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1 Norsk sammendrag

Balanseorganene ligger dypt inne i tinningbeinet pa hver side og samarbeider med
det ovrige balansesystemet, bl.a. eyemuskulatur. Hver gang vi forflytter oss
oppstar det hodebevegelser og for vi skal se klart, er vi helt avhengig av at gynene
beveger seg motsatt vei av hodebevegelsen. Refleksbuen mellom balanseorganet
og eyemuskulatur serger for dette. Ved skade eller sykdom i et av de to
balanseorganene endres signaloverferingen til balansesystemet, resultatet er
varierende grad av svimmelhet, synsforstyrrelser, falltendens og kvalme.

Symptomer som kan vere langvarige og invalidiserende.

De siste drene har okt interesse innen feltet fort til at det er utviklet nye og nyttige
metoder som kan bidra til bedre diagnostikk av den svimle pasienten. Testene
kartlegger funksjonen i de ulike delene — tre bueganger og to otolitter — til
balanseorganet; vHIT underseker buegangene, cVEMP sacculus og oVEMP
utriculus. Beinledet lyd pa hodeskallen aktiverer utriculus og refleksbuen,
elektroder plassert under gynene maler ayemuskelresponsen. Testen er lovende,
men har vist seg noe ustabil, da den er avhengig av bade testutferelse, valg av
stimulus og stimulussted. Vi har gjort tre studier som har hatt som mal & bidra til

bedre standardisering av metoden.

I den forste studien ble et kraftig stimulus benyttet pé fire ulike steder: panne,
orebeinet pa begge sider og i bakhodet, hos friske og syke. Vi fant at alle friske
orer gav god respons, mens det syke ikke gjorde det. Valg av stimulus sted
pavirker oVEMP responsen; mer spesifikt, ved stimulering pa erebeinet (samme

side som stimulus blir gitt) og i bakhodet, blir en sterre del av balanseorganet



aktivert enn ved de evrige stedene. For gvrig, gir stimulering 1 bakhodet darlige

responser og ber ikke brukes som stimuleringssted.

I det andre studiet undersgkte vi om et mindre kraftig stimulus satt midt pa hodet,
utleste responser hos friske og syke — og fant at en lav frekvens (125 Hz) gav god
respons fra alle friske erer, og ingen fra den syke. Hoyere frekvenser (250-500
Hz) gav darlig respons og egnet seg ikke. Videre, utleses det bedre responser om
slagretningen til stimulus (i startfasen) er vendt mot skallen. Stimulering midt pa

hodet med en lav frekvens og slagretning mot hodet, egner seg for screening,

I tredje studiet underseokte vi pa friske om de to stimulerings stedene; midt pa
hodet og panne, gir stabile responser ndr oVEMP testen gjentas. Vi fastslo at det
er minst variasjon dersom pannen brukes som stimuleringssted. Pannen anbefales

som stimuleringssted.
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4 Abbreviations

ACS = air conducted sound

aVOR = angular Vestibulo Ocular Reflex

BCV = Bone Conducted Vibration

cVEMP = cervical Vestibular Evoked Myogenic Potential

Fz = Forehead

oVEMP = ocular Vestibular Evoked Myogenic Potential

SVH = Subjective Visual Horizontal

SVV = Subjective Visual Vertical

tVOR = translational Vestibulo Ocular Reflex

vHIT = video Head Impulse test

VOR = Vestibulo Ocular Reflex



5 Introduction to the study

The complex vestibular system — in the inner ear and brain — is critical to our
sense of hearing and equilibrium. Studies of inner ear disorders are demanding
due to both the location within the temporal bone and the small size of the inner
ear structures. Direct microscopy is not possible, while sampling requires
advanced and often destructive surgery. The anatomy and function of the inner
ear’s fine structures cannot be adequately evaluated with the imaging techniques

currently used.

Recent research has advanced our understanding of vestibular physiology and new
noninvasive methods are developed that objectively measure the function in the
five different parts of the vestibular labyrinth; the three semicircular canals
(superior, lateral and posterior) and the otoliths (the utricle and the saccule). The
methods are based on head accelerations, sound and vibration; stimuli that
naturally activate the vestibular labyrinth. oVEMPs is a new method that
measures the utricle function by recording evoked responses in the inferior
oblique eye muscle (Weber et al., 2012). Development of oVEMP is a step
forward in the understanding of vestibular function, but the test needs further
validation and standardization before it can be included in the standard clinical
test battery for inner ear disorders. This PhD thesis concerns standardization and
clinical application of oVEMP methodology, and describes how various

stimulation conditions impact the oVEMP test.



6 Anatomy and neurophysiology

6.1 Evolution of the vestibular system
Living organisms have adapted into a gravitational environment and share several
similarities in the construction of hearing- and equilibrium organs, most likely due
to a common phylogenetic origin (Carey and Amin, 2006). The otoliths — which
literally means “hearing stones” (Straka et al., 2016) — developed to discover near-
field sound, whole body-acceleration and gravity. Fish and frogs are examples of
organisms that have preserved a common auditory- and vestibular function in the
otolith organ (Lundberg et al., 2015). The otoliths later developed to also respond
to far-field sound through the ear (Todd et al., 2009). Birds are examples of
organisms that, in addition to the otolith, have developed a pouch— the lagena —
which correlates to the cochlear duct in humans (Lundberg et al., 2015). Otolith
organs in humans have preserved a sensitivity to loud low-frequency sound, that
form the basis of vestibular-evoked myogenic potentials (Emami et al., 2012). To
ensure balance, all organisms have two mechanisms in common: one to keep eyes
on targets during quick angular head movements and one to maintain an upright

position and gait in darkness (von Baumgarten and Thumler, 1979).

6.2 The human postural system

The human postural system (figure 1) consists of a peripheral and a central
system. In the periphery; the eyes, the vestibular labyrinths and the proprioceptive
system detect changes in head and body positions. Signals are transmitted via
afferent nerve fibers (after this referred to as afferents) to the brain for integration
in the brainstem and cerebellum. The brain modulates the information and

produces compensatory motor responses in the ocular and skeletal muscles that
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ensure upright position and forward moving — locomotion — and prevent us from
falling. Despite the system’s complexity — many neural connections between the

peripheral and central nerve system — robustness is ensured by its duality.

gensory impulseg

Postural adjustments

Figure 1. The vestibular labyrinth, vision and proprioceptive system (skin,
muscles, tendons and joints) detect changes in head and body position and
provide information to the brain via afferent nerve fibers (“afferents”). The brain
produces compensatory motoric eye and body movements to maintain postural

control and stable vision during upright posture and locomotion.

11



6.3  The vestibular labyrinth and neurophysiology
The membranous vestibular labyrinth (figure 2) is about 1.5 cm and filled with
endolymph. It is located in the temporal bone, in a similar-shaped cavity filled
with perilymph (Flock, 1964). The superior vestibular nerve innervates the
anterior and lateral semicircular canals, the utricular macula and a small part of
the saccular macula (the “hook™). The inferior vestibular nerve innervates the
posterior canal and the main part of the saccular macula. The vestibular labyrinth
constitute a part of the peripheral postural system, but is closely connected to the

central vestibular system.

Macula Sacculi

Superior Canal

Posterior Canal

Lateral Canal

Macula Utriculi

Figure 2. The left vestibular labyrinth and its approximate position and size
within the temporal bone. There are three semicircular canals and two otoliths;
the horizontal utricular macula and the vertical saccular is shown with directions

of polarization vectors.
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6.3.1 The semicircular canals

The semicircular canals (figure 3) are arranged ~ perpendicular to each other. The
lateral canal is mainly horizontal, but the anterior part is tilted 30 degrees
upwards. The superior and posterior canals are vertical and form a 90 degree
angle to the lateral canal. From the sensitive crista — located at the base of the
membranous ampulla — ~ 7600 hair cells (surface 1.0 mm?) protrude into the
cupula (Rosenhall, 1972a). The construction is similar in all three canals, but the
cilia have different orientations to enhance the canals’ sensitivity to angular

acceleration within their plane (Lowenstein, 1959).

The canals respond to angular accelerations and work in pairs with the
corresponding canals on the opposite side; turning the head to the right side
activates the right lateral canal and inhibits the left lateral canal. The right superior
canal works with the left posterior canal and the right posterior canal works with
the left superior canal. Bending the head backwards activates the posterior canals
and inhibits the anterior canals. This perpendicular, pairwise organization and
orientation of the cilia, makes the canals extremely efficient in detecting angular

accelerations in all directions (Bronstein, 2013).
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Semicircular
canal

Utricle

Hair cells

Vestibular nerve

Figure 3. The canals are semicircular, and have an open end into the utricle. The
ampulla is in the other end (expanded area). At the base of the ampulla, is the
crista, from which hair cells protrude into the cupula. The cupula fills all the

space of the ampulla and the endolymph cannot pass.

When an individual starts to rotate at a constant speed, the cupula is deflected in
the opposite direction of the rotation due to inertial forces in the endolymph. The
cupula is set in a neutral position when the rotation and the inertial forces achieve
the same speed. When the rotation ceases, the cupula is deflected in the same
direction as the initial rotation due to lag in the inertial forces of the endolymph.
The endolymph and the cupula have the same density; therefore they do not react

to linear accelerations (Bronstein, 2013).

6.3.2 The otoliths

The utricular and the saccular sac constitute the otolith organ. The utricle is
horizontally oriented and all canals open into it. The saccule is inferior to the
utricle, vertically orientated and detached to the temporal bone on its medial side.
The utricle is twice as large as the saccule and only attached to the temporal bone

14



in its rostral area. The main part rests on a thin membrane over the endolymph
(Curthoys et al., 2009). The macula is the sensitive area in the otoliths and is
localized on the floor in the utricle and on the medial wall in the saccule. The
macula has a three-layer construction that is similar in both otoliths (figure 4),
except that the kinocilium is closest to the striola in the utricle and farthest out in
the saccule. The polarization vector therefore differs (figure 2) in the two otoliths

(Lowenstein, 1959, Flock, 1964).

Otoconia Striola Gelatinous
layer

Hair cells Kinocilium

Figure 4. The three-layer macula; at the base is a layer of hair cells that
protrudes into a gel, on top is a layer of otoconia. The striola is a “cleft” which
divides the macula into a medial and a lateral part. The cilia on either side of the
striola are organized differently in the utricle than in the saccule; the kinocilium

(longest hair) is closest to the striola in the utricle and farthest out in the saccule.

The otoconia are carbonate crystals formed as hexagons (3-30 um in diameter,
specific weight 2.95 g/cm 3) (Bronstein, 2013). Presence of the otoconia adds
more mass to the macula than to the cupula of the canals. The specific weight of
the otoconia layer is greater than that of the surroundings, a feature that enable the

otoliths to detect linear accelerations in the horizontal and vertical plane, e.g.
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gravity. The fixed cilia at the bottom of each macula do not distinguish between
linear accelerations and head tilts (Paige and Seidman, 1999, Goplen, 2009,
Bronstein, 2013). Further, otoconia formation and reabsorption is an ongoing
process, aided by supporting- and surrounding dark cells in the macula (Flock,

1964, Furman, 2003, Lundberg et al., 2015).

The utricular macula is kidney-shaped. It contains hair cells, dark cells and

supporting cells (Rosenhall, 1972b). The striola divides the macula into a medial
and a lateral part which vary in size between individuals, but the medial utricular
macula is usually the largest (Goldberg and Fernandez, 1971, Rosenhall, 1972b).
The total mean utricular macula surface of 4.3 mm? is however relative constant

(Rosenhall, 1972b, Tribukait and Rosenhall, 2001).

The utricular macula is most active when a person holds the head in an upright
position and the largest polarization vector is in the anteromedial direction —
correlates to locomotion — and the smallest in the posterior direction (Tribukait
and Rosenhall, 2001). Commissural inhibition enhances the linear sensitivity in
the utricular macula (Uchino et al., 1999, Uchino and Kushiro, 2011), e.g.
activates the right lateral macula and inhibits the left lateral macula. The
underlying mechanism is that neurons in the vestibular nucleus receive afferents
from both sides that activate (monosynaptic) afferents on the stimulated side and
inhibit (disynaptic) afferents on the non-activated side (Goldberg et al., 1987,
Uchino et al., 2001). In general, excitatory stimuli cause larger responses than

inhibitory stimuli (Fernandez and Goldberg, 1976).

The shape of the saccular macula is usually oblong with an anterior bulge and a

posterior tip (figure 2). The S-formed striola — actually a thickened area in the
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saccule — divides the macula into a superior and inferior part which varies in size
between individuals. The total mean saccular surface of ~2.35 mm? is however

relative constant (Tribukait et al., 2005).

The macula is fixed to the temporal bone (Curthoys et al., 2009, Todd et al., 2009)
and responds to head tips (gravitation); the otoconia are dislodged up or down,
thereby deflecting hair cells in the underlying gel. Cross-striolar inhibition
enhances the saccule’s sensitivity to gravity; vestibular nucleus neurons are
excited or inhibited by ipsilateral monosynaptic and disynaptic afferents (Uchino

et al., 1999).

