrifugation test. J Vestib Res 2003;13:227-234.

Yegorov AD, Samarin GI. Possible change in the paired operation of the vestibular apparatus during 

weightlessness. Kosm Biol Aviakosm Med 1970;4:a85-86.

UNILATERAL CENTRIFUGATION BY HEAD TILT | CHAPTER 07





CHAPTER 8

General discussion

 

SM Winters



157156

Contents

Discussion regarding main research goals

1. To explore the options of extending vestibular testing in relation to the 

otolith organs using recording of the ocular Vestibular Evoked Myogenic 

Potentials (oVEMPs) 

Establishing reference values and the effect of age

The ipsilateral response

2. To find new applications of oVEMP recording in relation to the diagnosis of 

specific vestibular diseases

Vestibular testing in children

Air-bone gaps

Cochlear implantation

3. To develop a relatively simple unilateral centrifugation test for evaluation 

of the otolith organs

Creating a vestibular test battery

General conclusions

CHAPTER 08 | GENERAL DISCUSSION



157156

In this thesis different diagnostic tests of the otolith organs have been described and 

these tests have been performed in normals and in patient cohorts with vestibular 

disorders. The three main goals of this thesis were described in the introduction 

section. These were in short:

1. To explore the options of extending vestibular testing in relation to the 

otolith organs using recording of the ocular Vestibular Evoked Myogenic 

Potentials (oVEMPs)

2. To find new applications of the oVEMP for diagnosing specific vestibular 

diseases.

3. To find a more practical manner to make use of unilateral centrifugation to 

test the otolith organs.

In 2012, The Dutch Society for Otorhinolaryngology (In Dutch: Nederlandse 

Vereniging voor Keel-Neus-Oorheelkunde en Heelkunde van het Hoofd-

Halsgebied) composed a report on the future and the research goals of the 

Society in the Netherlands. One of these goals was to develop and evaluate 

diagnostics of the various components of the vestibular system, and to create a 

multidisciplinary guideline on how to clinically handle patients with vestibular 

symptoms. Thus, vestibular diagnostics has a certain priority in the Netherlands. In 

most clinics for otology, including the University Medical Center Utrecht, vestibular 

testing is based solely on patient history, physical examination and a standard 

elctronystagmographic test battery. This set gives global information on the 

functionality of the entire vestibular system, and some details on the function of the 

separate horizontal canals only. The research performed in this thesis provides an 

extension of the existing test battery regarding otolith testing, which can be used in 

daily practice. The three main research goals and our achievements with respect 

to these goals will be discussed below, and with this some observations that may be 

useful for implementation of otolith testing in the clinic. Furthermore, some topics 

for future research will be discussed. 
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Discussion regarding main research goals

1. To explore the options of extending vestibular testing in relation to the 

otolith organs using recording of the ocular Vestibular Evoked Myogenic 

Potentials (oVEMPs).

To reach this goal the general characteristics and applicability of the oVEMP in 

response to air-conducted sound (ACS) and bone-conducted vibration (BCV) 

stimulation were explored and applied in several patient groups in chapters 2-6. 

Two main points of discussion arose: issues with respect to establishing reference 

values including the effect of age on oVEMPs, and the existence and meaning of an 

ipsilateral response in the ACS oVEMP. These two subjects will be discussed below.  

Establishing reference values and the effect of age

In literature data have been published on ACS and BCV oVEMP amplitudes, latencies, 

response rates, thresholds and asymmetry ratio’s (AR’s). Because the oVEMP results 

depend strongly on stimulus characteristics and methods of neurophysiological 

recording and processing, these data generally cannot be exported from clinic to 

clinic. For instance, when comparing amplitudes, one should  be aware of the fact 

that for ACS oVEMPs, clicks and tone bursts yield different results. Furthermore, 

for ACS oVEMPs the frequency tuning effect we have shown in chapter 4 is very 

important in interpreting amplitudes and threshold; different stimulus frequencies 

can result in higher or lower thresholds and larger or smaller amplitudes. This 

tuning effect is also seen in ACS and BCV cVEMPs and BCV oVEMPs, as described 

in the discussion of chapter 4. Thus, for every stimulus frequency different reference 

values should be collected. The overview given by Kantner and Gürkov [2012] of 

11 different clinical studies, is an illustration of the variation between clinics; e.g., 

for the 500 Hz tone burst ACS oVEMP the threshold in literature varied between 

83-99 dB NHL and 107 – 132 dB SPL. Ideally, each clinic should use exactly the 

same equipment, method of stimulation, recording and calibration, to be able to 

extrapolate results and create larger sample sizes. Awaiting this utopia, at present, 
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each clinic should collect its own reference values, before using this test for clinical 

purposes as is also recommended for electronystagmography in combination with 

calorisation.

When establishing reference values, it is important to take the age effect into 

account. For ACS oVEMPs, amplitudes decrease in subjects over 50 years of age 

[Brantberg et al., 2007; Iwasaki et al., 2008; Nguyen et al., 2010; Tseng et al., 2010; Piker 

et al., 2011; Rosengren et al., 2011]. Additionally, the response rates declined and 

thresholds were slightly higher. No effect of age was seen on latencies or ARs. More 

recently, a very small frequency effect of age was seen in the ACS cVEMP, with a 

shift towards higher-frequencies in older subjects [Taylor et al., 2012]. These authors 

investigated 32 normals, with a mean age of 40.8 years (range 21-76 years). For 

ACS cVEMPs the optimal stimulus frequency in the group below 40 years was 500 

Hz, and in the group above 40 years 500 Hz and 1000 Hz showed similar amplitude 

results. For the ACS oVEMP the largest amplitude was seen in both age groups at 

1000 Hz, with subjects aged below 40 years showing a trend for larger amplitudes. 

The age effect is important, because patients are often of higher age than controls. 

In chapter 2 of this thesis, we have investigated a rather large group of 55 patients, 

of which 5 subjects were over 60 years of age. In this group we did not find an effect 

of age, which may have been due to the small number of older subjects. In chapter 

4 we use the frequency tuning of the ACS oVEMP in diagnosing Ménière’s disease 

(MD). A point of discussion in relation to this chapter is the difference of mean age 

between the normal subjects group (mean 30 yr) and the Ménière’s patients group 

(mean 56 yr). However, because in the study by Taylor et al. [2012], only a trend of 

larger amplitudes in younger patients is seen, with no frequency specificity, this 

effect most likely will not have influenced the results. 

In BCV this age effect seems to be of less importance. Rosengren et al. [2011] found 

no age influence after BCV stimulation, in contrast to their findings with respect to 

ACS in 61 normals. However, a slightly lower response rate of the oVEMP is seen in 

subjects over 60 years of age together with smaller amplitudes in a study by Tseng 

et al. [2010] in 70 normals. Agrawal et al. [2012] claim that, because age influence is 
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least visible in BCV oVEMPs, followed by ACS cVEMP and head impulse dynamic 

acuity testing, increasing age results firstly in semicircular canal dysfunction, 

followed by then saccular and utricular dysfunction respectively. 

In conclusion, again, each clinic should establish its own references values, with 

special attention to an adequate spreading of age. With respect to research, we 

recommend that age-matched control and patient groups should be recruited to 

exclude a possible influence of age. 

The ipsilateral response

One point that attracts very little attention in all recent publications on oVEMPs is 

the origin and relevance of the ipsilateral response. This is regrettable, because 

the ipsilateral response might provide information on vestibular pathways with 

relevance for diagnostics. 

When ACS is used, the otolith organs can be stimulated unilaterally. With this 

unilateral stimulation, both an ipsilateral and a contralateral oVEMP response 

can be recorded beneath the eyes.  In general, these ipsilateral responses have 

smaller amplitudes and longer latencies than the oVEMPs recorded contralaterally 

[Welgampola et al., 2009; Govender et al., 2009; This thesis]. In chapter 2 this is 

more extensively described. In this chapter we excluded the possibility that the 

occurrence of ipsilateral responses was artificially caused by electrical crosstalk 

between the recording channels. Also, we argued that cross-over of the unilateral 

stimulus to the non-stimulated ear leads to too much loss of energy to result in an 

ipsilateral oVEMP response which is actually a contralateral response originating 

in the other ear. 