6.3.3  The hair cells

The hair cells (figure 5) are mechanoreceptors that transform mechanical energy —
from a deflected cupula or dislodged otoconia — into electrical impulses in the

vestibular nerve (Vollrath et al., 2007).

111 1] (]

At rest Inhibited Excited

Figure 5. Hair cells at rest, inhibited (repolarized) and excited (depolarized). The

state of hair cells determines the intensity of the firing rate in vestibular afferents.

On top of the cell surface are the kinocilium (longest and thickest ) and stereocilia

(smaller and thinner) in the range ~1:50-100 (Bronstein, 2013); ~7600 in each
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crista (Rosenhall, 1972a); 33 100 in the utricle and 18 800 in the saccule
(Rosenhall, 1972b). The cilia are connected by tip links (Vollrath et al., 2007) that
enable the cilia to move synchronic with the dominant kinocilium. Deflection
towards the kinocilium stretches the tip links and opens channels that allows for
potassium flow down the electrical gradient. The hair cell depolarizes and releases
neurotransmitters onto afferent vestibular nerve endings, figure 5). Deflection in
the opposite direction, repolarizes the hair cells and fewer neurotransmitters are

passed on to the vestibular nerve (Vollrath et al., 2007).

In the vestibular system, there are mainly two types of hair cells; type I are “bottle
shaped” and surrounded by a large calyx with one afferent nerve ending
connected to the cell basis. Type I cells are typically located in the summits of the
crista and in central parts of the striola. Type II are cylinder shaped and
surrounded by a large calyx with multiple afferent nerves at the cell basis,
typically located around the crista and in the outer edges of the macula

(Rosenhall, 1972a, b).

6.3.4 Vestibular afferents

The vestibular nerve contains more afferents than efferents (Bergstrom, 1973b).
Each afferent contains 25000 neurons (Park et al., 2001) that enable them to
respond quickly. The afferents consists of myelinated and unmyelinated fibers of
various diameters (Lorento de No, 1932, Bergstrom, 1973b). Type I afferents
have mainly thick (6-9 p) irregular fibers, while type II afferents have mainly thin
(1-2 p) regular fibers. Both afferents are also endowed with medium-sized
afferent fibers (Wersall, 1956). The resting potential differs from one afferent

neuron to another, for example 90 spikes/s in the canals and 60 spikes/s in the
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otoliths. In general a high resting potential enhances the firing rate in the afferents
(Fernandez and Goldberg, 1976). The firing rate allows for both excitation and
inhibition in an afferent (Goldberg and Fernandez, 1971). An excitatory response
can be as high as 400 spikes/s; far more sensitive than the inhibitory response.
Utricular afferents have mainly strong afferent projections to the external eye
muscles (vestibulo-ocular reflex) and the saccule to the neck muscles (vestibulo-

cervical reflex) (Uchino and Kushiro, 2011).

6.3.5 The vestibular nerve

The vestibular nerve contains afferents from all five parts of the vestibular
labyrinth. The cell bodies are located in the Scarpa’s ganglion where an isthmus
divides the nerve into a superior and an inferior branch. Afferents in the superior
branch originate in the utricle, the superior and the lateral canals and the “hook”
of the saccule. Afferents in the inferior branch originate in the posterior canals and
the “hook” of the saccule (Lorento de No, 1932). Both branches proceed in the
internal auditory canal via the cerebellopontine angle before they enter the
brainstem and terminate in the vestibular nuclei. Ascending fibers proceed mainly
to the cerebellum and descending fibers (Lorento de No, 1932, Bronstein, 2013)
precede into white matter tracts that inter-connecting information from the spinal
cord, brainstem and cerebellum. The medial longitudinal fasciculus tract provide
information from the peripheral to the central vestibular system, it is particularly

important to maintain stable gaze (Bronstein, 2013).

6.3.6  The vestibular nuclei complex
The vestibular nucleus complex is a set of four overlapping nuclei located in the
brainstem; the medial vestibular nucleus; the lateral vestibular nucleus

(Deiters’nucleus); the superior vestibular nucleus and inferior vestibular nucleus.

19



Each part of the vestibular labyrinth, terminates in defined areas in the vestibular
nuclei (Lorento de No, 1932). Neurons in the nuclei, can be arranged in groups
according to their sensitivity to head — and eye movements (Angelaki, 2004).
Further, numerous projections run from the vestibular nuclei complex to the
cerebellum, extraocular motor nuclei, reticular substance, cerebral cortex and
spinal cord. The vestibular nuclei regulate between afferent and efferent impulses
that are essential for maintaining symmetry (Furman, 2003). Efferents in the
vestibular nerve respond to asymmetric activity in the vestibular nuclei, but the
efferents cannot distinguish normal head movements from inner ear pathology,

thus any asymmetry is always interpreted as head movements (Furman, 2003).

6.3.7 Vestibulo Ocular Reflex

VOR is a short three-neuron arch that runs from the vestibular labyrinth to the
external eye muscles (figure 6). VOR generates compensatory eye muscle
rotations at the same speed as quick head movements, an act that ensures still eyes

and a clear vision during head movement (Angelaki, 2004).

The two distinct VOR systems— aVOR and tVOR — are short latency reflexes that
generate quick eye rotations in response to angular — and linear accelerations.
aVOR is mediated by the canals and is the best defined of the two (figure 6).
Typical for aVOR is that one single eye movement is sufficient to stabilize the
visual image on the retina during head rotations (Angelaki, 2004). tVOR is more
complex and at present less understood. It depends more on the viewing distance,
the response is delayed and the eyes have more smoot pursuits and saccadic eye
movements than the aVOR (Angelaki et al., 2000). The main function of the
tVOR is to equalize the differences between close and distant objects that arise on

the retina during locomotion (Angelaki, 2004).
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The eyes need to discriminate between a flow of visual impressions — sights in the
depth and close — that move in different spatial directions during locomotion.
tVOR stabilizes the visual field by minimizing visual image slips on the retina;
close objects are moved peripherally and far-away objects kept central on the
retina. People perceive that close objects moves faster than objects far away. The
visual field is stabilized at one point by objects moving in only one direction. The
eyes always look at an object at different angles and distances, thereby creating an
image mismatch on the retina; tVOR adjusts this mismatch by equalizing the
differences (Angelaki and Hess, 2001, Angelaki, 2004). To ensure a stable vision,
both VORs depend strongly on connections to and in the central nerve system, as
well as on structures in the brain. The neural basics and contributions from the

central nervous system in the VORs are not fully understood (Angelaki, 2004).
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Figure 6. The principles of the Vestibulo Ocular Reflex (VOR). A head rotation to
the left activates the left lateral canal and transmits signals in the vestibular nerve
to the left vestibular nucleus. VOR then crosses in the brainstem before entering
the right abducens nucleus, which contains motoneurons for the eye muscles. The
right lateral rectus muscle and the left medial rectus are contracted to ensure eye
rotation to the right. The right VOR transmits inhibitory signals. Interaction

between the right and left VOR ensures stable vision during head movements.
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7 Vestibular function testing

In 1914, Robert Barany received the Nobel Prize for discovering that water
irrigation in the external ear canals set the endolymph in motion and the patient
had “water nystagmus” (Wiest, 2015). The caloric test was established as the
“gold standard” for vestibular function testing. Other tests were introduced, but
without the same success. After a long period of “vestibular hibernation” new
interest has been aroused and research instigated. Understanding and knowledge
within the field therefore have increased. New tests have been introduced that

ensure a more complete vestibular test battery; cVEMPs, oVEMPs and vHIT.

7.1  Nystagmus

In 1892, Ewald described that stimulation of one canal produces eye movements —
nystagmus — in the same plane as the canal. This is known as Ewald’s first law,

and is a considered basic vestibular knowledge (Bronstein, 2013).

The definition of nystagmus is involuntary periodic eye movement that arises in
the non-vestibular (congenital or lesions in the central nerve system) or vestibular
system. Vestibular nystagmus (after this referred to as nystagmus) occurs due to
unilateral vestibular pathology, which causes asymmetric impulses between the
healthy and lesioned side, observed as nystagmus. Typically, the eyes move
smoothly in one direction, cancelled by a quick movement in the other direction.
Vestibular symptoms — vertigo, nausea, vomiting and a feeling of falling to one
side — are often present. Nystagmus acts in accordance to the underlying
pathology in the vestibular labyrinth. Vestibular neuritis, labyrinthitis and
Meniere’s disease are examples of diseases that affect the entire labyrinth

typically on one side. In the acute stage, asymmetry between the healthy and
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lesioned side is usually presented as horizontal nystagmus towards the healthy

side (Strupp and Magnusson, 2015).

Benign Paroxysmal Positional Vertigo (BPPV) affects the canals, commonly the
posterior canal. When the subject lies down on the affected side, otoconia in the
posterior canal disturbs the free float of endolymph, and asymmetric impulses are
observed as torsional nystagmus toward the affected side. Torsion occurs due to
one vertical and one diagonal downward component. Pure up-beating nystagmus
is occasionally observed in posterior canal tests (Ichijo, 2013, Fay, 2016), but
central pathology is a more common reason and should be ruled out (Janssen et
al., 1998, Kim et al., 2005, Ong et al., 2015). BPPV also affects the lateral canal
and horizontal nystagmus, that is apogeotrop (beats upward from the ground) or
geotropic (beats downward to the ground), is observed in positional tests (Brandt,
1990). Down-beating nystagmus is mainly caused by central disorders, but
occasionally by BPPV (Bertholon et al., 2002). Isolated otolith nystagmus
probably exists, but is rare, most likely because central compensatory mechanisms

quickly rules out any present otolith nystagmus (Paige and Seidman, 1999).

Present nystagmus is a symptom of asymmetry between the two labyrinths. The
brain immediately starts a process that adjusts the signal flow to the vestibular
nuclei, resulting in diminished nystagmus commonly within days to a week.
During recovery, the nystagmus can transiently change direction before it
disappears. A late clinical sign of previous vestibular pathology is to shake the
head, immediately afterwards a transitory nystagmus is often observed towards
the non-affected side. Investigation of nystagmus is essential in vestibular
assessments, but the interpretation can be challenging and complex. For all cases,

use of specialized glasses that magnify the eyes and inhibit eye fixation (Frenzel
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glasses, video nystagmus googles), ease the investigation (Goplen, 2009,

Bronstein, 2013).

7.2 Caloric test
Caloric test measures the function of the lateral canal. Irrigation with warm (44°)
or cold water (30°) — or hot and warm air — into the external ear canal causes a
temperature difference between the body’s temperature and the applied water.
Warm water leads to increased endolymph in the irrigated ear, and thereby
increased firing rates in vestibular afferents, resulting in horizontal nystagmus
towards the irrigated ear. Cold water irrigation causes decreased endolymph and
less firing in vestibular afferents, resulting in nystagmus away from the stimulated
ear (Warm Same Cold Away). The lateral canals are considered to have normal
function when the asymmetry is <25 %, while asymmetry > 25 % represents
unilateral pathology. If no nystagmus present, ice water is sometimes used

(Bronstein, 2013).

7.3 Video head impulse test
The vHIT is based on quick eye and head movements that are not visible for the
human eye. Saccadic eye movements can be observed by performing bedside head
impulse test during acute vestibular attacks by turning the head quickly towards
the side with pathology (Halmagyi and Curthoys, 1988), however compensatory
mechanisms immediately adjust for the asymmetry by making the saccades even
quicker. Within short time, saccades are no longer visible for the human eye.
Studies that combined head impulse test and scleral search coil technique, led to
the development of the video head impulse test (MacDougall et al., 2009). An
infrared camera was mounted in the frame of googles; the camera capture

compensated saccades from all six canals during head turns (Macdougall et al.,
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2013). With perfected technique, the VHIT test is performed within 10 minutes.
The vHIT and the caloric test, both investigate the SCCs. The VHIT performs the
test at higher frequencies that are closer to our normal behavior and also all six
canals are investigated, it also better tolerated by the subjects. The caloric test
investigate only the horizontal SCC and at lower frequencies than vHIT. The test
takes longer time and causes more discomfort for the patient. The two tests are
complementary (Redondo-Martinez et al., 2016) and both are at present needed,
but the VHIT will probably develop to be the screening test of choice of the SCCs,
while caloric test is for those with a negative vHIT, but still suspect vestibular

disease.

7.4 The subjective visual horizontal and subjective visual vertical

The SVH and SVV are valuable tests of otolith dysfunction (Clarke et al., 2001,
Schonfeld et al., 2010), that indicate an individual's perception of the horizontal
and vertical gravitation lines without referring landmarks (Bohmer and Mast,
1999). In an upright subject with otolith dysfunction, SVH/SVV is often deviated
from the horizontal or vertical line. Dysfunctional otoliths recognize linear
accelerations as head tilts, while the sensors — eyes and somatosensory systems —
suggest that one is upright. The sensory conflict between the vision and the
otoliths results in a short counter-rolling of the eyes that tilts the subject’s vision;
it is measured with the subject in a dark room outfitted with a lit bar. The subject
must orient the lit bar horizontally or vertically and tilt the lit bar towards the
dysfunctional side; at the point where the subject feels a normal upright position.
The deviation varies in line with time from onset and the degree of dysfunction

and compensation (Halmagyi and Curthoys, 1999).
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7.5 Posturography
Posturography assesses static or dynamic postural control in the upright position,
often located in vestibular test laboratories to evaluate a subject’s posture and
balance before rehabilitation. Posturography is valuable to evaluate the subject’s
progression, adjust exercises and the final effects of rehabilitation (Marioni et al.,

2013).

7.6  Vestibular Evoked Myogenic Potential
VEMPs are short- latency myogenic responses that originate in the otoliths.
Electrodes placed over neck- or eye muscles record the biphasic vestibular
myogenic Potential evoked by ACS through the hearing chain or by BCV to the
skull. VEMP was reported in 1964 by Bickford, who described short latency
myogenic responses, measured at the occiput in response to ACS. The response
was present in deaf as well as normal hearing subjects, suggesting a vestibular
origin (Bickford et al., 1964). VEMP was again described in the beginning of the
1990ies, this time in a contracted m. Sternocleidomasteoideus after stimulating the
ear with ACS (Colebatch and Halmagyi, 1992, Colebatch et al., 1994). Today,
cVEMP is established as a test of saccular function (Rosengren and Kingma,
2013). Further investigation, discovered myogenic responses from nearby the
eyes, today known as oVEMPs and considered as a test of utricular function

(Rosengren et al., 2005, Todd et al., 2007).

7.7 Cervical VEMP
cVEMP test the function in sacculus and the inferior vestibular nerve (Colebatch
et al., 1994), commonly evoked by ACS. BCV is an alternative in cases with
middle ear pathology. One ear is stimulated at a time, but requires almost identical

contraction on both sides for reliable results. It is essential that the
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Sternocleidomasteoideus muscle is contracted, if not, responses are weak or
absent (Colebatch et al., 1994). The vestibulo-cervical reflex provides the signal
transmission from the saccule to the neck muscles. cVEMP is an inhibitory
myogenic response (Colebatch and Rothwell, 2004) with a bi-phasic curve; initial
downward (positive) peak at ~ 13 ms (p13), followed by an upward (negative)
peak at ~ 23 ms (n23) (Welgampola and Colebatch, 2001). Asymmetric cVEMP
(asymmetry ratio > 2.5) are often present in in Meniere’s disease, superior canal
dehiscence syndrome, vestibular neuritis, and some neurologic diseases, e.g.
multiple sclerosis (Brantberg, 2009). With increasing age, there is a natural course
in the general muscular atrophy as well as a loss of inner ear structures
(Bergstrom, 1973c), therefore cVEMP is suggested to be most reliable in

individuals below 65 years.

8 Ocular Vestibular Evoked Myogenic Potential (0VEMP)

8.1 Background
Increased interest for vestibular research discovered that ACS in the ears or BCV
to the skull evoked myogenic responses underneath the eyes (Rosengren et al.,
2005, Iwasaki et al., 2007, Todd et al., 2007). Also, in patients with total unilateral
vestibular loss, responses were absent in the eye contralateral to lesioned ear but
were evoked in deaf ears. These findings gave an idea of an apparently crossed
response originating in the vestibular labyrinth and the test had the potential to be
an additional useful vestibular test (Chihara et al., 2007, Iwasaki et al., 2007,
Todd et al., 2007, Welgampola et al., 2008). Today, the test is known as oVEMP
and it is a general understanding of oVEMP as an excitatory myogenic response

originating predominantly in the utricle. And, that a potential saccular
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contribution from the “hook” is insignificant (Todd et al., 2007, Welgampola et
al., 2009). Impulses from the utricle are mediated via afferents in the crossed
tVOR (superior vestibular nerve) to the contralateral eye muscle (Todd et al.,
2007, Iwasaki et al., 2008b, Curthoys and Vulovic, 2011); the m. Obliquus
inferior (Weber et al., 2012). The optimal test procedure is; elevated head, gazed
eyes (Rosengren et al., 2005, Govender et al., 2009, Welgampola et al., 2009) and
placement of bipolar electrodes under the eyes (Rosengren et al., 2005, Iwasaki et
al., 2007, Todd et al., 2007, Welgampola et al., 2009) (figure 9). oVEMP is a
relatively new and promising test of utricular and superior vestibular nerve
function, complementary to cVEMP that has not been taken fully into the clinic.
Studies that aim to improve standardization of the method are needed to validate

and establish the test.

8.2 Waveform and nomenclature
oVEMP is an excitatory short latency biphasic response with an initial upward
(negative) peak, followed by a downward (positive) peak (figure 7). Initial
oVEMP studies described a peak at ~ 10 ms (n10), and a second peak at ~ 15 ms
(p15) (Rosengren et al., 2005, Iwasaki et al., 2007), thereby the denomination.
Other denominations have also been used — for example n1/ pl — (Chihara et al.,
2007, Welgampola et al., 2008). We have consistently used n10/p15 in our articles

and in the thesis.
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Figure 7. Typical oVEMP waveform with an upward negative peak (n10) and a
downward positive peak (p15).

8.3  Asymmetry ratio
The basis for asymmetry ratio calculation is to use amplitudes from baseline to the
nl0 peak or the peak-to-peak amplitude. The asymmetry ratio is calculated by
using the formula:

amplitude, ;g — amplitudegy,qy

AR(%) = x 100

amplitude;q,4. + amplitudegyqy

According to the formula, AR will always be a positive (absolute) value between
0-100 %. Normal and pathological limits are at present not affirmed. Latency is
discussed as a potential useful parameter for vestibular diagnostic (Taylor et al.,

2014a), but is not used for oVEMP interpretation at present.

8.4 Bone Conducted Vibration and Air Conducted Sound

BCV applied to the skull at low thresholds or intense sound via the normal
hearing chain, are sufficient stimuli to activate irregular afferents in the otoliths
(Murofushi and Curthoys, 1997, Curthoys et al., 2006) and thereby evoke

oVEMPs.

Bone-conducted stimuli reach the vestibular system through the auditory channel
and start a cascade of events; involving the middle ear, ossicular chain, CSF

pressure waves and inertial forces in the endolymph. BCV is complex, as it relies
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on individual skull geometry, soft tissue (skin, hair), layered bone and brain tissue
(Stenfelt et al., 2000) as well as on the type of bone-conducted device and its

configuration (Iwasaki et al., 2007, Taylor et al., 2014a).

ACS also initiates a cascade of events that stimulates the inner ear; saccule and
the cochlea. Sound waves — in the auditory canal — fluctuates the tympanic
membrane, reinforced by the ossicular chain. The stapes footplate transmits
vibrations onto the oval window, resulting in endolymph flow in the vestibule that
stimulates sacculus and cochlea at sufficient sound intensity. ACS depends on a

normal middle ear for sound transmission to the inner ear.

Irregular afferents in the otoliths are highly sensitive to BCV at low thresholds
(Curthoys et al., 2006, Todd et al., 2008b, Chihara et al., 2009), but less so to
sound. Higher thresholds are needed for ACS (Todd et al., 2007, Curthoys and
Vulovic, 2011). The reason why both stimuli — BCV and ACS — activate the
otoliths is most likely the evolutionary theory of a common origin for hearing and
otoliths in vertebrates (Carey and Amin, 2006). In daily life, head displacements

are the normal activator (Karlberg et al., 2003).

8.5 Bone-conducted devices

Different types of bone-conducted devices evoke oVEMP (Rosengren et al., 2010,
Taylor et al., 2012b); a normal tendon hammer is the simplest and most available
device. By tapping on the skull, oVEMPs are recordable. The taps are given
manually; the varying strength of the taps results in different oVEMP morphology
(Rosengren et al., 2009). The tendon hammer does therefore not improve

standardization of the oVEMP method.
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A custom made electro-dynamic exciter (figure 8) — developed for vestibular
research — was introduced as an attempt to standardize hammer tapping
(Brantberg et al., 2008). The electro-dynamic exciter is a solenoid mounted in a
wooden box. On top of the box, is a scaled handle with a double spring system, in
the other end is the box extended with a round bass stud with a diameter of

2.35 cm. The “Skull Tapper” delivers a strong impulse that causes both vibrations

in the skull and head accelerations.

Figure 8. The Skull Tapper (photo by Magnus Westin).

Introduction of the Minishaker (Bruel and Kjaer Model 4810, Denmark) — a
commercial made electro-dynamic with a solenoid and a moving coil — has
improved standardization of the oVEMP method because it delivers constant

linear accelerations (Rosengren et al., 2009).
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8.6  Stimulus site
oVEMP can be evoked from sites located in the midline of the skull, running from
the forehead to the back of the skull, or from the mastoid bones. All sites evoke

oVEMP, but the stimulus site affects the oVEMP morphology.

The mastoids are efficient stimulus sites and good bone conductors, evoking large
oVEMP amplitudes. They have close proximity to the utricle and the direction of
the stimulus is in the plane of the utricle. The mastoid bone is relatively flat and
stiff, which enhances their flexibility compared to midline sites (Stenfelt and
Goode, 2005, Todd et al., 2008b, 2009, Tseng et al., 2011). Due to the normal
constraints of the skull, a Minishaker applied at the mastoid bone, causes linear
accelerations that initially affect the contralateral utricle, followed by backward
linear accelerations that affect the ipsilateral utricle. oVEMPs are evoked and
recorded from both eyes, but the response is strongest from the contralateral
mastoid (Todd et al., 2008a, Govender et al., 2016). The test must therefore be
taken on each mastoid — preferably under identical conditions — to achieve similar

oVEMPs from each side.

Midline sites activate the vestibular labyrinths synchronously and oVEMPs are
immediately recordable from under the eyes. Fz is located in the forehead, about
1/3 of the distance between the nasion and the inion (Agrawal 2013). Fz delivers
consistent oVEMP and is the site most commonly used (Iwasaki et al., 2008b, a,
Lin et al., 2010). The conduction properties are good, due to high bone density in
the forehead (Lin et al., 2010). Occiput — in the back of the skull — is the midline
site that has the shortest distance to the inner ear. o VEMPs are evoked, but the
latency is often longer than in the forehead; explained by thinner bone and

therefore less efficient conduction properties (Lin et al., 2010). We also disfavor
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occiput as a stimulation site in our study due to small responses (Holmeslet et al.,

2011).

Vertex is at the top of the skull and farthest away from the vestibular labyrinths
(Stenfelt and Goode, 2005). The bone is relatively thin and the vertex lacks the
feedback mechanisms found at the other sites. Stimulation at the forehead or the
occiput causes feedback accelerations between each other and between the
mastoids. Such feedback accelerations exist due to the normal constraints of the
skull. The feedback theory does not apply to the vertex, because there is only soft
tissue in the other end and the acceleration most likely just fades out into the soft
tissue (Stenfelt and Goode, 2005). Vertex evokes oVEMPs and seems to share
stimulation properties with the mastoids, but vertex has longer latencies and
smaller amplitudes than the mastoids (Westin and Brantberg, 2014). Vertex show
promising results in the investigation of superior canal dehiscence (Taylor et al.,

2014a, Verrecchia et al., 2016).

8.7 Frequency

The frequency of the given stimulus varies, this also affect the oVEMP response
(Taylor et al., 2012a, Zhang et al., 2012). The frequency is defined as low (< 400
Hz) or high (> 400 Hz) (Stenfelt and Goode, 2005). Low frequencies have long
wavelengths, i.e. the corresponding wavelength is longer than the dimension of
the head. During stimulation the skull and associated low frequency, tend to move
as one unit. Also, the frequency and the direction of the stimuli are in the same
direction at low frequencies (Stenfelt and Goode, 2005). The resonance of the
utricle is ~ 100 Hz (Todd et al., 2008b, 2009), most likely because the utricle is
dominated by irregular afferents that are highly sensitive to low frequency BCV

(Todd et al., 2008b). 100 Hz is reported as the most effective frequency for
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utricular activation (Todd et al., 2008b, 2009, Zhang et al., 2012, Dennis et al.,

2016).

High frequencies have short wavelengths that cause “travelling” waves that go in
different directions within the skull. The waves activate different compartments
(liquid, soft tissues) at different times, and phase out when they meet an anti-
resonance wave (Henry and Letowski, 2007). This is often explained as the
“ringing” effect of the skull or elastic wave propagations around the skull (Todd
et al., 2008b, Jombik et al., 2011). At high frequencies, the stimulus direction is
mainly in the interaural direction irrespective of the frequency (Stenfelt and

Goode, 2005, Henry and Letowski, 2007, Zhang et al., 2012).

At present, no optimal oVEMP frequency has been identified, but 500 Hz is
frequently used and evokes consistent and reliable oVEMP at the forehead
(Iwasaki et al., 2008a, b, Lin et al., 2010). Further testing is needed to determine

one frequency suitable for screening.