It is not clear where this ipsilateral response originates from, but it seems logical 

that both eyes react when stimulating one vestibular organ, as a result of the VOR 

which interacts with both eyes. Already in 1969, Suzuki et al. showed that electrical 

unilateral utricular nerve stimulation in a cat induces a rotatory eye movement 

away from the stimulus and that tension increases in various eye muscles like the 

ipsilateral superior oblique (SO) and rectus muscle and the contralateral inferior 
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oblique (IO) and inferior rectus (IR) muscle. These ipsilateral eye muscles might 

generate the ipsilateral response we and some others have found. More recently, 

Weber et al. [2012] measured single motor unit activity in humans in the IO and 

IR muscles following  BCV and ACS when simultaneously recording surface 

potentials. For this ultra thin needles were inserted through the skin in the IO 

muscles, and for the IR muscles insertion was made possible with a lid retractor 

and rotation of the eye manually using a forceps. The authors indeed identified 

the contralateral IO muscle as the origin of oVEMPs. In stimulating ipsilaterally, the 

IO muscle showed no consistent effect across the three subjects, implicating the 

ipsilateral oVEMP not to originate from the ipsilateral IO. Regarding the IR muscle, 

Weber et al. [2012] noted that excitation in the IR in response to BCV occurred some 

4–5 ms later than in the IO. As described in chapter 2, we have also seen a slightly 

prolonged latency in our recordings of the ipsilateral oVEMP of approximately 0.7 

ms, compared to 1.2 ms [Govender et al., 2009] and 1.8 ms [Welgampola et al., 2009] 

in literature, but these latency differences are obviously all smaller than 4-5 ms. 

Unfortunately, activation of the IR to unilateral stimulation through ACS was not 

studied by Weber et al., [2012] due to complications, thus a role of the IR in the 

ipsilateral oVEMP cannot be excluded. Besides the IR, also other eye muscles may 

play a role, as Suzuki et al. [1969] described. One candidate is the horizontal rectus 

muscle. These horizontal muscles are likely to respond to stimulation of the otolith 

organs as a reaction to laterally directed translational acceleration [Fernandez 

and Goldberg, 1976]. It has already been shown that utriculo-ocular projections 

to these muscles are strong [Suzuki et al., 1969; Ushino et al., 1996]. Also Todd et al. 

[2008] and Govender et al. [2011a] found that oVEMP responses could be recorded 

from surface electrodes placed over the lateral rectus muscle when the muscle was 

activated through abduction of the eyes. Another candidate for the origin of the 

ipsilateral oVEMP is the SO muscle, however no data on activity of this muscle in 

acoustic or vibrational stimulation are available. If it is technically possible, single 

motor unit recording of the SO eye muscle and superior and horizontal rectus 

muscles in response to ipsilateral ACS or mastoidal BCV stimulation should be 
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performed to resolve the issue of ipsilateral oVEMP responses. 

Summarizing, further exploration of the ipsilateral response may be useful. If the 

ipsilateral response is a projection of the same end-organ as the contralateral 

response, it gives no further information. However, if a different part of the utricle or 

saccule is responsible for this specific projection, more knowledge on the ipsilateral 

response is valuable. As long as we do not know the origin or validity of ipsilateral 

responses, we propose to exclusively use unilateral ACS stimulation as we did in 

chapter 2, and not binaural as is proposed by several authors [Wang et al., 2009; 

Cheng et al., 2009], because this may yield confounding results as a result of a mix 

of contralateral and ipsilateral responses underneath both eyes. 

2. To find new applications of oVEMP recording in relation to the diagnosis 

of specific vestibular diseases. 

The ACS and BCV oVEMP tests were executed in different patient categories to find 

these new applications (chapters 2-6). In these vestibular and otologic disorders, the 

role of the ACS and BCV oVEMP in the diagnostic process has been made clearer. 

In the following paragraphs a few other options are mentioned for future studies 

and applications of the oVEMP in this field, namely children, patients with air-bone 

gaps and patients after cochlear implantation. 

Vestibular testing in children

Currently, children rarely undergo vestibular testing. This is partly due to the fact 

that the incidence of vestibular symptoms in children is low. However, in many 

syndromes in otorhinolaryngology, both hearing and vestibular function may be 

involved because of the close anatomic and embryologic relation of cochlea and 

vestibular organ. In general, newborns or children that are diagnosed with hearing 

impairment are very well treated for this hearing loss with hearing aids or cochlear 

implants, and speech development is closely monitored. The accompanying 

vestibular dysfunction however attracts too little attention. It is very important to 

recognize a delay in motor development and to diagnose vestibular dysfunction 
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in these patients, because it is known that a vestibular-specific neuromuscular 

training is effective in children with hearing impairment to improve motor skills, 

balance and health-related quality of life [Rajendran and Jeevanantham, 2013].

At birth, the vestibular anatomy is already well differentiated into semi-circular 

canals and otolith organs [Jeffery and Spoor, 2004]. During the early stages of 

development, children primarily depend on the visual system to maintain balance. 

As they grow older, they progressively begin to use somatosensory and vestibular 

information [Fischer, 1993]. Caloric testing using the VOR is poor in neonates of 

24-120 hours old, but it matures in the first year of life, and by the age of 10 months 

absent VOR responses can be considered abnormal [Fife et al., 2000]. Regarding 

cVEMP, it has been shown that ACS cVEMPs can be recorded in healthy newborns, 

if appropriate SCM activation is achieved [Young et al., 2009]. These ACS cVEMPs 

were recorded in natural sleep with the head turned away from the stimulus with 

the EMG activity of the SMC at a constant level above 20 μV. The response rate 

increased from day 2 to 5 with a significantly prolonged p1 latency at day 3, and 

after that (day 6 to 13) remained stable at 85%, with normal latencies [Young et al., 

2009]. BCV cVEMPs, with stimulation through a standard bone-conducted vibrator 

at the mastoids, also showed a normal profile in healthy newborns (1-12 months) 

[Sheykhoslami et al., 2005]. Thus, the sacculocollic reflex is fully developed in 

early life after day 5, and is probably of use for detecting changes in head position 

relative to gravity.

For recording oVEMPs in young children, one problem is the maintained upgaze 

that is necessary to record the oVEMP (see chapter 1 of this thesis). However, when 

subjects close their eyes voluntarily for 2-3 seconds, the eyes automatically rotate 

upwards, with 10° - 15° of upward movement. This is called Bell’s phenomenon 

[Bell, 1823]. Very recently, Wang et al. [2013] explored the development of oVEMP 

in small children (<3 yrs), using this Bell’s phenomenon to overcome the need to 

gaze upwards. Using this method of ‘upgaze’, the ACS oVEMPs were not present 

in newborns and children younger than 2 years, but from the age of 2 years the 

oVEMPs were normal with latencies and amplitude comparable to adults [Wang et 
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al., 2013]. The authors concluded that this implicated that in those children, who can 

walk with a gait resembling that of an adult, the otolith-ocular reflex is matured. 

Unfortunately, no certainty was given by the authors if the Bell’s phenomenon was 

present in all children. Hsu et al. [2009] confirmed the presence of normal oVEMPs 

in children for ages over 3 years looking upward. 

Also for BCV oVEMPs in children aged 3 and older who were instructed to look 

upwards, no differences with adults were seen [Chou et al., 2012]. Thus, in short 

cVEMPs can be recorded after 5 days, and oVEMPs after the age of 2 years. 

Therefore, VEMP tests can be used to objectify vestibular disorders in children 

with hearing impairment. For this, ACS cVEMPs have already been applied in 

a group of children with hearing-impairment. In 89 children from 20-97 months 

with profound sensorineural hearing loss who were due to undergo cochlear 

implant surgery, rotational chair testing, calorisation and ACS cVEMP testing was 

performed [Inoue et al., 2013]. 20% showed abnormalities in the rotation test, 41% in 

caloric testing and 42% in VEMP testing. These abnormalities were correlated with 

delayed acquisition of head position control and independent walking. The group 

of patients that showed abnormal results in all 3 test, showed the greatest delay 

in gross motor function. Because it has been shown to be important that specific 

training may improve the quality of life in children with vestibular dysfunction, 

as was mentioned above, early diagnosis of this dysfunction is very important. 

Therefore, we advise to screen newborns and children with hearing impairment 

on delay in motor development. It would also be advisory to perform ACS cVEMP 

testing in newborns and children up to 2 years. In children over 2 years ACS or BCV 

oVEMP recording can be performed. 