8.8 Initial stimulus direction and head acceleration
The initial stimulus direction — positive or negative — of the bone-conducted
device determines the activation of the utricle. Positive initial stimulus motion is
when the outbound signal leaving the bone conductor is directed towards the head
(figure 9). Negative initial stimulus motion is when the outbound signal from the
bone conductor is directed away from the head. The initial stimulus motion
determines which part of the utricle — medial or lateral — that firstly is activated
(Lin et al., 2012). In oVEMP the activation is reflected as a short (negative) or

long (positive) latency time (Holmeslet et al., 2015).
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Figure 9. The figure illustrates the bipolar oVEMP electrode montage underneath
each eye and the reference electrode. The Minishaker is placed at the vertex. The
directions of the initial motions from the Minishaker are illustrated in the outlined
box, initial positive motion is directed towards the head (black line), initial

negative motion is directed away from the head (dotted line).

Initial positive stimulus motion — at the vertex and contra-lateral mastoid — causes
outward linear accelerations and lateral utricular activation. Initial negative
stimulus motion causes inward linear accelerations and medial utricular activation
(Jombik et al., 2011, Westin and Brantberg, 2014). When Fz is used as the
stimulation site, the initial stimulus motion causes opposite head accelerations;
initial positive motion causes inward accelerations and initial negative motion
outward accelerations (Iwasaki et al., 2008b, Cai et al., 2011, Jombik et al., 2011,
Lin et al., 2012, Govender et al., 2016). The medial-lateral activation is most
likely due to the different orientation in the cilia on each side of the striola (Cai et
al., 2011, Jombik et al., 2011), or that the hair cells interpret the opposed
acceleration directions to be different (Todd et al., 2008a). Initial positive stimulus

motion is reported to cause more reliable responses and improved readability of
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amplitudes (Cai et al., 2011). Initial stimulus motion has a more dominant
influence on the evoked oVEMP for the low frequencies (Zhang et al., 2012). The
lateral side in the macula is suggested to be the major activator of tVOR

(Angelaki, 2004).

BCV causes linear head acceleration in a 3-dimensional plane (Hakansson et al.,
1996) (figure 9); the y line (interaural direction); the x line (naso - occipital

direction) and the z line (vertical direction) (Stenfelt and Goode, 2005).

s

Figure 9. The figure illustrates the 3-dimensional linear head accelerations. The

interaural line (y), the naso-occipital line (x) and the vertical line (z).

8.9 Test performance
Several technical issues and procedural factors may affect the oVEMP response.
The subject sits on a chair (vertex) or lies on a bench with the chest elevated 30
degrees (forehead). The skin on the cheeks and sternum is rubbed to remove oil
and dust before electrode mounting, modest skin preparation with 70% isopropyl
alcohol swabs is reported as sufficient (Taylor et al., 2014b). A pair of electrodes
— one passive and one active — is mounted underneath each centered pupil and at
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the proximal part of the sternum (figure 9); accuracy in electrode placement is
important for optimal responses. The impedance (resistance) should be kept < 10
kQ to reduce stimulus artefacts, especially for the BCV oVEMP (Taylor et al.,

2014b).

To set the vestibular labyrinths in a “neutral position”, the head is brought into
Reid’s plane — an imaginary line from the lateral eyehook to the orifice of the ear
— parallel with the floor (Blanks et al., 1975). The subject must center the pupils
and focus on an upper point at the wall in front of the sitting place. Upward gaze
bring the muscle-belly closer to the skin surface and ensures better contact with
the electrodes, thus better recordings of oVEMPs (Rosengren et al., 2005,
Govender et al., 2009, Welgampola et al., 2009, Kantner and Gurkov, 2014). A
band pass filter is added to reduce background noise. The width of band passing
can affect the evoked oVEMP and varies between studies; some keep it low (3-
500 Hz) (Taylor et al., 2014a), other broader (2-2000 Hz) (Holmeslet et al., 2011).
The given stimulus has a rise-duration-fall time and a short rise time is sufficient

for evoking larger oVEMP (Burgess et al., 2013).

In general, VEMP testing is not advised in elderly (i.e. > 65 years), due to the
normal aging process of the inner ear. Studies suggest a hair cell loss of 5-6 % per
decade between 40-90 years ((Bergstrom, 1973a, ¢, Rosenhall, 1973, Welgampola

and Colebatch, 2001).
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9 VEMPs in vestibular diseases

9.1 Vestibular neuritis

Vestibular neuritis is the third most common cause for vertigo with an incidence
of 3.5/100000 (Sekitani et al., 1993) t. Evidence suggests a viral etiology (Hirata
et al., 1989, Hirata et al., 1995, Baloh, 2003). Vestibular neuritis commonly
affects the superior vestibular nerve (Fetter and Dichgans, 1996) or both branches,
while isolated inferior neuritis is rare (Halmagyi et al., 2002, Kim and Kim,
2012). The complementary VEMP methods are excellent to distinguish between
neuritis in the superior (0VEMP) and the inferior branch (c(VEMP) (Iwasaki et al.,

2009, Manzari et al., 2010a, Curthoys et al., 2011).

9.2 Meniere’s disease
Meniere’s disease affects the inner ear, normally only one side. Malabsorption of
the endolymph causes hydrops in the endolymphatic duct or sac and the subject
suffers from attacks (of at least 20-minute duration ) with aural pressure, vertigo,
tinnitus and progressing hearing loss (Paparella and Djalilian, 2002). Recurrent
attacks often occur during several weeks or months, followed by attack-free
periods of variable length and restored vestibular function. Vestibular
investigation is most relevant under or in relation to attacks; oVEMPs and
cVEMPs are reported as abnormal in Meniere’s disease. cVEMP is most relevant
since sacculus is mainly affected (Taylor et al., 2011, Murofushi, 2016). oVEMP
amplitude is reported increased in relation to a Meniere’s attack, while it is

normalized in a quiet phase (Manzari et al., 2010b).
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9.3 Benign Paroxysmal Positional Vertigo (BPPV)
BPPV is the most common reason for vertigo and the estimated one-year
incidence is 0.6% (von Brevern et al., 2007). The incidence increases sevenfold in
subjects > 60 years in relation to subjects < 40 years. Women are affected twice as
often as men. The underlying pathology is unknown, but BPPV is associated with
osteoporosis and migraine; conditions that also affect women more than men
(Brandt et al., 2006). Dislodged otoconia — mainly from the utricle — enters the
canals (commonly the posterior canal) and fleet in one of the arms of the canal
(canalolithiasis) or fastens in the cupula (cupulolithiasis) (Bronstein, 2013). The
diagnosis is mainly based on characteristic history and diagnostic position tests
where nystagmus — in the plane of the positioned canal —is typically observed.
History, clinical investigation and repeated maneuvers are often sufficient to
diagnose and treat BPPV. Studies report that oVEMPs are abnormal, more than
cVEMPs, suggesting utricular involvement (Singh and Apeksha, 2015, Xu et al.,
2016). Increased oVEMP amplitude is also suggested as an objective parameter to
evaluate if reposition maneuvers are successful (Bremova et al., 2013). At present

the role of the VEMP tests in BPPV is not clear.

9.4  Vestibular migraine
The diagnosis vestibular migraine (VM) was recently implemented in the
International Classification Disease (ICD 2010) code register. VM can cause
symptoms in the same manner as other vestibular diseases; the underlying
pathophysiology is often the same as for periphery disorders like Meniere’s
disease. oVEMP and cVEMP tests do not necessarily contribute to discriminate

between vestibular migraine and Meniere’s disease, but frequency tuning in
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cVEMP is reported to possibly increase accuracy of differential diagnostics

(Taylor et al., 2012b, Zuniga et al., 2012, Murofushi, 2016).

9.5 Semicircular dehiscence
Semicircular dehiscence is a congenital disorder of the inner ear. The temporal
bone overlying the superior canal is very thin at birth. The thinning process
proceeds during life, and an open defect — “window” — in the temporal bone is
seen on CT scans. Sound or pressure (Valsalva’s maneuver) triggers vertigo
attacks in the patient. cVEMP and oVEMP are both enlarged in this relatively rare
condition (Brantberg et al., 2004, Brantberg and Verrecchia, 2012, Taylor et al.,

2014a, Manzari et al., 2015, Verrecchia et al., 2016).

9.6  Other diseases
oVEMP and cVEMP have potential to aid investigation of other peripheral and
central disorders. Introduction of cVEMP and oVEMP have given new insight in
the vestibular labyrinth and coherent structures and pure otolith vertigo — that
gives a sensation of lateral tilts in the roll or pitch plane — is recently suggested as
a new diagnosis (Murofushi et al., 2012, Murofushi et al., 2013). VEMPs also
contribute to map the size and location of acoustic neuroma (Brantberg, 2009, Lin
et al., 2014). The VEMP tests can also predict the course of sudden deafness; in
those with normal cVEMP and reduced oVEMP the hearing improved (You et al.,
2014). VEMPs also contribute in the investigation of central disorders like
multiple sclerosis (Shimizu et al., 2000, Murofushi et al., 2001), brainstem
infarction (Itoh et al., 2001, Ahn et al., 2011, Oh et al., 2013, Weng and Young,
2014) and in the different stages of Parkinson disease (de Natale et al., 2015)

(Potter-Nerger et al., 2015).
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10 General aims

oVEMP is a new promising vestibular test, but better standardization of the
method is needed before it can be taken fully into the clinic. A clinical useful test
must be “safe, practical, robust and reproducible” (Halmagyi and Curthoys, 1999).
The overall aim of this thesis was to define if some stimulation sites are more

practical, robust and reliable in response to low frequency BCV than others.

Specific aims:

10.1 Paper one
The aim was to document possible underlying mechanisms after using a skull
tapper to induce strong oVEMP impulses at different sites on the skull in healthy
subjects and in patients with unilateral vestibular loss. The skull tapper activates
the vestibular labyrinth via direction-independent vibration and direction-
dependent head acceleration and the choice of stimulus site may have an impact

on the evoked oVEMP.

10.2 Paper two
The primary aims were to investigate if low frequency BCV vertex stimulation
evokes oVEMP in healthy subjects and in patients with unilateral vestibular loss,
and possibly specify an AR cut-off value. The secondary aims were to explore
what possible effects the initial stimulus motions and use of higher frequencies

have on vertex-evoked oVEMP.

10.3 Paper three
The aim was to calculate an asymmetry ratio in healthy subjects after low

frequency BCV in the forehead and at the vertex, and define which of the two
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sites have the most consistent AR with respect to repeatability, magnitude and

variance in a test-retest situation.

11 Materials and methods

11.1 Study design
The thesis consists of three separate studies. Study one and two are case- control
studies, while the third study includes controls only. The controls for study one
and two are recruited from the colleges and staff at the St. Olav Hospital, Norway
and the Karolinska Hospital, Sweden. In study three, all subjects were recruited at
the St. Olav Hospital. The “cases” were recruited from a well-known “patient
pool” of severe unilateral vestibular pathology at the Yrselsentralen, Karolinska
Hospital in Stockholm. The inclusion of controls started in May 2009 and was
completed in January 2015; separate groups were enrolled over some weeks for
each study. Patient inclusion started in May 2009 and was completed in 2010. The
study was in accordance with the Helsinki Declaration and also approved by the

Regional Committee for Medical Research.

11.2 Inclusion and exclusion
All participants were between 18 — 70 years old, not pregnant or suffering from
any serious disease. For the participants in the control group (all three studies) no
previous history of vestibular disorder was accepted. The participants in the
patient group (study one and two), were selected from a patient pool with well-
known vestibular loss at Karolinska Hospital. The patients were initially
diagnosed with vestibular diseases — Meniere’s disease, acoustic neuroma, sudden

deafness and infections with vestibular symptoms — and treated with
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intratympanic gentamicin, labyrinthectomy or other surgery. Postoperative tests —

caloric test and cVEMP — had confirmed unilateral vestibular loss.

11.3 Recordings

11.3.1 Preparing the subject before testing

Before performing the oVEMP test, the skin underneath each eye, the cheek and
proximal sternum were rubbed with fine sandpaper (Trace Prep, 3M Dot, Ontario,
Canada). The redundant skin was then wiped carefully with cotton gauze. The
subject centered the pupils and elevated the eyes by looking to an upper marked
point placed on the wall in front of them. Adhesive skin electrodes (Neuroline
720, Ambu and Ballerup, Denmark) were fastened to the prepared skin areas in a
line underneath centered pupils and elevated eyes. The upper recording electrode
was placed just underneath the infraorbital margin and the lower recording
electrode approximately 2 cm below. The ground electrode was in most cases
fastened at the proximal sternum (figure 9), but in cases of hairy chest, the soft

tissue above the sternum was used.

11.3.2 Software settings

For stimulus set-up and oVEMP recordings, we used the commercially available
Medelec Synergy Viasys Healthcare system (Warwick, UK), developed for
neurophysiologic testing. The impedance was measured before recording. We
aimed to keep the impedance < 10 kQ and achieve as similar as possible values

from all four electrodes.

The Medelec system delivered a force level re 1N of 115 dB, and the amplifier
(Power Amplifier Type 2718 Briiel and Kjaer) adds an extra 20 dB. The total

given intensity was 135 dB peak-to-peak equivalent force level re 1N; meaning
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that the peak sound pressure level (SPL) was 135 dB (equivalent to 1 pN for the
Minishaker and 150 dB re -1 puN for the wooden box). The peak sound pressure,
expressed as decibel, refers to 1 uPa (units of pressure [pPa]). The rise—duration—
fall time was of 2—8—2 ms for the studies with the Minishaker. The band-pass
filter was set at 4 or 202000 Hz. In the Medelec system, the initial stimulus

motion was decided as positive or negative.

11.3.3 Bone conducted devices

In our first study we used the electro-dynamic exciter, the “skull tapper” (see
6.5.5), which was placed at the mastoids, the forehead and the occiput in
alternating order. The handle was pressed against the skull — in practice when the
armature reached the bass stud. The pressure was monitored by the scaled handle.
The force of the skull tapper to the skull during stimulation was 30 N and the peak
value of the impulse was 33 N (Brantberg et al., 2008). The stimulus rate was 0.5
Hz (eight skull taps lasting 16 s). The electro-dynamic exciter generates sound
that possibly contributes to secondary inner ear activation and the test person

therefore wore ear protections.

In the second and third study we used the Minishaker (see 6.5.5), fitted with a
polyoxymethylene (Delrin) rod (5-mm long, 20-mm diameter) and slightly sloped
in the contact area (1752 mm). The frequency of the stimulus was set to 125-Hz
single-cycle tone-burst and the repetition rate of the stimulus was set to 5 stimuli/s
(one stimulus sequence lasted 12.8 s). The maximum force of the Minishaker is

10 N.

In the second study all healthy subjects were investigated with both positive and

negative initial stimulus motion in alternating order, some of the healthy subjects
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were stimulated at 250 and 500 Hz. In the third study, we only used 125-Hz and

positive initial stimulus motion.

11.3.4 Test situation

The subject was seated; the head was slightly bowed forward and kept in this
position during the stimulus sequence. For forehead stimulation in the third study,
the subject lay down on a bench, with the chest elevated approximately 30°, and
the head slightly bowed forward. For all studies, the subject elevated the centered

eyes (Manzari et al., 2010a) and was encouraged not to blink.

11.4 Statistics

All statistical calculations were performed using IBM SPSS statistics (version
17.0 (study one) and version 21 (study two and three). Sigma Plot software
(version 12) calculated the ROC analyses in study two.

For each study, different statistical approaches were used. The statistical

significant level was p > 0.05 in all analyses.

11.4.1 Study one

We used the analysis of variance (ANOVA) to test for statistical significant
differences in the mean oVEMP response, latency and amplitude at the four
different stimulation sites; forehead, occiput, right and left mastoid, in healthy
subjects and in a group with severely unilateral vestibular pathology. ANOVA is
a general statistical model that is useful to compare means in three or more
groups, and to describe variations among and between groups. The ANOVA
model assumes normal distribution of the data, which was the case for the

latencies. The amplitudes were supposed to follow a normal distribution in a large

46



enough population. For post hoc analysis, we used Least Significant Difference

test.

11.4.2 Study two
In study two, we investigated to what extent BCV at vertex discriminates between

healthy and lesioned ears. We had four continuous outcome parameters —

nl0 latency, p15 latency, n10 amplitude and p-p amplitude — in our analysis

presented as means with standard deviations.

The study had repeated measurements in the same individual, and there was 7 %
missing values in the dataset. We compared the responses in the two groups by
using the Linear Mixed Model. The model is preferred with repeated

measurements in individuals.

We used Akaike’s information criterion to identify the better model. In all
models, the residuals were normally distributed. We defined the AR cut-off value
from ROC (Receiver Operating Characteristics) curves for the n10p15 and the

n10 amplitudes, both with positive initial stimulus motion.

11.4.3 Study three

Three criteria were used to determine the site — vertex or forehead —

with the most consistent AR. We first identified the site with the lowest
repeatability coefficient, second we explored the site with the lowest median AR
and thirdly we defined the site with the least variance. Q—Q plots were used for
visual inspection of data normality. The AR was calculated after subtracting the
response from the left side from that of the right side. By this, ARs could take

both positive and negative values, a signed AR. This procedure is in contrast to

47



the one used in a normal clinical setting where the lowest response is subtracted
from the highest, regardless of side. By this, the AR will always hold a positive
value. The signed AR was normally distributed and these data were subsequently
used in the analysis of variance. We wanted to compare the forehead with the
vertex with respect to the AR value. We pooled the signed ARs and used

Levene’s test to gain statistical power and to compare the variance in the data
between the vertex and the forehead. Levene’s test assumes that the variances are
equal in the populations.

Like study two, this study also contains repeated measurements in an individual.
We used the Linear Mixed Model to analyze the differences of the signed AR at
each site. The fixed effects were the stimulation site, the test sequence and the
type of amplitude. The residuals were normally distributed.

The absolute AR value was calculated to present the results similar to the one
used in the clinic. We presented the absolute values from the three tests and both
stimulation sites in Box-plots. For descriptive statistics, we presented the data
from the first test with 95% confidence interval.

For further analyzes we defined two test conditions. Condition A compares test 1
and 2, which are two following tests without change of electrodes. Condition B
compares test 1 and 3 and mimics a clinical situation where the subject needs to
return to the clinic for new tests. Therefore, the subject had a break between the
two tests before new electrode mounting. The differences of the ARs between the
two test conditions with the corresponding SD were calculated. The differences
were normally distributed. Further, the repeatability coefficient was calculated

from the SD of these differences and multiplied with 1.96. The repeatability
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coefficient indicates where the result between two repeated tests will be found,
with a probability of 95%.

Further, we want to clarify the difference between repeatability and
reproducibility. The repeatability describes the variation in a test under
repeatability- or reproducibility conditions. Under repeatability conditions the test
results are obtained with the same method on identical test items in the same
laboratory by the same operator using the same equipment, within a short interval
of time (ref ISO/TR 24498:2006(en)) — which was the case in study three. We
did not find significant effects in the oVEMP response at any of the two locations
for any of the three tests. Change of electrodes did not influence the oVEMP
response. In contrast, under reproducibility conditions the test results are obtained
by the same method on identical test items in different laboratories with different

operators, using different equipment.

12 Results of the papers

12.1 Paper one

The aim was to document possible underlying mechanisms after using a skull
tapper to induce strong oVEMP impulses at different sites on the skull in healthy

subjects and in patients with unilateral vestibular loss.

We investigated the oVEMP response after stimulating the right versus left
mastoid, the forehead and the occiput with a skull tapper. Typical oVEMPs were
evoked at the forehead and the contra-lateral mastoid in all healthy ears, atypical
oVEMPs with a double-peak was evoked at the ipsi-lateral mastoid and at the
occiput. When a double peak was present, the p15 latency occurred later. There

were no significant differences in latency or amplitude between the forehead,

49



right- and left mastoids. Occiput stimulation showed significant smaller
amplitudes and significantly longer latencies than the response at the three other
sites. However, from our results, we disfavor occiput as stimulation site due to

generally small responses.

12.2 Paper two

The primary aims were to investigate if low frequency BCV vertex stimulation
evokes oVEMP in healthy subjects and in patients with unilateral vestibular loss,
and possibly specify an AR cut-off value. The secondary aims were to explore
what possible effects the initial stimulus motions and use of higher frequencies

have on vertex-evoked o VEMP.

oVEMPs were symmetrically evoked after 125 Hz BCV at the vertex in all
healthy ears, but not in lesioned ears; vertex as stimulation site can be used to
define vestibular hypofunction. The correlation between the n10 amplitude
(baseline to peak) and the n10-p15 amplitude (peak-to-peak) is excellent — 0.934
with positive motion (p < 0.01) and 0.976 with negative motion (p < 0.01) — both
can therefore be used for AR calculation. The AR cut-off value was about 20 %
for both amplitudes and stimulus motions, while ROC estimates an AR cut-off
value at 37 % for the n10-p15 amplitude, and 51 % for the n10 amplitude with

positive initial stimulus motion (specificity 0.98 and sensitivity 0.70).

Initial negative motion caused significantly shorter latencies (p < 0.001) and
initial positive motion had larger amplitudes (not significant). The initial stimulus

direction did not affect the n10-p15 interval.

All healthy subjects responded 100% to 125 Hz and positive stimulus motion and

95% with negative initial stimulus motion. In the group investigated at higher
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frequencies, the response to 250 Hz was 50% (positive motion) and 34.6 %
(negative motion). The response to 500 Hz was 0 % (positive motion) and 20 %
(negative motion). Frequencies > 125 Hz were considered ineffective in evoking

oVEMP at vertex.

12.3 Paper three
The aim was to calculate an asymmetry ratio in healthy subjects after low
frequency BCV in the forehead and at the vertex, and define which of the two sites
have the most consistent AR with respect to repeatability, magnitude and variance

in a test-retest situation.

Each subject had three tests at the forehead and three tests at the vertex. We did
not find significant differences in the AR between the tests. Change of electrodes
did not affect the AR, neither in the forehead or the vertex. To identify the site
with the more consistent AR of the two, we calculated the repeatability
coefficient, which was lowest in the forehead. The median AR was significantly
lower in the forehead (p < 0.005), and there was less variance in the forehead (p <
0.001). By using our three statistical tools, we unambiguously ascertain the

forehead as the best site to obtain a consistent AR.

13 General discussion

13.1 Methodological considerations

13.1.1 Inclusion criteria

The healthy subjects were included among the colleagues and staff at St. Olav

Hospital, Trondheim and at the Karolinska Hospital, Stockholm. Since all
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included controls are from a working place, they are also all between 18-70 years.
However, to include subject < 70 years old is in accordance with previous reports
about weakened oVEMP after the age of 60-70 years (Nguyen et al., 2010, Tseng
et al., 2010, Rosengren et al., 2011, Piker et al., 2013). Evoked oVEMP is
reported in children from two —three years old (Huang et al., 2012, Wang et al.,
2013a), but it was not an aim of our studies to include children under the age of
18. Any previous history of vestibular disorder (healthy subjects) was an
exclusion criterion to avoid interference with the recording data. Vestibular
diseases are often manifested later in life and the subjects in the patients group

were in general older (~15 years) than the healthy subjects.

13.1.2 Sofiware

oVEMP was diminished if the impedance was high or differed much between the
electrodes. In cases of impedance > 10 kQ it was impossible to reduce it despite
careful skin preparation. For all cases, we strived to achieve ~ equal impedance
from each electrode, as that seemed important for symmetrical oVEMP. Just
recently, the impedance has been described to not affect the amplitude or latencies
significantly, but high impedance (limits are not described) might diminish the

oVEMP amplitude (Taylor et al., 2014Db).

A bandpass filter adjusts for electrical background noise in the recorded muscle;
lower limit is classified as a high-pass filter and upper limit as a low-pass filter.
We had a relatively broad bandpass, 20-2000 Hz (study one and two) and 4-

2000 Hz (study three) compared to other studies where 5-1000 Hz is more
commonly used (Rosengren et al., 2010, Wang et al., 2013b). It is suggested that
high-pass filter < 10 Hz and low-pass filter > 1000 Hz allows more low frequency

background noise to pass through and diminish the oVEMP waveform (smaller
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amplitudes and longer latencies) (Wang et al., 2013b). The evoked oVEMP in our
studies might have been affected by the relatively wide bandpass filter we have
used. The optimal bandpass filter is suggested to lie between 1-1000 Hz (Wang et

al., 2013b).

The stimulus’ repetition rate influences the evoked oVEMP response (Chang et
al., 2010); the optimal repetition rate relies on the intensity of the used stimulus.
In her review, Rosengren summarizes that 100-500 repetitions is quite common
for BCV, whereas a tendon hammer only needs 20-50 repetitions (Rosengren et
al., 2010). The Minishaker we used had a repetition rate at 5 Hz (192 repetitions)
while the skull tapper had 0,5Hz (24 repetitions). The repetition rates reported in
our studies should therefore be in accordance with what Rosengren summarizes in

her review.

13.1.3 Test performance

During the test sequence, the subjects gaze upward and fixed the eyes on marked
dots in front of the subject, the test performer judged if the eyes were in position
and kept there throughout the test. Also, whether the head is placed in Reid’s line
is a subjective judgement. The importance of this position is also pointed out by
Verrecchia (Verrecchia et al., 2016). The subject should also keep the eyes as
much elevated as possible during the test. Maximal upward gaze results in the
largest oVEMP amplitudes (Chihara et al., 2007, Iwasaki et al., 2008b, Govender

et al., 2009, Smulders et al., 2009, Murnane et al., 2011).
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13.2 Discussion of results

13.2.1 Study one

The skull tapper is a powerful stimulus and normally less power is needed to
evoke oVEMP (Todd et al., 2008a). The vibration from the powerful skull tapper
is suggested to cause two types of head accelerations in the skull; one that is not
direction dependent and one that is direction dependent (Brantberg et al., 2008,
Brantberg et al., 2009), thus double peaks. The first peak is most likely a direct
result of the vibration and occurs regardless of stimulus site. The second peak
relies on the site and the direction of the head accelerations and occurs only at
those sites where the stimulus direction activates additional vestibular afferents. A
similar double peak is also described in cVEMP with the same skull tapper
(Brantberg et al., 2008, Brantberg et al., 2009). In presence of a double peak, the
nl0pl5 interval was also prolonged, which to some extent also indicates more
vestibular activation. It is suggested that other parts of the vestibular labyrinth
contribute to the oVEMP because afferent nerve fibers also run between the
canals to the Oblique muscle (Uchino et al., 1982), however they are less
responsive to BCV than the irregular afferent nerve fibers from the otoliths
(Curthoys et al., 2006). Further, the scanty connection between the saccule to the
obliquus muscle (Uchino and Kushiro, 2011) is weak and its contribution to the
oVEMP response is most likely insignificant (Curthoys, 2010). We therefore
argue that the direction-dependent n10b peak is a muscular response due to

additional vestibular activation, predominantly from the utricle.