Patients with air-bone gaps (ABG)

A recently discovered group of interesting patients for VEMP testing, is the patient 

group with ABG. ABG usually indicates external or middle ear pathology, such as 

for example tympanic membrane perforation and ossicular chain discontinuation 

or fixation. These middle ear diseases are usually surgically treated. As we have 
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also described in chapters 5 and 6, other causes of ABG need a different approach, 

and VEMP may help in identifying these cases. For example, inner ear anomalies 

such as superior canal dehiscence syndrome (SCDS) (see chapter 6) and enlarged 

vestibular aqueduct (EVA) can show an ABG in audiometry as a result of the ‘third 

window’ phenomenon (chapter 6). In the diagnostic process of ABG, VEMPs can 

be used for confirming the ‘third window’ phenomenon and correctly indicating 

the need for surgical treatment of the middle ear. The current diagnostic steps for a 

patient with an ABG are audiometry, tympanometry and acoustic reflexes. On the 

basis of these tests, the indication for operative treatment or inspection is founded. 

Only if these tests are conflicting, CT scanning of the petrous bone is performed. 

Zhou et al. [2012] investigated the use of ACS cVEMPs in the diagnostic process of 

ABG. They found that in 120 patients with ABG, the ACS cVEMP was accurate in 

diagnosing the cause of the ABG in 117 patients, while complete immittance testing 

(tympanometry and acoustic reflexes) was not possible in 60% of patients (due to 

tympanic membrane perforation, grommets, intolerance of sound). Further, in the 

patients that could be tested, results varied from normal to abnormal for patients 

with middle ear disease, as was also the case in patients with inner ear anomalies, 

seen on CT imaging. 

If ACS is used for VEMP testing, a conductive hearing loss obviously diminishes 

the acoustic energy delivered to the inner ear. If the cause of the ABG is a ‘third 

window’ phenomenon, the conduction of energy is not affected. However, if a ‘third 

window’ effect is accompanied by a (small) conductive hearing loss, this might 

indeed affect the acoustic level of stimulation. Therefore it seems safer to use a 

BCV stimulus in these patients. As we have shown that BCV oVEMPs in otosclerosis 

show normal results (chapter 5), we advise to add BCV oVEMPs to the diagnostic 

process of patients with ABG, for indication of a ‘third window’ as cause for the ABG 

(chapter 6). This might prevent unnecessary middle ear inspections. 

Cochlear implantation (CI)

A last patient group in which additional VEMP testing might be useful is the 
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patients that undergo CI. Patients with sensorineural hearing loss might also suffer 

from vestibular dysfunction, because the cochlea and vestibular system are very 

closely related. However, induced impairment of vestibular function may also be a 

complication of CI. Postoperative vertigo in CI has a very wide range of occurrence, 

from 0.33 to 75% [Krause et al., 2009]. This might be related to a reduced function of 

the horizontal canal, as seen with calorisation, but also a loss of saccular function 

was seen in cVEMP testing [Krause et al., 2009]. Surprisingly, in this study no 

correlation between the symptom of vertigo and vestibular dysfunction was seen, 

probably because the patients had had the dysfunction for a very long time and 

were completely compensated. In a study by Cushing et al. [2013], 119 children 

with CI and 34 children before undergoing CI implantation (age 3.6 – 20 years) 

were tested through rotational chair testing, calorisation and ACS cVEMPs. Within 

the entire group, all children after meningitis or with cochleo-vestibular anomalies 

showed horizontal canal dysfunction, and approximately 50% also showed absent 

ACS cVEMPs. The vestibular dysfunction was equally distributed between the 

implanted and non-implanted ears, indicating that implantation does not result in 

extra vestibular damage in this patient population. However, the study protocol 

was not designed to specifically investigate this issue. It therefore seems interesting 

to perform the ACS or BCV oVEMP test and unilateral centrifugation test in 

patients before and after CI, to determine the cause of the vestibular complaints 

postoperatively, both in adults as well as in children.

3. To develop a relatively simple unilateral centrifugation test for 

evaluation of the otolith organs.

We developed a relatively novel unilateral centrifugation test using head tilt only, 

different from translating the head and body en bloc as used before. Together 

with our findings this was described in chapter 7. The test was aimed at unilateral 

stimulation of the otolith organs and although we did not evaluate this test in 

unilateral patients yet, the results obtained in healthy subjects are promising. 

One particular concern is the new possibility to control for proprioceptive 
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(somatosensory) cues, which may cause confounding results when translating 

the head and body ¬en bloc. However, this method still requires a rotational chair 

with certain qualifications and a room in which it is safe to put a chair with a 

rotational speed of 360o/s. Also it remains to be seen whether measurement of the 

subjective vertical can or should be augmented with or replaced by measuring 

3D eye movements. When these criteria are reached, this method for unilateral 

centrifugation can certainly be of added value in otolith testing. We also would like 

to remark that it would be very interesting to study the correlation between the UC 

test described in chapter 7  and the oVEMP test from chapter 2-6. Possibly, the UC 

test provides extra information because it seems to use a more natural stimulus 

than the artificial high level acoustic stimulation or BCV used in VEMP testing. 

Creating a vestibular test battery

Ideally, it should be possible with an extensive vestibular test battery to localize the 

cause of the vestibular symptoms in a patient down to the specific failing subsystem, 

which would mean specific tests for all four otolith organs and six semicircular 

canals in total. In this thesis a few tests of otolith function have been studied. We 

recommend that these should be added to the current more or less standard 

vestibular test protocol as used in most specialized clinics in the Netherlands. We 

are aware that this approach requires extensive knowledge of the interpretation of 

vestibular testing and technical knowledge about equipment to reliably perform 

the tests. However, we are supported in our conviction by the vision of the Dutch 

Society for Otorhinolaryngology which states that one of the goals for the future is 

to develop and evaluate diagnostics of the various components of the vestibular 

system. Below we will present our ideas on assembling an extensive vestibular test 

battery.

For the moment a vestibular test battery can consist of the following tests. Some of 

these tests have already been described in chapter 1, but we are now in a position 
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to add the tests which were investigated in this thesis [see also Curthoys, 2012]:

- Cochlea:

• Audiometry

• Middle ear condition (important for using ACS): tympanometry 

and acoustic reflex evaluation 

- Horizontal semicircular canal: 

• Rotational chair (see chapter 1)

• Caloric stimulation (see chapter 1)

- All semicircular canals:

• Head impulse test (HIT) in the direction of the corresponding 

semicircular canal

- Otolith function

• VEMPs (for further explanation see also chapter 1), at frequencies 

of 250, 500, 1000 and 2000 Hz for exploring tuning characteristics, 

where ACS has the advantage of the possibility of unilateral 

stimulation and BCV can also be used in the case of conductive 

hearing loss.

• Cervical: most likely cVEMPs as a result of both ACS and 

BCV stimulation represent mainly saccular function

• Ocular (chapter 2-6)

• ACS oVEMPs are ‘quite likely’ to represent 

predominantly utricular function (chapter 1)

• BCV oVEMPs are ‘more likely’ to represent 

predominantly utricular function (chapter 1)

• Unilateral centrifugation:

• On-axis rotation with lateral translation for the utricle 

[Buytaert et al., 2010], or

• On-axis rotation with head tilt (chapter 7) for both utricle 

and saccule 

With the combination of the tests above, all parts of the vestibular system can be 

CHAPTER 08 | GENERAL DISCUSSION



169168

separately tested. This can be useful for the diagnostics of vestibular diseases. 

For example in patients with vestibular neuritis (VN), usually the superior 

division of the nerve is involved, but it can also affect both parts, or selectively the 

inferior division (rarely) [Kim and Kim, 2012] (see also chapter 1, Fig. 3). With the 

combination of the tests above, involvement of the inferior or superior division can 

be accurately diagnosed [Iwasaki et al., 2009; Govender et al., 2011b; Walther and 

Blödow, 2013]. Regarding Ménière’s disease (MD), Manzari et al. [2013] use the vHIT 

in combination with the oVEMP test in patients with acute vertigo, to distinguish 

between an acute attack of MD or VN. Also in relation to MD, Huang et al. [2011] 

showed a decreasing percentage of abnormalities for respectively audiometry, 

ACS cVEMPs, BCV oVEMPs and calorics, and they concluded that this reflected 

the degree of endolymphatic hydrops in the inner ear, with the cochlea most 

affected, followed by the  saccule, utricle and semicircular canals. Murofushi et 

al. [2011] also showed the ACS cVEMPs to deteriorate in early stage MD, with ACS 

oVEMPs and caloric tests showing alterations in later stages. Thus, the test battery 

proposed above can also be used to assess the stage of MD. Besides decreased 

response rates, smaller amplitudes and increased thresholds of VEMPs, as seen 

by most authors, also augmentation of the BCV oVEMPs can be seen in MD during 

acute attacks [Manzari et al., 2010], possibly caused by different utricular pressure 

conditions during an acute attack. 