13.2.2 Study two
Vertex evokes typical oVEMP in healthy ears, but the n10 latency is somewhat

longer than other midline sites (Lin et al., 2010). The longer latency in our study
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is in accordance with other studies using low frequency BCV at vertex (Lin et al.,
2010, Taylor et al., 2014a, Verrecchia et al., 2016). Westin et al. have recently
described that stimulation at the mastoids and vertex cause similar head
accelerations within the skull, but the responses are smaller at vertex (Westin and

Brantberg, 2014).

The AR cut-off value varies between studies (table 1), possibly because the
studies have few participants and that clinics use different oVEMP approaches.
The AR defines a limit of normality and is the clinical parameter that is most
important for oVEMP interpretation. Govender et al. show how the AR cut-off
value depends on stimulus conditions. They investigated 22 patients with
vestibularis neuritis and 22 healthy subjects. Three different stimuli were used to
evoke oVEMP; 500 Hz ACS, 500 Hz BCV at the forehead, and BCV to the
mastoids. The AR cut-off value was 57% after ACS and decreased with BCV
(Govender et al., 2015). Twasaki et al. calculated the AR in 11 patients with
unilateral vestibular loss (vestibular neurectomy due to vestibular schwannoma).
They used different BCV stimuli; skull taps with a tendon hammer, mini shaker
(positive - and negative polarity) and a mini tone burst at 500 Hz BCV, all at the
forehead. They calculated similar ARs for all stimuli approaches and averaged the
AR cut-off value at ~ 40% for all test conditions (Iwasaki et al., 2008a, b).
Manzari et al. investigated 133 subjects with unilateral vestibularis neuritis, the
AR cut-off value at 46.5 % was determined by ROC (diagnostic accuracy at 94
%) (Manzari et al., 2010a). Taylor compared 35 normal subjects with 77 patients
with unilateral Meniere’s disease, and used ACS and BCV at the forehead to
evoke oVEMP — the AR cut-off value was suggested ~ 40% regardless of stimulus

condition (Taylor et al., 2011). The AR cut-off value in our second study was 37
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% calculated from the n10p15 amplitude and 51 % from the n10 amplitude
(Holmeslet et al., 2015). From these studies, it seems to be a tendency to set the
AR cut-off limit at ~ 40 %, regardless of stimulus approach. The affected ear is

not always totally damaged, therefore the AR is not 100% for all cases.

Stimuli Site Amplitude Disease AR in AR in
healthy lesioned
subjects subjects

G:500 Hz ACS  Fz pP-p Vestibular 57% 100%

neuritis

G:500 HzBCV  Fz p-p Vestibular 36 % 100%

neuritis

G:500 HzBCV  Mast nl0 Vestibular 46% 100%

neuritis

I. BCV Fz nl0 Vestibular 40% 92%

Schwannoma

M: 500 Hz BCV Fz nl0 Vestibular 46.5% 86,1 %

neuritis

H: 125 HzBCV Vertex p-p Unilateral 37 % 100%

nlo Vestibular 51 %
Loss
T:ACS and Fz nl0 Meniere’s ~40%
BCV disease (39-42%)

G=Govender. [=Iwasaki. M=Manzari. H=Holmeslet. T=Taylor.

Table 1: Studies discussing the AR cut-off value at various stimulus conditions.

We introduce a new method to present grand mean curves; by aligning the first
peak of the individual curves along the time axis, we were able to present curves
with a more realistic shape, and also define more reliable values of the AR with
narrower 95 % confidence intervals (only test 1 in study 3). In our opinion, this is
a better way to achieve realistic values, instead of the more commonly used grand

means curves which tend to smear out the characteristic oVEMP shape.

We report that positive initial motion causes longer latencies than negative
motion. The longer latency is explained by activation of the smaller lateral
utricular macula, while the shorter latency possibly correlates to activation of the
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larger medial macula (Zhang et al., 2012). The evoked oVEMP is influenced by
the initial stimulus motion for lower frequencies (< 400 Hz), while this is of less
importance for the higher frequencies (Cai et al., 2011, Zhang et al., 2012). The
nl0-p15 interval is not affected by the initial stimulus motion. One patient
responded weakly to positive initial stimulus motion, but not to negative. We
know that this was just one patient, but theoretically the shift of stimulus motion

could be used to map the macular response.

oVEMPs were successfully evoked at 125 Hz BCV, while 250 and 500 Hz were
ineffective. This finding is in contrast to other studies, because 500 Hz is the most
commonly used frequency for evoking oVEMPs. However, 250 Hz BCV is
reported to evoke oVEMP just as efficient as 500 Hz at the forehead (Chihara et
al., 2009) and 100 Hz BCV at the mastoids also evokes oVEMPs efficiently
(Todd et al., 2008b, 2009, Zhang et al., 2012). Most studies evoke oVEMPs
sufficiently at 500 Hz regardless of stimulus site, so why did we not achieve that?
The conduction properties at the vertex are suggested less appropriate, because of
the thinner bone and more soft tissue. Higher frequencies cause ringing effects,
activating additional afferents, also the feedback mechanism is weak. We also had
a broad bandpass filter; these are conditions that possibly contribute to diminished
oVEMP responses. 125 Hz is a low frequency that makes the head move as an
unit — ringing effects are avoided — and the frequency is also in line with the
resonance of the utricle (Todd et al., 2009), conditions that possibly favors

utricular activation and better recordable responses.
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13.2.3 Study three

We wanted to minimize systematic errors like oVEMP montage, upward gaze and
random errors like different test personnel and performed our tests under
repeatability conditions. Test personnel affect the oVEMP greatly (Ertl et al.,
2015), thereby allowing for greater variance between results. Further, more
reproducibility studies would most likely determine the precision of AR oVEMPs
under conditions found more often in daily clinical practice. In general, oVEMPs
are reported repeatable (Nguyen et al., 2010); the time interval between our tests
was small, but re-tests with longer time intervals (weeks-months) — or change of
electrodes — do not have significant effects on the oVEMPs (Iwasaki et al.,

2008b).

AR cut-off limits are described on a group level, but applied on individuals. We
have investigated the repeatability coefficient, the magnitude and the variance of
the AR, at two different sites in a test-retest situation. By using the three different
statistical tools, we have investigated aspects related to AR and site that have not
previously been described, aspects that are of great individual importance.

Further, we ascertain the forechead as the preferred stimulus site.

The forehead is previously reported to be consistent and repeatable in response to
BCV (Nguyen et al., 2010). Most other oVEMP test-retest studies (Nguyen et al.,
2010, Piker et al., 2011, Kim and Ban, 2012) — ACS or BCV — use Inter Class
Correlation (ICC) as statistical tool to describe how strongly groups of measures
resemble each other. Often, values smaller than 0.4 indicate poor repeatability,
values in the range 0.4—0.74 indicate fair to good repeatability and values larger
than 0.75 indicate excellent repeatability. We regard ICC analyses to be scaled too

roughly and study results are too often presented without confidence intervals.
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13.3 Strengths and limitations

13.3.1 Strengths

We have investigated how to evoke oVEMP during clinical relevant conditions.
The site used for stimulation must be consistent, reliable and not at least clinical
useful. We have systemically, thoroughly and in a stepwise manner looked into
how stimulus conditions — frequency and stimulus motions — affect the oVEMP
morphology at the different sites. The clinically valuable parameter of oVEMP is
the AR, which we also have estimated and validated. Based on the data in our
three studies, we ascertain the most clinically relevant and consistent site in

healthy subjects and patients.

13.3.2 Limitations

In study two, vertex vibration (at 250 Hz and 500 Hz) did not evoke oVEMP
sufficiently; we could therefore have investigated if this was the same when we
stimulated the forehead. In addition, we could have tested the response at different
band passing filters. We have not measured accelerations within the skull with our

test set up.

13.4 Future perspectives
We should perform tests with narrower bandpass filter to see if we can evoke
sufficient oVEMP at frequencies > 125 Hz. More oVEMP studies for age, gender
and specific vestibular diseases are warranted, and from such studies, AR cut-off
limits should be defined. Different stimulus conditions — initial stimulus motion,
rise-duration-fall time, band pass filter, frequencies and site — may contribute in
the mapping and understanding of various vestibular symptoms and thereby

improve vestibular diagnostic, treatment and rehabilitation approaches.
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14 Conclusion

Paper 1:

The present data support a theory that skull tapping causes a double peak when
the stimulus is applied at specific sites; the first double peak is independent of
stimulus site and occurs due to the vibration from the skull tapper, whereas the
second peak is direction dependent — it depends on the stimulus site and the
direction of the stimulus. The double peak most likely represents activation of

different utricular components.

Paper 2:

oVEMPs in response to 125 Hz vertex vibration is three times larger in healthy
controls compared to patients with unilateral vestibular function loss. The initial

stimulus affects the oVEMP latency and the amplitude.

Paper 3:

The forehead should be used as stimulation site for low-frequency bone-
conducted vibration in the clinic because the site produced significant lower

median AR, lower repeatability coefficients and less variance than the vertex.
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Objective: To explore the mechanisms for skull tap induced ocular vestibular evoked myogenic potentials

Available online 27 July 2010 Methods: An electro-mechanical “skull tapper” was used to test oVEMP in response to four different stim-

ulus sites (forehead, occiput and above each ear) in healthy subjects (n = 20) and in patients with unilat-

Keywords: eral loss of vestibular function (n =10).

X\EEA&P Results: In normals, the oVEMP in response to forehead taps and the contra-lateral oVEMP to taps above
Skull tap the ears were similar. These responses had typical oVEMP features, i.e. a short-latency negative peak
Vibration (n10) followed by a positive peak (p15). In contrast, the ipsi-lateral oVEMP to the laterally directed skull
Translation taps, as well as the oVEMP to occiput taps, had an initial double negative peak (n10 + n10b). In patients
Otolith with unilateral loss of vestibular function, the crossed responses from the functioning labyrinth were

very similar to the corresponding oVEMP in normals.

Conclusions: The present data support a theory that skull tapping may cause both a response that is more
stimulus direction dependent and one that is less so.

Significance: Whereas the stimulus direction dependent occurrence of the negative double-peak might
reveal the functional status of one part of the labyrinth, the rather stimulus direction-independent
response might reveal the functional status of other parts.

© 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Since the early studies by Colebatch and co-workers (Colebatch
and Halmagyi, 1992; Colebatch et al., 1994), testing vestibular
evoked myogenic potentials (VEMP) has gained increased atten-
tion (for review: Welgampola and Colebatch, 2005). Most studies
have dealt with cervical muscular activity within the sternocleido-
mastoid muscle (cVEMP) in response to air conducted sounds, and
this set-up has established itself as a clinical test for saccular func-
tion. However, it has also been demonstrated that skull tap-in-
duced cVEMP, in contrast to sound-induced, depend on two
different stimulus mechanisms; one that is more, and one that is
less stimulus direction dependent (Brantberg et al., 2008, 2009).

VEMP can also be recorded from under the eyes the with a bipo-
lar electrode montage. These responses are called ocular VEMP
(oVEMP) and represent synchronous activity of the extra-ocular
muscles (Rosengren et al., 2005; Todd et al., 2007; Iwasaki et al.,
2007). Both air conducted sounds and bone conducted stimulation

* Corresponding author. Tel.: +47 72575346; fax: +47 72575765.
E-mail addresses: berit.holmeslet@stolav.no, beritholmeslet@hotmail.com (B.
Holmeslet).

were used in the initial studies. It was suggested that the oVEMP
are mainly due to a crossed reflex and that they mainly reflect
activity in the inferior oblique muscle.

In a recent study on healthy subjects, it was demonstrated that
the character of oVEMP in response to impulsive transmastoid
accelerations was determined mainly by the direction of the im-
posed acceleration (Todd et al., 2008). The authors speculated that,
given the nature of the stimuli, utricular afferents were likely to be
powerfully activated. Hence, testing skull tap-induced oVEMP
might, potentially, constitute a means of evaluating utricular func-
tion. This possibility is significant, considering that, at present,
there is no available non-perceptual and easily applicable clinical
test for utricular function.

The aim of the present study was to explore further how skull
tap oVEMP depend on the direction of head acceleration. More spe-
cifically, by tapping the skull on different sites, both in healthy sub-
jects and in patients with only one functioning labyrinth, our aim
was to test whether skull tap oVEMP depend on more than one
stimulus mechanism (which seems to be the case for skull tap-in-
duced cVEMP). Such a finding could be of great significance, be-
cause separation of different oVEMP components might reveal
the status of different labyrinthine functions.

1388-2457/$36.00 © 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2010.06.020
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2. Methods
2.1. The subjects

The study group consisted of twenty healthy subjects, 19—
58 years old (mean age 38.2 years, 12 women and 8 men). Accord-
ing to their own statements, none had any history of vestibular or
neurologic disorders, or any chronic ear disease. Data were also ob-
tained from 10 patients, 32-67 years old (mean age 52.8 years, 4
women, 6 men), with severe unilateral loss of vestibular function.

The ten patients were selected on the basis of their complete
unilateral vestibular loss, either after surgical labyrinthectomy
(one patient with Méniére’s disease), after acoustic neuroma sur-
gery (two patients with small tumors) or after intratympanic gen-
tamicin instillations because of recurrent attacks of vertigo (in four
patients related to Méniére’s disease, in one related to unilateral
deafness after an acoustic trauma and in two related to unilateral
deafness because of parotitis). In all of the seven patients treated
with intratympanic gentamicin, test of caloric response and of
sound-induced cervical VEMP had suggested complete loss of ves-
tibular function in the lesioned ear.

The study was approved by the local ethic committee and all in-
cluded subjects gave their informed consent to participation.

2.2. The oVEMP stimuli

The electro-mechanical skull tapper has previously been de-
scribed in detail (Brantberg et al., 2008). In brief, a pull type linear
solenoid is mounted in a wooden box at the bottom of which there
is a round brass stud (diameter = 2.35 cm). The peak value of the
impulse from the skull tapper, measured on an artificial mastoid
(B&K 4930), is 33 N (=150 dB re 1 uN). The skull tapper also gener-
ated a loud sound and the subjects/patients, and also the test per-
sonnel, wore noise protection during the stimulations.

The subjects/patients were in the sitting position and during the
skull tap stimulation the head was held so that the imaginary line
between the opening of the outer ear canal and the lower margin
of the orbit (Reid’s plane) was close to horizontal. The skull taps
were applied in the midline of the upper forehead and at the occi-
put. Skull taps were also applied approximately 2-3 cm above the
opening of the outer ear canal on the right and the left side. These
skull taps will be referred to as “lateral taps”. Further, only one
stimulation direction, i.e. positive acceleration, was used. The
direction of these stimulations/accelerations will be given by spec-
ifying the site of the tapping, e.g. right side taps caused an acceler-
ation of the right ear medially and the left ear laterally. The force of
the skull tapper on the skull during stimulation was 30 N, and the
skull tapper was held approximately horizontal. Each stimulus se-
quence consisted of three repetitions of 8 skull taps during a 16 s
period (i.e. stimulus rate 0.5 Hz). There was a short break after each
round of 8 taps. The same procedure was used for all four stimulus

Table 1

locations: right side, left side, forehead and occiput. Moreover, the
stimulus order was systematically varied.

2.3. The oVEMP recordings

A Medelec Synergy signal averager was used to measure the
oVEMP. Two-channel recordings of surface electromyographic
activity were obtained using small disc electrodes (Neuroline
720, Ambu, Ballerup, Denmark). For recording, a pair of self-adhe-
sive electrodes was attached beneath each eye, directly below the
pupil. The active (+) self-adhesive recording electrode was placed
close to the infra-orbital ridge, approximately one cm below the
lower eyelid and the reference (—) electrode was placed about
two cm below the first electrode (but, in illustrations, negative
potentials were depicted as upward deflections). The self-adhesive
electrodes were cut to allow the two electrodes to come closer to-
gether. The ground electrode was placed on the uppermost part of
the sternum. Care was taken to minimize skin resistance by gentle
rubbing (Trace Prep, 3M Dot, Ontario, Canada). During recording,
the subject/patient focused on an imaginary point straight ahead
and as high up as possible (while keeping his/her head in the same
position). The subject/patient was instructed not to blink during
the recording.

2.4. Analysis of oVEMP

For analysis of the oVEMP, the unrectified response was ampli-
fied and analogue filtered (passband 20-2000 Hz). The oVEMP la-
tency and amplitude were then measured from each individual
recording. Baseline-to-peak and peak-to-following amplitude were
measured for the first negative peak. This peak has been called n10
and the following first positive has been called p15 (Rosengren
et al., 2005), a nomenclature that will also be used in this presen-
tation. However, as it turned out, there was an extra negative peak
shortly after n10 in response to some of the skull tap stimulations.
This peak will be referred to as n10b. In addition, we computed
grand-mean curves and the amplitude and the latency were also
computed from these curves. Further, grand-mean curves to oppo-
site tapping sites were subtracted (for mid-sagittal taps it was the
forehead from occiput response and for lateral taps it was the con-
tra-lateral from ipsi-lateral response). Our reasoning here was that
any direction-independent response would be common to both of
these responses and therefore removed by subtraction. Hence, the
resulting difference curve should be useful for the demonstration
of direction-dependent responses (Brantberg et al., 2008).

2.5. Statistics
SPSS (version 17.0, IBM, Chicago, Illinois) was used for statistical

analysis. The oVEMP recorded from under the left and the right eye
turned out to be very similar in response to forehead and occiput

oVEMP latency and amplitude in response to skull taps for normals (n =20). For the laterally directed taps (applied above the right and the left ear), the mean values from
recordings below the two ipsi-lateral respectively the two contra-lateral eyes are given. For frontal and occiput taps, the mean values from recordings below the two eyes are
given. Mean # SD and the number of observations (“eyes” = 40) for each value are given. In addition, the corresponding latency and amplitude from the grand-mean curves are

presented within parenthesis.

nl0 n10b pl5 nl10 n10b n10-p15 n10b-p15
latency (ms) latency (ms) latency (ms) amplitude (pV) amplitude (pV) amplitude (pV) amplitude (V)
Lateral tap ipsi-lateral response 83+0.7 9.7+0.5 142 £1.0 8.2+5.7 8.2+45 204 +10.2
39/40 (7.9) 36/40 (9.4) 38/40 (14.1) 39/40 (5.3) 36/40 (4.6) 36/40 (15.1)
Lateral tap contra-lateral response 84+1.2 13.1+1.8 76+53 16.7 £10.6
39/40 (7.8) 39/40 (11.8) 39/40 (4.6) 39/40 (11.1)
Frontal tap 82+1.0 126+£1.7 6.8+5.7 14.6 £10.9 38/40
38/40 (7.8) 38/40 (12.5) 38/40 (4.3) (10.6)
Occiput tap 9.0£1.2 109+1.1 151+1.7 63+3.6 6.2+3.7 13.0£9.0
40/40 (8.1) 36/40 (10.4)  40/40 (153)  40/40 (2.6) 36/40 (3.7) 36/40 (9.6)
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Fig. 1. The grand mean oVEMP of the 20 normal subjects in response to lateral (Fig. 1a) and mid-sagittal taps (Fig. 1b). The responses from under the right eye and from under
the left eye are presented separately. Negative values are depicted upwards. In order to make the latency differences clearly discernible, the two vertical lines show the
latency for the first negative (n10=7.7 ms) and the first positive peak (p15 =11.9 ms) of the left oVEMP in response to a contra-lateral tap. In addition, the third rows
demonstrate the effect of subtraction. In Fig. 1a, oVEMP curves from the eye contra-lateral to the tapping have been subtracted from the ipsi-lateral oVEMP (“Ipsi-Contra”). In
Fig. 1b, oVEMP curves in response to forehead taps were subtracted from the response to occiput taps (“Occiput-Forehead”). Thus, for each eye, curves without n10b peaks are
subtracted from curves with n10b peaks. These subtraction curves clearly demonstrate a negative peak occurring at approximately 10 ms for lateral taps and at
approximately 12 ms for mid-sagittal taps.

taps. These mean responses from the two eyes were therefore used the two contra-lateral oVEMP and the two ipsi-lateral oVEMP were
for further statistical evaluation. In response to lateral taps, both similar. Hence, the mean responses from the two contra-lateral
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eyes as well as the two ipsi-lateral eyes were likewise used for the
statistical evaluation. Differences in oVEMP amplitude and latency
between the four different stimuli sites were assessed using an
analysis of variance model (ANOVA). The Least Significant Differ-
ence test was used for post hoc analysis. A probability of p < 0.05
was considered significant.

3. Results
3.1. Normals

Whereas the oVEMP amplitudes differed between subjects,
there were only small inter-subject latency differences (Table 1).
Thus it seems reasonable to construct grand-mean curves for visu-
alization of the responses (Fig. 1). In response to forehead taps, the
oVEMP recorded from under each of the two eyes was very similar.
There was a short-latency negative peak (n10) followed by a posi-
tive peak (p15). In response to laterally directed skull taps (pre-
sented above the right/left ear) there was, on the side contra-
lateral to the tapping, a very similar oVEMP to that in response
to forehead taps, i.e. a short-latency negative peak (n10) followed
by a positive peak (p15). In contrast, the first negative peak on
the side ipsi-lateral to the tapping was followed by a second neg-
ative peak (n10b). This second negative peak occurred approxi-
mately 1-2 ms after the first negative peak (and before the first
positive peak (p15)). In response to occiput taps, a similar dou-
ble-peak (n10+n10b) was recorded from under both eyes.
Although the separation is not obvious in all grand-mean curves,
these two components of the double-peaks were clearly separated
in most individual recordings (Fig. 2 and Table 1).

In addition to the stimulus site dependent occurrence of n10b,
statistical analysis revealed a significant stimulus site effect on
oVEMP amplitudes (p < 0.001). Post hoc analysis showed the n10
amplitude to be significantly smaller for occiput taps compared
with the ipsi-lateral response to lateral taps (p < 0.05). There was
also a statistically significant stimulus site effect on oVEMP laten-
cies (p < 0.001). Post hoc analysis suggested that the n10 latency to
occiput taps was longer compared with the other stimulus sites
(p <0.001 compared to frontal taps; p < 0.05 compared to the con-
tra-lateral response to lateral taps; p < 0.01 compared to the ipsi-
lateral response to lateral taps). Hence, the post hoc analysis sug-
gested that most of these stimulus site effects were related to a dif-

Right oVEMP

Right Side

Occiput

-5pv
+5pv 10ms

|
tap /WW
|

o W MW\m

ferent response to occiput taps. Consequently, it is suggested that
the normals’ oVEMP to frontal and right/left taps are very similar
(except for the absence/presence of the n10b peak). Nevertheless,
the positive peak (p15) did occur later whenever it was proceeded
by a double negative peak compared to when it followed a single
peak (p <0.001 for occiput taps compared with both frontal taps
and the contra-lateral response to lateral taps; p <0.01 for the
ipsi-lateral response to lateral taps compared with frontal taps;
p < 0.05 for the ipsi-lateral response compared with the contra-lat-
eral response to lateral taps).

3.2. Patients

In patients, there were no obvious oVEMP from the eye on the
side opposite to the lesioned labyrinth, i.e. recorded from under
the eye on the healthy side, in response to taps on any of the four
sites (Fig. 3). However, the oVEMP on the side opposite to the func-
tioning labyrinth had features that were very similar to the re-
sponse among the normals (Table 2 and Fig. 3). oVEMP
recordings from this side consisted of a single negative early peak
(n10) followed by a positive (p15), both in response to forehead
taps and lateral taps above the healthy ear (which is an analogous
finding to those for the normals). In response to lateral taps over
the lesioned ear there was a double-peak (n10 + n10b) ipsi-later-
ally, which is also analogous to the findings for the normals. Like-
wise, the patients “crossed” response to occiput taps also
suggested a double-peak.

4. Discussion

In the present study it was found that skull tap oVEMP are to
some extent dependent on the stimulus site, both in the mid-sag-
ittal and the lateral plane. There was a double negative early peak
(n10 + n10b) from the ipsi-lateral eye to lateral taps and from both
eyes to occiput taps. There was a single negative early peak (n10)
from the contra-lateral eye to lateral taps and from both eyes to
forehead taps. Consequently, a stimulus direction dependent
mechanism is suggested as the cause for the negative “extra peak”
(n10b). The same stimulus site dependency was seen in patients
with only one functioning labyrinth (in recordings from the eye
opposite to the functioning labyrinth). Further, the latency of the

Left oVEMP

Fig. 2. Individual oVEMP recordings in one of the normal subjects. Note the double-peaks (n10 + n10b) from the ipsi-lateral eye to lateral taps and from both eyes to occiput
taps. Note also a single peak (n10) from the contra-lateral eye to lateral taps. Stimulus onset is indicated by the dashed lines.
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Fig. 3. The grand mean oVEMP for the ten patients with severe unilateral loss of vestibular function. Data are presented as in Fig. 1 (and the two vertical lines depict the same

latencies, 7.7 and 11.9 ms, respectively, as in Fig. 1).

first positive peak (p15) was not just related to the n10 peak. The 4.1. The mechanism for n10

p15 occurred later whenever there was a double negative peak

as opposed to when there was a single peak. This finding suggest In addition to the stimulus site dependent occurrence of the
that n10b truly represents an electromyographic signal, and not n10b, there also seem to be oVEMP responses to skull taps that
just electroencephalographic or electro-oculographic activity. are not so stimulus site dependent. The latency and amplitude of
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Table 2

oVEMP latency and amplitude in response to skull taps in patients with unilateral loss of vestibular function (n = 10). Data are presented as in Table 1, however, in patients the
data represent only oVEMP from recordings under the opposite eye (“eyes” = 10) to the functioning labyrinth (i.e., from under the eye on the lesioned side).

nl10 n10b p15 n10 n10b n10-p15 n10b-p15 amplitude (pV)
latency (ms) latency (ms) latency (ms) amplitude (pV) amplitude (pV) amplitude (pV)
Lesioned side tap 8.4+03 9.6 £0.6 13.8+04 8.8+3.0 8.0+3.8 19.6+8.4
9/10 (8.2) 9/10 (9.7) 9/10 (14.0) 9/10 (5.0) 9/10 (5.8) 9/10(17.1)
Healthy side tap 89+28 123+34 8.0+38 143 +£6.6
9/10 (8.2) 9/10 (11.9) 9/10 (3.8) 9/10 (10.0)
Frontal tap 8.8+0.6 125+0.6 92+37 19.5+8.1
7/10 (8.5) 7/10 (12.7) 7/10 (5.0) 7/10 (13.0)
Occiput tap 104+1.4 11.7+£1.7 149+18 57+22 58+4.1 15.9+10.3
10/10 (8.9) 8/10 (12.5) 9/10 (17.0) 10/10 (1.1) 8/10(2.7) 7/10(8.3)

the n10, in both normals and patients, was rather similar to both
frontal and right/left side lateral taps. This suggests a less stimulus
direction dependent mechanism, possibly bone vibration, to be of
importance for the n10 peak.