In summary, with regard to the proposed test battery, the entire ensemble of tests 

provides an insight in the specific vestibular dysfunction of the patient. However, 

ideally, more options for testing all separate parts of the vestibular organ would be 

available, and therefore more work needs to be done to seek for these additional 

tests. 
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General conclusions

Considering the three main research questions described in the introduction, the 

most important findings of this thesis are:

1. To explore the options of extending vestibular testing in relation to the 

otolith organs using recording of the ocular Vestibular Evoked Myogenic 

Potentials (oVEMPs) 

The ACS and BCV oVEMP were extensively studied and successfully 

implemented in vestibular testing. It is important to create reference values with 

respect to age for each clinic. A specific finding was the consistent presence of 

the ipsilateral response, of which the origin and significance currently remains 

unknown (chapter 2). 

2. To find new applications of oVEMP recording in relation to the diagnosis of 

specific vestibular diseases

The ACS oVEMP is a relevant addition in diagnosing Ménière’s disease. In 

Ménière’s patients the response rates are lower, the amplitudes smaller and 

thresholds higher than in normals. This effect is seen in both ears of the Ménière’s 

patients. The affected ear is more altered than the clinically unaffected ear 

(chapter 3). Furthermore, it was found that in normals the oVEMP tunes to a 

stimulus frequency of 500 Hz, with the highest amplitude and lowest threshold 

at this particular frequency, while for Ménière’s ears the best stimulus frequency 

was 1000 Hz. This ‘tuning effect’ was used to find a criterion to distinguish 

normals and Ménière’s ears (chapter 4).

In otosclerotic disease the BCV oVEMP showed no significant differences in 

all oVEMP characteristics between normal and otosclerotic ears, and between 

otosclerotic ears before and after stapedotomy. Therefore it could be concluded 

that no or undetectably little damage to the utricle is caused by both otosclerotic 

disease and stapes surgery (chapter 5). Therefore screening with the BCV 
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oVEMP in otosclerotic disease is not useful. On the contrary, in SCDS the BCV 

oVEMP shows a significantly lower threshold and higher amplitude in the 

dehiscent ear (chapter 6). 

3. To develop a relatively simple unilateral centrifugation test for evaluation 

of the otolith organs

A new method of unilateral centrifugation was tested through registering tilt 

of the subjective vertical induced by head tilt during on-axis body rotation. 

This provided a relatively uncomplicated alternative to test unilateral otolith 

function as compared to body and head translation during rotation (chapter 7).

This thesis is an addition to the present knowledge with respect to diagnostic testing 

of the otolith organs, both on the basics and background of otolith testing, as well as 

more practically in diagnosing specific vestibulo-otologic diseases. This work will 

help the process of integrating otolith testing in daily practice. 
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Summary

The system of maintaining balance in rest and motion is complicated, and 

depends on sensory input from various sources. The three most important of these 

sources are vision, proprioceptive input and the vestibular system. The vestibular 

system consists of a peripheral (vestibular organs) and central (vestibular nerve 

and nuclei) part. The peripheral part is positioned in the temporal bones at both 

sides of the head. It is characterized by identifying two subdivisions: the (three) 

semicircular canals and the (two) otolith organs, the saccule and the utricle. The 

sensory elements which are responsible for the transduction of motion, in both of 

these subdivisions, are hair cells. Movement of the head causes deflection of these 

hair cells, which results in stimulation or inhibition of the sensory epithelium. The 

semicircular canals register rotational acceleration and the otolith organs linear 

acceleration. The saccule is more sensitive to vertical (linear) movement and the 

utricle to horizontal (linear) movement. 

Current vestibular testing is limited. The general function of the vestibular system 

on both sides of the head can be tested, and one part of the peripheral vestibular 

organ, the horizontal semicircular canal, can be tested unilaterally. However, 

recently a test for the function of the otolith organs has been developed, the ocular 

Vestibular Evoked Myogenic Potential (oVEMP) test. This oVEMP test makes use of 

air-conducted sound (ACS) using a headphone, and bone-conducted vibration 

(BCV) using a Mini-shaker to stimulate the otolith organs. Subsequently, the 

response can be recorded in the inferior eye muscles. Another relatively new test 

that can be employed for testing otolith function, is the unilateral centrifugation test. 

This method uses eccentric head positions during high speed rotation to stimulate 

the otolith organs unilaterally. This induces ocular counter-rolling, which reflects 

the otolith-ocular response. 

In this thesis these diagnostic tests of the otolith organs were evaluated. For this 

three main research goals were composed. 
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1. To explore the options of extending vestibular testing in relation to the otolith 

organs using recording of the oVEMP. To answer this question both oVEMP 

recording in response to ACS and to BCV were performed, and the characteristics 

of the oVEMPs were extensively studied (chapter 2-6). 

2. To find new applications of oVEMP recording for the diagnosis of specific 

vestibular diseases. The ACS and BCV oVEMP tests were performed in patients 

with different vestibulo-ocular diseases, such as patients with Ménière’s disease 

(chapter 3 and 4), otosclerosis (chapter 5) and superior semicircular canal 

dehiscence syndrome (SCDS) (chapter 6). 

3. To develop a relatively simple unilateral centrifugation test for the evaluation 

of the otolith organs (chapter 7).

Chapter 1 gave a general introduction on the function of the vestibular organs, 

focusing on the otolith organs. Furthermore, the general principles and methods 

of vestibular testing were explained, to underline their limitations and understand 

the necessity of developing additional new tests. This was followed by a description 

of a few relevant vestibulo-otologic diseases that were mentioned in this thesis, 

such as Ménière’s disease, otosclerosis and superior canal dehiscence syndrome 

(SCDS), with the emphasis on existing gaps in diagnosing these diseases.

In Chapter 2 a thorough analysis of the ACS oVEMPs was performed and normal 

values in a large group of normal subjects were provided. For stimulations an ACS 

short tone burst (500 Hz, maximum stimulus level 120 dB Sound Pressure Level 

(SPL)) was used and 55 normal subjects were studied. Recording was performed 

in upgaze with surface electrodes underneath both eyes. All subjects but one 

showed a reliable contralateral and also ipsilateral oVEMP at the highest stimulus 

level. Contralateral responses were significantly larger and earlier than ipsilateral 

ones. No significant effect of gender or age was seen in our data. Normal values 
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were obtained to be used in clinical testing for n1 - p1 amplitudes, n1 latencies, p1 

latencies and thresholds. Also, the asymmetry ratio and response variability were 

evaluated. Especially the consistent ipsilateral oVEMP response that we found in 

the ACS oVEMP is a point of discussion. Other authors do not find this ipsilateral 

result as consistently as we have, and the origin of this ipsilateral response remains 

unknown. Furthermore, in other oVEMP studies a clear effect of age is seen which 

we did not find. Most likely this was caused by an inadequate number of older 

subjects in our study population. However, it was clear that a healthy individual 

with a normal vestibular function and normal middle ear conduction should show 

a contralateral oVEMP at high stimulus levels.

The thesis continued with the application of the ACS oVEMP in Ménière's disease. 

Currently Ménière’s disease is predominantly diagnosed through clinical criteria. 

Additional standard vestibular testing, such as nystagmography, can show 

variable responses. In the last decade the cervical vestibular-evoked myogenic 

potential (cVEMP) has shown to have an additive value in diagnosing Ménière’s 

disease. In chapter 3 and 4 the results of the oVEMP in response to ACS were 

discussed. Chapter 3 focused on the general differences between the ACS oVEMPs 

in 37 Ménière’s patients compared with 55 normal subjects. An ACS stimulus was 

used (tone-burst, 500 Hz; maximum stimulus level: 120 dB Sound Pressure Level). In 

Ménière’s patients, compared to normal subjects, the response rates were lower, the 

oVEMP amplitudes were smaller and the thresholds were higher. This effect was 

seen in both ears of the Ménière’s patients, and the affected ear was altered more 

than the clinically unaffected ear. This might implicate subclinical endolymphatic 

hydrops in these ears. In chapter 4 the frequency tuning effects of the oVEMP in 

response to 250 Hz, 500 Hz and 1000 Hz ACS tone-bursts were studied in a group 

of 22 normal subjects. It was seen that in normal subjects the oVEMP tuned to a 

stimulus frequency of 500 Hz, with the highest amplitude and lowest threshold at 

this particular frequency. Subsequently, a group of 37 unilateral Ménière’s patients 

underwent the same stimulus protocol to objectify possible oVEMP changes with 
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respect to frequency dependence in Ménière’s disease. In patients a distinction 

was made between an affected ear and an unaffected ear. Generally, Ménière’s 

patients showed smaller amplitudes and higher thresholds than normal subjects 

at all three stimulus frequencies in both the affected and the unaffected ear. 

Additionally, for Ménière’s ears the best stimulus frequency was 1000 Hz instead 

of 500 Hz found in normal subjects. Similar to chapter 3, this threshold shift was 

also seen in the clinically unaffected ear, but to a lesser extent, again suggesting 

subclinical pathologic alteration in these ears. This frequency shift was also seen in 

recordings of the cervical VEMP. This could imply that the endolymphatic hydrops 

has its effect on the mechanical properties of both otolith organs. Finally, this altered 

tuning in Ménière’s ears was used to find a criterion to distinguish normal ears from 

Ménière’s ears.

A second application of the oVEMP was studied in a group of patients with otosclerosis 

in chapter 5. Otosclerosis patients may show vestibular symptoms. This is seen both 

in patients suffering from the disease, as well as in patients after treatment with 

stapes surgery. Because patients with otosclerosis often show an air-bone-gap in 

audiometry, the ACS stimulation used in chapter 2-4 was not applicable. Therefore 

a BCV stimulus was chosen with the use of a Mini-shaker. The goal of this study was 

to objectify any changes of the BCV oVEMPs in patients with otosclerosis, before and 

after stapes surgery. Twenty-six normal subjects and 27 patients with otosclerosis 

were tested. Eleven of these patients were tested both pre- and postoperatively. The 

ears of patients were divided into four groups: normal ears, otosclerotic ears, ears 

after primary stapes surgery and ears after revision surgery. The stimulus that was 

used for oVEMP testing was a BCV stimulus delivered by a Mini-shaker at stimulus 

frequencies of 250 and 500 Hz. OVEMP characteristics that we recorded were the n1 

and p1 latencies, the n1 - p1 amplitude and the threshold. There were no significant 

differences in all oVEMP characteristics between the four groups of ears, nor in 

the ears that were tested pre- and postoperatively. Thus it could be concluded that 

no or undetectably little damage to the utricle was caused by either otosclerotic 
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disease or stapes surgery. Therefore there was no additive value of screening with 

BCV oVEMPs perioperatively in otosclerotic patients.

In chapter 6 the BCV oVEMP was used for diagnosing SCDS. SCDS occurs when 

the bone covering the superior semicircular canal is absent. This causes symptoms 

such as a conductive hearing loss and vestibular signs. Diagnostics of this disease 

currently consist of patient history and computed tomography (CT) imaging. In this 

case report it was shown that the BCV oVEMP showed a large amplitude and low 

threshold in SCDS, as a result of the ‘third window’ caused by the dehiscent canal. 

Therefore the BCV oVEMP can be used as an additional tool in the diagnostic 

process of SCDS. It is advised to diagnose SCDS using a combination of clinical 

presentation (symptoms), audiological testing (including stapedial reflexes), CT 

imaging of the temporal bone and (BCV) (o)VEMP testing.

Chapter 7 regarded a new method of unilateral centrifugation for testing of the 

otolith organs. To test for otolith asymmetries, several studies described horizontal 

translation of the body and head en bloc during fast vertical axis rotation. This way 

of stimulation causes one otolith organ to rotate on-axis, and the other to experience 

centripetal acceleration. The objective of this study was to test a new, more simple 

method of unilateral stimulation which uses head tilt with the body remaining on 

axis. Twelve normal blindfolded subjects were included. Their heads were tilted 

30 degrees sideways, positioning one otolith organ on the axis of rotation. The 

test was performed during stationary position and during 360 degrees per second 

rotation. The haptic subjective vertical (SV) was recorded several times by means 

of a manually adjustable rod. It was shown that during stationary position the SV 

tilted about 4 degrees on average in the direction of the head. During rotation, 

the SV tilted about 9 degrees on average. We therefore estimated the effect of 

eccentric otolith rotation to be 5 degrees on average. It was concluded that tilt of the 

subjective vertical, induced by head tilt during on-axis body rotation, can provide a 

relatively uncomplicated alternative to test unilateral otolith function as compared 
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to body and head translation during rotation. Moreover, unlike eccentric rotation of 

the entire body, somatosensory cues were minimized by keeping the body fixed on 

axis and by subtracting the effect of head tilt per se.

In chapter 8 some observations were discussed that are useful for the implementation 

of otolith testing in the clinic, such as the importance of establishing reference 

values, the effect of age on oVEMPs and the origin and value of the ipsilateral ACS 

oVEMP response. Also new applications for the oVEMP test that might be used in 

future research were described. These new applications regarded vestibular testing 

in children, patients with air-bone gaps and patients after cochlear implantation. 

Finally, the research performed in this thesis was used to create a new, more 

extensive, vestibular test battery.

Considering the three main research questions described in the introduction, the 

most important findings of this thesis were:

1. To explore the options of extending vestibular testing in relation to the otolith 

organs using recording of the oVEMPs 2

The ACS and BCV oVEMP were extensively studied and successfully implemented 

in vestibular testing. A specific finding was the consistent presence of the ipsilateral 

response, of which the origin and significance currently remains unknown (chapter 

2). 

2. To find new applications of oVEMP recording in relation to the diagnosis of 

specific vestibular diseases

The ACS oVEMP is a relevant addition in diagnosing Ménière’s disease. In 

Ménière’s patients the oVEMP response rates are lower, the amplitudes smaller 

and thresholds higher than in normal subjects. This effect is seen in both ears of 

Ménière’s patients. The affected ear is altered more than the clinically unaffected 

ear (chapter 3). Furthermore, it was found that in normal subjects the oVEMP tunes 
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to a stimulus frequency of 500 Hz, with the highest amplitude and lowest threshold 

at this particular frequency, while for Ménière’s ears the best stimulus frequency 

was 1000 Hz. This ‘tuning effect’ was used to find a criterion to distinguish normal 

ears from Ménière’s ears (chapter 4).

In otosclerotic disease the BCV oVEMP demonstrated that no significant differences 

in all oVEMP characteristics between normal and otosclerotic ears, and between 

otosclerotic ears before and after stapedotomy. Therefore it could be concluded 

that no or undetectably little damage to the utricle is caused by both otosclerotic 

disease and stapes surgery (chapter 5). Therefore screening with the BCV oVEMP 

in otosclerotic disease is not useful. On the contrary, in superior canal dehiscence 

the BCV oVEMP shows a significantly lower threshold and a higher amplitude in 

the dehiscent ear (chapter 6). 

3. To develop a relatively simple unilateral centrifugation test for evaluation of 

the otolith organs

A new method of unilateral centrifugation was tested through registering of the tilt 

of the haptic SV induced by head tilt during on-axis body rotation. This provided a 

relatively uncomplicated alternative to test unilateral otolith function as compared 

to body and head translation during rotation (chapter 7).

This thesis is an addition to the present knowledge with respect to diagnostic testing 

of the otolith organs, both on the basics of otolith testing, as well as more practically 

in the diagnosing of specific vestibulo-otologic diseases. This work will help the 

process of integrating otolith testing in daily practice.  
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Summary in Dutch - Nederlandse samenvatting

Algemene inleiding 

Het systeem van het bewaren van evenwicht in rust en in beweging is erg 

ingewikkeld en afhankelijk van sensorische input vanuit verschillende bronnen. 

De drie belangrijkste bronnen zijn 1) zicht (visus), 2) positiezin van het lichaam 

en de ledematen in de ruimte (propriocepsie) en 3) het evenwichtssysteem. Het 

evenwichtssysteem heeft een perifeer (in het binnenoor) en een centraal deel 

(richting de hersenen). Het perifere deel bevindt zich aan weerszijden van het 

hoofd in het slaapbeen (os temporale). Het bestaat uit drie halfcirkelvormige 

(semicirculaire) kanalen en twee otoliet organen, de sacculus en de utriculus. In 

deze kanalen en otoliet organen zijn haarcellen verantwoordelijk voor detectie van 

beweging. Hierbij reageren de semicirculaire kanalen op rotatoire versnellingen 

van het hoofd en de otoliet organen op lineaire versnellingen, waarbij de sacculus 

versnellingen in verticale richting en de utriculus versnellingen in horizontale 

richting detecteren. De otoliet organen bestaan uit een laag van geleiachtige 

massa waarop zich calcium carbonaat kristallen bevinden, zogenaamde otolieten. 

Bij lineaire versnelling van het hoofd blijven deze kristallen achter door traagheid, 

waardoor de haarcellen in de geleiachtige laag ombuigen en er een toename 

of afname van de zenuwactiviteit plaatsvindt. De otoliet organen kunnen geen 

onderscheid maken tussen de verandering van de versnelling als gevolg van 

de zwaartekracht bij kanteling van het hoofd of verandering van versnelling bij 

zijwaartse verplaatsing (translatie) van het hoofd. 

Een belangrijke reflex die vanuit het evenwichtsorgaan wordt aangestuurd is de 

vestibulo-oculaire-reflex (VOR). Dit is een reflex die met behulp van signalen uit 

het evenwichtsorgaan beelden op het netvlies stabiliseert. Dit maakt het mogelijk 

om een object stabiel in beeld te houden bij beweging van het hoofd. Deze VOR 

is belangrijk in de huidige diagnostische testen van het evenwichtsorgaan. 

Momenteel bestaat deze diagnostiek namelijk meestal, naast anamnese en 
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lichamelijk onderzoek, uit het beoordelen van oogbewegingen middels (electro)

nystagmografie, in combinatie met rotatietesten en calorisatie. Hiermee wordt de 

functie van het vestibulaire systeem als geheel beoordeeld met daarnaast meer 

specifiek de functie van het horizontale semicirculaire kanaal. Dit betekent dat 

met de huidige testen de functie van de andere twee semicirculaire kanalen en de 

functie van de otoliet organen niet kan worden gemeten. Recent is er echter een 

test van de otoliet organen ontwikkeld, de oculaire ‘Vestibular Evoked Myogenic 

Potential’ (oVEMP) test. Hierbij worden met een koptelefoon (luchtgeleide stimulatie) 

of met een zogenaamde Mini-shaker (beengeleide stimulatie) de otoliet organen 

gestimuleerd en kan de functie worden gemeten in een reactie in de onderste 

oogspieren. Daarnaast is er een evenwichtstest die gebruikt maakt van het eenzijdig 

(unilateraal) centrifugeren van de evenwichtsorganen. Bij deze test wordt de 

proefpersoon zeer snel om zijn as geroteerd, waarbij zich één evenwichtsorgaan 

op de draai-as bevindt. Dit orgaan ondervindt hierdoor geen stimulatie en het 

evenwichtsorgaan aan de andere zijde ondervindt een (centripetale) versnelling. 

Ook bij deze test kan aan de oogbewegingen de functie van de otoliet organen 

worden afgelezen. Daarnaast kan ook de subjectieve ervaring van de houding van 

de proefpersoon in de ruimte een indicatie geven van de functie van deze otoliet 

organen. Dit proefschrift zal verder ingaan op de diagnostiek van de otoliet organen 

middels het nader bestuderen van de oVEMP test en het unilateraal centrifugeren. 

Samenvatting

De drie doelen van onderzoek waren:

1. Het onderzoeken van het uitbereiden van de huidige evenwichtstesten met 

een test van de otoliet organen, namelijk oVEMP test. Hiervoor werd deze oVEMP 

test onderzocht met verschillende stimuli, bestaande uit luchtgeleide tonen en 

beengeleide trillingen (hoofdstuk 2-6).
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2. Het vinden van nieuwe toepassingen van de oVEMP test in het diagnosticeren 

van ziekten van het gehoor- en evenwichtsorgaan. Er werden verschillende 

aandoeningen onderzocht, namelijk de ziekte van Ménière (hoofdstuk 3 en 4), 

otosclerose (hoofdstuk 5) en het superieure semicirculaire kanaal dehiscentie 

syndroom (SCDS) (hoofdstuk 6).

3. Het ontwikkelen van een eenvoudiger methode voor het toepassen van het 

unilateraal centrifugeren om de otoliet organen te testen (hoofdstuk 7).

In hoofdstuk 1 werd een algemene introductie gegeven over de mechanismen die 

het meest belangrijk zijn bij het bewaren van evenwicht. Vervolgens werden de 

huidige diagnostische mogelijkheden beschreven en werd de achtergrond van 

de vestibulaire testen vermeld. In het kort werd inhoudelijk ingegaan op enkele 

vestibulo-otologische ziektebeelden die zijn onderzocht in het proefschrift, te weten 

de ziekte van Ménière, otosclerose en SCDS.

Het doel van hoofdstuk 2 was het doen van een uitgebreide analyse van de 

uitkomsten van de oVEMP test als gevolg van een luchtgeleide stimulus en daarbij 

het verkrijgen van normaalwaarden om toe te kunnen passen in de dagelijkse 

praktijk. Hiervoor werd bij een grote groep gezonde proefpersonen (n=55) de 

oVEMP test afgenomen en via een koptelefoon een unilaterale luchtgeleide 

akoestische stimulus (tone burst, 500 Hz, maximaal niveau van stimulatie 120 dB 

Sound Pressure Level (SPL)) aangeboden. Bij de meting werden de proefpersonen 

verzocht om omhoog te kijken en de oVEMP werd gemeten middels elektroden onder 

beide ogen. Alle onderzochte proefpersonen lieten zowel een contralaterale als 

ipsilaterale oVEMP zien bij het maximale niveau van stimulatie, met uitzondering 

van één proefpersoon. Bij alle proefpersonen hadden de contralaterale responsies 

een lagere drempel en een groter amplitude dan de ipsilaterale responsies. In onze 

data werd geen effect van leeftijd of geslacht gezien. Er werden normaalwaarden 

voor n1 - p1 amplitudes, n1- en p1-latentietijden en drempels verkregen om in de 
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kliniek te kunnen gebruiken. Daarnaast werden nog de asymmetrie ratio en het 

percentage responsies bij de verschillende stimulus niveaus bekeken. Met name 

het consequent vinden van een ipsilaterale responsie werd besproken in de 

discussie, aangezien de oorsprong hiervan tot op heden nog onbekend is. In de 

literatuur wordt wel degelijk een effect van leeftijd gezien in het meten van de 

oVEMP. Mogelijk hebben wij in onze studie populatie een onvoldoende spreiding 

van leeftijd toegepast. Uit onze studie bleek wel dat bij een gezonde proefpersoon 

met normale vestibulaire functie een contralaterale oVEMP gemeten moet kunnen 

worden bij een hoog niveau van stimulatie.

In het vervolg van het proefschrift werd nader ingegaan op de luchtgeleide oVEMP 

in de ziekte van Ménière. Heden ten dage wordt de ziekte van Ménière voornamelijk 

gediagnosticeerd middels klinische criteria. Aanvullende evenwichtstesten, zoals 

(electro)nystagmografie, kunnen variabele uitkomsten vertonen. In het laatste 

decennium bleek de cervicale VEMP (cVEMP) test van aanvullende waarde 

in het diagnosticeren van de ziekte van Ménière. In hoofdstuk 3 en 4 werden 

dan ook de resultaten van de oVEMP in responsie op een luchtgeleide stimulus 

besproken. Hierbij werd in hoofdstuk 3 de nadruk gelegd op de verschillen tussen 

de luchtgeleide oVEMPs van 37 patiënten met de ziekte van Ménière en 55 gezonde 

proefpersonen. Deze proefpersonen werden ook bekeken voor het bepalen van de 

normaalwaarden in hoofdstuk 2. Er werd dezelfde methode van stimulatie gebruikt 

(tone burst, luchtgeleid met koptelefoon, 500 Hz, maximale niveau van stimulus 120 

dB SPL). Het bleek dat bij Ménière patiënten het totale percentage responsies lager 

lag dan bij de groep gezonde proefpersonen. Verder bleken de Ménière patiënten 

lagere oVEMP amplitudes te hebben en hogere drempels. Dit effect werd zowel in 

het aangedane Ménière oor als in het klinisch niet aangedane oor van de Ménière 

patiënt gezien, waarbij de afwijkingen in de niet aangedane Ménière oren kleiner 

waren. Dit zou mogelijk kunnen wijzen op subklinische endolymphatische hydrops 

in deze klinisch (nog) niet aangedane oren. In hoofdstuk 4 werden eerst de effecten 

van verschillende stimulus frequenties bekeken in een groep van 22 normale 
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proefpersonen. Hierbij werd de oVEMP bij 250 Hz, 500 Hz en 1000 Hz luchtgeleide 

stimulatie bestudeerd. Het bleek dat bij gezonde proefpersonen de laagste drempel 

en het grootste amplitude werden gevonden bij een stimulus frequentie van 500 Hz. 

Er was dus sprake van een frequentiesensitiviteit van de oVEMP. Dit wordt in de 

Engelstalige literatuur ook wel ‘frequency tuning’ genoemd. Vervolgens werd in 

een groep van 37 Ménière patiënten hetzelfde oVEMP protocol uitgevoerd om te 

onderzoeken of er in aangedane oren wellicht sprake was van een verandering 

in deze frequentiesensitiviteit. Hierbij werden bij alle drie de stimulus frequenties 

hogere drempels en kleinere amplitudes gevonden in Ménière patiënten, zowel in 

het aangedane als het niet aangedane oor. Dit kwam overeen met de resultaten van 

hoofdstuk 3. Opvallend was dat in de aangedane oren en in de niet aangedane 

oren van Ménière patiënten de laagste drempel en grootste amplitude niet bij 500 

Hz maar bij 1000 Hz werden gevonden, waarbij dit opnieuw meer evident was in het 

aangedane oor. Er was dus sprake van een verandering van frequentiesensitiviteit 

als gevolg van de ziekte van Ménière, en dit was ook te zien in het klinisch 

niet aangedane oor. Wederom zou dit erop kunnen wijzen dat er sprake is van 

subklinische veranderingen in het niet aangedane oor van de Ménière patiënt. 

Dit veranderde patroon van frequentiesensitiviteit werd vervolgens gebruikt om 

een diagnostisch criterium te vinden wat zou kunnen differentiëren tussen normale 

oren en oren met de ziekte van Ménière.

In hoofdstuk 5 werd de toepassing van de oVEMP in een andere patiëntengroep 

onderzocht, namelijk patiënten met otosclerose vóór en na stapes chirurgie. 

Het is bekend dat patiënten met otosclerose naast gehoorverlies en tinnitus ook 

klachten van duizeligheid kunnen hebben en dit kan zowel passen bij de ziekte 

als het gevolg zijn van de chirurgische behandeling. Aangezien patiënten met 

otosclerose een conductief gehoorverlies hebben, geeft het gebruik van een 

luchtgeleide stimulus veel verlies van stimulus energie. Hierom werd in dit geval 

gekozen voor een beengeleide stimulus. Er werden 26 gezonde proefpersonen 

en 27 patiënten met otosclerose gemeten, waarvan er 11 patiënten zowel pre- als 
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postoperatief de oVEMP test ondergingen. De oren van patiënten en proefpersonen 

werden in vier groepen verdeeld: 1) normale oren, 2) oren met otosclerose, 3) 

oren na primaire stapes chirurgie, 4) oren na revisie chirurgie. De stimulus was 

beengeleid met behulp van een Mini-shaker bij stimulus frequenties van 250 

en 500 Hz. Hierbij werd gekeken naar verschillende oVEMP karakteristieken 

zoals n1 en p1 latentietijden, n1 - p1 amplitudes en drempels. Er werden tussen de 

verschillende groepen geen verschillen in alle karakteristieken van de oVEMPs 

gevonden. Ook de oren die zowel pre- als postoperatief waren gemeten lieten geen 

verschil zien tussen deze metingen. Er werd dan ook geconcludeerd dat er geen, 

of onmeetbaar weinig, schade aan de utriculus op was getreden als gevolg van 

de ziekte otosclerose. Daarbij gaf ook chirurgische behandeling geen schade aan 

de utriculus. Het screenen van patiënten met otosclerose middels de beengeleide 

oVEMP perioperatief leek derhalve niet zinvol.

In hoofdstuk 6  werd de beengeleide oVEMP toegepast voor het diagnosticeren 

van SCDS. Bij SCDS ontbreekt benige bedekking van het superieure semicirculaire 

kanaal. Dit resulteert in een ‘derde venster’ in het binnenoor. Als gevolg hiervan 

kan de patiënt een conductief gehoorverlies hebben en daarbij ook vestibulaire 

symptomen. De huidige diagnostiek bestaat uit anamnese en CT onderzoek. Het 

is echter mogelijk dat de ziekte met deze diagnostische mogelijkheden niet wordt 

onderkend. Dit casus bespreking liet zien dat de beengeleide oVEMP een lage 

drempel en een groot amplitude had bij patiënten met SCDS, waardoor deze test 

van nut zou kunnen zijn bij de diagnostiek van SCDS. Hiervoor werd dan ook een 

combinatie van anamnese, audiologische testen (inclusief stapedius reflex testen), 

beeldvorming middels CT van het mastoïd en een (beengeleide) (o)VEMP test 

geadviseerd.

Ten slotte werd in hoofdstuk 7 een nieuwe methode van unilateraal centrifugeren 

voor het testen van de functie van de otoliet organen toegepast. Om asymmetrie 

van de functie van de otoliet organen te beoordelen gebruiken verschillende 
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studies in de literatuur de methode van gezamenlijke translatie van het lichaam en 

hoofd tijdens snelle verticale rotatie. Hierbij bevinden zich na translatie de otoliet 

organen aan de ene zijde op de draai-as, terwijl de contralaterale otoliet organen 

centripetale acceleratie ondervinden. Een nadeel is echter dat het gehele lichaam 

excentrisch wordt geroteerd, waardoor ook somato-sensorische informatie vanuit 

de organen van invloed kan zijn op de uitkomst. Bij de in hoofdstuk 7 toegepaste 

nieuwe methode werd slechts het hoofd van de proefpersoon 30 graden zijdelings 

gekanteld, waarbij zich ook één paar otoliet organen op de draai-as bevond. Deze 

methode werd getest bij 12 geblinddoekte proefpersonen, zowel in stilstand als 

bij 360 graden/s rotatie. Hierbij werd vervolgens aan de proefpersoon gevraagd 

om een pook in verticale positie te brengen. Dit werd de haptische subjectieve 

vertikaal (SV) genoemd. Met deze methode bleek dat in stilstand de haptische SV 

gemiddeld 4 graden kantelde in de richting van het hoofd, en bij otoliet rotatie 9 

graden. Hierom werd het effect van de otoliet organen geschat op 5 graden. De 

conclusie was dat deze methode een relatief eenvoudige methode is om de functie 

van de otoliet organen te testen. 

In de discussie in hoofdstuk 8 werden enkele punten besproken die van nut 

zouden kunnen zijn in de implementatie van het testen van de otoliet organen in 

de kliniek. Hierbij werd het belang van het vaststellen van juiste normaalwaarden 

voor de oVEMP test besproken, met daarbij ook het meenemen van de invloed van 

leeftijd op de oVEMP karakteristieken en de (eventuele) waarde van de ipsilaterale 

responsie, die gemeten kan worden bij de luchtgeleide oVEMP test. Daarnaast 

werden nieuwe toepassingen voor de oVEMP test bekeken, zoals kinderen, 

patiënten met een conductief gehoorverlies en patiënten na cochleaire implantatie. 

Het onderzoek verricht in dit proefschrift werd vervolgens gebruikt om een nieuwe, 

meer uitgebreide, vestibulaire test batterij te creëren. 

Concluderend waren de meest belangrijke bevindingen van dit proefschrift aan 

de hand van de drie onderzoeksdoelen:
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1. Het onderzoeken van het uitbereiden van de huidige evenwichtstesten met een 

test van de otoliet organen, namelijk de ‘oculaire Vestibular Evoked Myogenic 

Potential’ (oVEMP) test.

De karakteristieken van de oVEMP test na stimulatie middels luchtgeleide tonen 

en beengeleide trillingen werd uitgebreid onderzocht en is hierna toegepast in de 

kliniek (hoofdstuk 2-6).

2. Het vinden van nieuwe toepassingen van de oVEMP test in het diagnosticeren 

van ziekten van het gehoor- en evenwichtsorgaan. 

De luchtgeleide oVEMP test is een relevante toevoeging aan het diagnosticeren van 

de ziekte van Ménière. Bij de ziekte van Ménière wordt een lager totaal percentage 

responsies gezien dan bij normale proefpersonen en hebben de oVEMPs kleinere 

amplitudes en hogere drempels (hoofdstuk 3). Daarnaast is er ook sprake van een 

frequentiesensitiviteit, waarbij de beste frequentie voor de luchtgeleide oVEMP test 

bij normale proefpersonen 500 Hz is en bij patiënten met de ziekte van Ménière 

1000 Hz. Deze frequentiesensitiviteit kan gebruikt worden als diagnostisch criterium 

voor de ziekte van Ménière (hoofdstuk 4). 

Bij patiënten met otosclerose zijn de beengeleide oVEMPs normaal, zowel pre- 

als postoperatief. Hierom is geconcludeerd dat er geen, of onmeetbaar weinig, 

schade optreedt aan de utriculus zowel door otosclerose als door de chirurgische 

behandeling (hoofdstuk 5). 

Bij patiënten met SCDS is de oVEMP test wel afwijkend, met een groter amplitude 

en lagere drempel, waardoor de oVEMP test gebruikt kan worden in de diagnostiek 

voor SCDS (hoofdstuk 6).

3. Het ontwikkelen van een eenvoudiger methode voor het toepassen van het 

unilateraal centrifugeren om de otoliet organen te testen (hoofdstuk 7).

Deze nieuwe methode, met behulp van kanteling van het hoofd in plaats van het 

excentrisch plaatsen van het gehele lichaam, is een relatief eenvoudig alternatief 

gebleken om otoliet functie te testen. 
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Dit proefschrift draagt bij aan de huidige kennis betreffende diagnostiek van de 

otoliet organen, zowel omtrent de basis en achtergrond van otoliet testen als meer 

praktisch voor het toepassen van otoliet testen in de diagnostiek van vestibulo-

oculaire aandoeningen. Dit proefschrift zal bijdragen aan het integreren van testen 

van de otoliet organen in de dagelijkse praktijk. 
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Dankwoord

En dan begin je aan je dankwoord. Het moment waar je al jaren van droomt en 

waarvan je al die tijd niet gelooft dat het er ooit van zal komen. 

Allereerst wil ik alle patiënten en op de gangen van het ziekenhuis geronselde, 

gezonde, proefpersonen bedanken die hebben meegewerkt aan dit proefschrift. 

Zonder hun inzet waren alle studies van dit proefschrift niet mogelijk geweest.

Geachte professor Grolman, Beste Wilko, toen u in Utrecht begon was mijn 

onderzoek al gestart. Ik wil u hartelijk bedanken voor de mogelijkheid mijn 

onderzoek onder uw begeleiding voort te zetten en voor het zijn van mijn promotor. 

Daarnaast bent u van groot belang voor de afdeling KNO en voor mijn opleiding. 

U heeft onze afdeling in het ziekenhuis weer op de kaart gezet.

Geachte professor Bos, Beste Jelte. Nog vrij recent vroegen wij jou als tweede 

promotor. Na een interessant en gezellig wetenschappelijk congres in IJsland en 

een succesvolle studie in Soesterberg wilden we graag van jouw expertise op het 

gebied van het vestibulaire systeem gebruik maken. Dank voor het brainstormen 

over de mechanismen van het behouden van evenwicht, en voor de energie die je 

in dit proefschrift hebt gestoken. Het is door jou zeker naar een hoger niveau getild.

Geachte dr. Klis, Beste Sjaak. Zonder jou was dit proefschrift niet tot stand gekomen. 

Jij had het eerste idee over de inhoud en jij bent degene die mij inhoudelijk heeft 

geprobeerd op te voeden de afgelopen jaren. Dit is tot op zekere hoogte gelukt. 

Ik wil je bedanken voor alle (niet zo subtiele) corrigerende opmerkingen als ik 

het weer eens niet goed had begrepen en daarnaast voor alle uren dat we op 

jouw kamer en in de kroeg onder het genot van een Bolleke de ins en outs van het 

ziekenhuis en de wereld hebben doorgenomen. 
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Geachte leden van de promotiecommissie, prof. dr. Kappelle, prof. dr. Koole, prof. 

dr. Kingma, prof. dr. Imhof, prof. dr. Wuyts en dr. van Benthem, dank voor het kritisch 

beoordelen van dit proefschrift. Ik zie ernaar uit hierover met u in gesprek te gaan. 

In de jaren op de H02 gang zijn er vele mede-onderzoekers gepasseerd, waarbij de 

koffie op donderdagochtend altijd weer een bron van inspiratie was. Promoveren 

gaat niet altijd van een leien dakje, en gedeelde smart is halve smart. Bedankt voor 

het delen Carlijn, Ingrid, Yvette, Martijn, Chris, Huib, Piet, Frans, John, Ferry, Frits, 

Hendrik, Sarah, Joost, Marc, Dyan, Marlien, Nina, Alice, Inge en Juliette.

 

Een aantal medische studenten heeft mij geholpen met de oVEMP metingen van 

verschillende studies, waarvoor bedankt Ingvar Berg, Thijs Campschroer, Marrit 

Kool en Sophie Kraaijnga. 

Verder wil ik de audiologie assistenten bedanken voor de hulp met de 

audiogrammen van patiënten, en met name Jaqueline Dello voor haar interesse 

en hulp met de oVEMP metingen. 

Zonder Thijs Dijkgraaf en Arjan Buitenweg, de mannen van de technische dienst, 

had ik nooit de test up and running gekregen.

KNO collegae van het UMC Utrecht, dank voor de goede sfeer en gezelligheid 

tijdens de KNO opleiding. Carpool-buddies, jullie maken het forenzen een stuk 

draaglijker. Rinne groep, dank voor de steun bij de laatste loodjes. Hanneke en 

Daphne, dank voor het logistiek leiden van de afdeling en de laatste fase van dit 
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Lieve vrienden en vriendinnen, jullie maken het leven een groot feest! 

Lam, Mariet en Soof, zo cool dat ‘alle leuke’ erbij zullen zijn. Destiny’s 7, jullie zijn 

toppers, en Go en B-Maat: 2 down, 1 to go! Leden van de ‘Boy’s club’, dat er nog 

maar veel meisjes bij mogen komen.
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Lieve paranimfen, lieve VAMPs, Carlijn, Ingrid en Yvette. Samen met jullie heb 

ik veel lief en (onderzoeks)leed gedeeld. Het is zo fijn om collega’s om je heen te 

hebben waarmee het gewoon goed is! Car, al jaren samen studeren, werken, en 

mee met Moker, genoeg om nog eindeloos op voort te borduren. Ing, altijd in voor 

gezelligheid en een pilsje, en onze trip in IJsland was wat mij betreft een hoogtepunt! 

Yve, jij bent eigenlijk de eerste oVEMP koningin, dus mocht ik omvallen tijdens de 

ceremonie….?! 

Lieve familie Beerman, jullie zijn voor mij al jaren een warm nest waar ik me enorm 

thuis voel. Met veel interesse hebben jullie de worsteling die promoveren heet van 

de zijkant gevolgd. Sinds jullie opa Beer en (oma) Miep zijn geworden delen we ook 

nog de liefde voor Hidde en Juliette, waar jullie oogappels (en hun ouders!) enorm 

van genieten.

Lieve familie Winters. Puks en muk, jullie zijn de meest geweldige ouders die 

een kind zich maar kan wensen, vandaar ook dat ik dit proefschrift aan jullie heb 

opgedragen. Jullie hebben ons altijd volledig gewaardeerd om wie we waren en 

ons iedere dag met liefde omhuld. Dat voelt enorm goed! 

Puks, heel bijzonder dat je de voorkant van dit proefschrift hebt geschilderd. 

Zusjes, Toi en Juul, wat een geluk dat ik jullie heb! Jullie zijn mijn trouwste 

vriendinnen en liefste zusjes in één!

Mark en Gijs, sloopbedrijf Winters zal dan ook nooit verloren gaan!

Lieve Joris, bij jou voel ik me thuis en met jou ben ik gelukkig. Ik geniet iedere dag 

van jouw positiviteit en ik weet zeker dat we nog flink van ons leven gaan genieten! 

Allerliefste Hidde en Juliette, ook al is dit proefschrift deels geschreven met jullie in 

de buik en naast me op de bank, toch hoop ik dat jullie het nooit helemaal hoeven 

te lezen. Ik ben helemaal dol op jullie!

Stephanie Winters

Amsterdam, februari 2014
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