The n10 peak did, however, differ in one respect. It was smaller
and it occurred later in response to occiput taps. Similar findings to
mid-sagittal taps have recently been reported by Lin and co-work-
ers (Lin et al.,, 2010). They found occiput (inion) taps to cause n10
peaks with longer latencies compared to forehead taps. There was
speculation as to whether this difference was due to differences in
conduction velocity, because the latency alteration was unrelated
to the distance between the stimulus sites and the vestibule. The
same authors also found n10 amplitudes to be smaller for occiput
taps, at least in comparison to taps at the nasion. A study on cVEMP
also showed the response to occiput taps to have longer latencies
compared to forehead taps (Brantberg et al., 2008). In view of the
fact that n10 both occurs later and has a smaller amplitude, it is
suggested that occiput taps might not be the most favorable stim-
ulation site for testing the n10 of the oVEMP. Whether other mid-
line taps or lateral taps are the better for clinical testing is
probably, at present, not known. On the one hand, midline taps
are likely to stimulate both labyrinths equal; on the other, with lat-
eral accelerations it is possible to cause different directionally spe-
cific responses from each of the two labyrinths.

There is, at present, an ongoing discussion as to the origin for
the n10 peak of oVEMP (Colebatch, 2010; Curthoys, 2010). Recent
studies have demonstrated that the n10 peak of the oVEMP is dis-
tinguished from the R1 of the blink reflex (Chihara et al., 2009;
Smulders et al., 2009). The n10 peak not only has an earlier onset,
it also differs with regard to laterality, modulation by gaze position
and patient groups. Further, animal experience has shown that
irregular otolithic primary neurons are selectively activated by
bone-conducted vibration (Curthoys et al., 2006). Many of these
neurons originate from the utricular macula and they also pass
though the superior division of the vestibular nerve. In addition,
electrical stimulation of the nerve from the utricular macula in
the cat has been shown to activate the contra-lateral inferior obli-
que muscle (Suzuki et al., 1969).

Human studies do also support a utricular origin for n10 in re-
sponse to certain bone conducted stimuli (Todd et al., 2008; Iwasa-
ki et al., 2009; Halmagyi and Carey, 2010). However, this oVEMP
peak is not just evoked by bone vibration, but can also be evoked
by air conducted sounds, i.e., suggesting a less stimulus direction
dependent mechanism for n10. Based on known weak saccular-
ocular projections and clinical studies demonstrating absence of
n10 in most patients with superior vestibular neuritis, some
authors suggest n10 to be predominately a utricular response
(Curthoys, 2010). Others suggest that oVEMP to sounds could be
due to saccular activation (Colebatch, 2010), i.e., different oVEMP
mechanism for sound compare to some bone-conducted stimula-
tions. Recent studies give support for such a possibility. Sound

and bone vibration evoke different ocular movements and
frequency tuning to sound and bone vibration is also different for
oVEMP (Todd et al., 2007, 2009). Further, the interpretation that
n10 to sounds could be of saccular origin must not be in conflict
with findings of absent oVEMP in patients with superior vestibular
neuritis. This could be explained by convergence between saccular
and utricular pathways underlying the projection to the inferior
oblique muscle. Removal of tonic facilitation from the utricular in-
put might then leave the remaining saccular input sub-threshold
for producing oVEMP (Colebatch, 2010).

4.2. The mechanism for n10b

Stimulus direction dependent oVEMP in response to impulsive
transmastoid accelerations have recently been demonstrated
(Todd et al., 2008). When using inferior electrode positions and
up-gaze, the response to the same principal head acceleration as
in the present study caused an initial negativity from the contra-
lateral eye and a delayed negativity from the ipsi-lateral eye. Those
authors also noticed a double negative peak in the ipsi-lateral
oVEMP in some subjects, i.e. a similar double-peak with the same
polarity as in the present study. However, it seems that the first
negativity was larger in our study compared to theirs. Theoreti-
cally, this could be due to differences in the nature of the stimulus
used. The peak value of the impulse from our skull tapper was
33N, whereas the output from their “Minishaker” was 3.6 N.
Although “our” skull tapper has been useful for exploring the
two mechanisms for VEMP (Brantberg et al., 2008, 2009), the re-
cent report from Todd et al. suggests that such a strong stimulus
might not be necessary for testing VEMP (Todd et al., 2008). Conse-
quently, the impulsive transmastoid accelerations we used should
probably not be recommended for clinical routine testing. Further,
in the study by Todd et al., care was taken to minimize any angular
accelerations to the laterally directed linear impulse stimuli. In the
present study, we used the same stimulus sites that were previ-
ously used to demonstrate that cVEMP depend on two different
stimulus mechanisms (Brantberg et al., 2008, 2009), i.e. stimuli
that were also likely to cause some angular head accelerations.

Then what might the origin for the n10b be? A blink reflex ori-
gin for n10b seems less likely for similar reasons as for the n10. In
addition, n10b peaks were absent for forehead taps but present for
occiput taps. The occiput is outside the distribution of the trigem-
inal nerve and such stimulations do not cause blinks to tactile
stimulation (and influence from acoustic blink reflexes can be ru-
led out due to their much longer latency (Aramideh and Ongerboer
de Visser, 2002)). Further, oVEMP are known to be critically depen-
dent on gaze direction (Rosengren et al., 2005). The present nor-
mals/patients were instructed to look up and straight ahead
during testing. An involuntary change of gaze, for example related
to whether skull taps were applied to the right or left side, could
theoretically have influenced the oVEMP. However, in view of the
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fact that the first peak (n10) changed very little between right and
left skull taps, it can be concluded that a change of gaze direction
was not the cause for the n10b. It should also be pointed out that
an analogue filter with a passband of 20-2000 Hz was used in the
present study. A filter with a lower cut-off frequency could have
obscured the double-peak by merging the two peaks.

In agreement with previous studies, the oVEMP seems to be
caused almost entirely by contra-lateral labyrinthine activation.
In the present patients with unilateral vestibular lesions, both
n10 and n10b were absent on the side contra-lateral to the lesion.
Hence, a labyrinth origin (also) for n10b is suggested. Further, as
regards which part of the labyrinth, a semicircular canal contribu-
tion can probably not be ruled out for the n10b response. The ap-
plied stimuli probably caused angular head accelerations and thus
excited the semicircular canals. Animal experiments also suggest
that anterior semicircular canals have excitatory pathways to the
contra-lateral inferior oblique muscle (Uchino et al., 1982). How-
ever, in the study by Todd et al., care was taken to minimize any
angular accelerations to the laterally directed linear impulse stim-
uli. Nevertheless, they also noted, as mentioned above, a similar
stimulus direction dependent oVEMP as the one we refer to as
n10b. This may suggest an otolithic rather than a semicircular ca-
nal origin for n10b. Further, whereas the saccule is known to have
only sparse connections to extra-ocular muscles, the utricle is
known to have connections to the contra-lateral inferior oblique
muscle (Suzuki et al., 1969). This might suggest a utricular origin
for n10b. The utricule also has a structure which is consistent with
different responses to the two directions, i.e. one response repre-
senting excitation of the medial part and one response represent-
ing excitation of the lateral part.

4.3. Summing up

It is suggested that not only cVEMP, but also oVEMP, are a
summed response of two different stimulus mechanisms, one
more and one less stimulus direction dependent. For cVEMP, the
less direction dependent mechanism seems to depend on saccular
function and it causes an ipsi-lateral inhibition. The more direction
dependent cVEMP seem to be related to utricular function and to
cause both an ipsi-lateral inhibition and a contra-lateral excitation
(Brantberg and Tribukait, 2002; Brantberg et al., 2008, 2009;
Rosengren et al., 2009). For oVEMP, a direction dependent mecha-
nism seems to cause the delayed contra-lateral excitation (n10b).
The exact labyrinthine origin for this is, at present, probably not
known but it might also be utricular. Finally, the origin for the less
stimulus direction dependent first contra-lateral excitation (n10
peak) is under debate.
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ABSTRACT

Objective: To investigate low-frequency vertex bone-conducted (BC) vibration for evoking ocular vestib-

ular myogenic potentials (0VEMPs) and its ability to discriminate between lesioned and healthy ears.

Methods: oVEMPs were analysed in response to 125-Hz single cycle vertex BC vibration in healthy

subjects (n = 50) and in patients with severe unilateral vestibular loss (n = 10). Both positive and negative

initial stimulus motions were used.

Results: In most healthy subjects, vertex BC vibration oVEMPs was successfully and symmetrically

evoked from both ears. The response was dependent on the direction of the stimulus motion. The latency

was shorter with negative initial stimulus motion; however, a positive initial stimulus motion generated

somewhat larger amplitudes. Furthermore, there was no significant response from lesioned ears, whereas

oVEMPs from the patients’ healthy ears were similar to the responses in healthy subjects.

Conclusion: The oVEMP low-frequency BC response was dependent on the direction of the initial stimulus

motion. Testing oVEMPs in response to low-frequency vertex vibration can discriminate patients with

unilateral vestibular function loss from healthy controls.

Significance: Low-frequency vertex BC vibration oVEMPs should be considered a possible clinical screen-

ing test to evaluate vestibular function.

© 2014 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

Efficient and informative clinical tests to investigate vestibular
function are useful for diagnosing vestibular disease. The measure-
ment of vestibular evoked myogenic potentials (VEMPs) has made
it possible to evaluate parts of the balance organs that were previ-
ously not easily accessible. Cervical VEMPs (cVEMPs) are used to
evaluate the functions of the sacculus and inferior vestibular nerve
(non-crossed vestibulo-collic reflex) (Rosengren et al., 2005).

* Corresponding author. Tel.: +47 93401826; fax: +47 72575765.
E-mail address: Berit.Holmeslet@ntnu.no (B. Holmeslet).

http://dx.doi.org/10.1016/j.clinph.2014.06.027

Recently, ocular VEMPs (oVEMPs) have been reported (Iwasaki
et al., 2007; Rosengren et al., 2005; Todd et al., 2007). An oVEMP
is a short-latency, biphasic, negative-positive reflex (crossed ves-
tibulo-ocular reflex) that mainly represents vestibular functions
of the utricle and superior vestibular nerve (Todd et al., 2007).
oVEMP testing is therefore suggested as a complementary method
to evaluate vestibular function.

There is no established consensus on an optimal procedure for
testing oVEMPs and previous studies described varied stimulus
conditions. oVEMPs can be evoked by air-conducted (AC) sounds
or BC vibrations, but the latter are considerably more powerful
(Curthoys et al,, 2011; Rosengren et al, 2005). Most previous

1388-2457/© 2014 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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oVEMP studies were performed with 500-Hz BC vibrations
(Chihara et al., 2009; Iwasaki et al., 2008a,b; Lin et al., 2010,
2012; Manzari et al., 2010; Rosengren et al., 2009). However, fre-
quencies below 200 Hz are capable of evoking oVEMPs (Chihara
et al,, 2009; Todd et al., 2008; Zhang et al., 2012), and frequencies
as low as 100 Hz are reported to be most effective for evoking
oVEMPs in response to mastoid stimulation (Todd et al., 2008,
2009b; Zhang et al., 2012). It has also been shown that the direc-
tion of the initial stimulus motion affects oVEMP latency and
amplitude (Cai et al., 2011; Jombik et al., 2011). The most common
stimulation sites are the mastoids and the forehead midline; other
midline sites (vertex, occiput) are less common.

As an anatomical stimulus site, the vertex has several clinical
advantages. The test is performed with the subject in a sitting
position, which makes the standard BC stimulation easy with
regard to head position and stimulus direction. However, little is
known about the advantage of this site for vestibular testing.
Consequently, the aim of this study was to investigate the vertex
as a site for clinical vestibular function testing. We investigated
the abilities of different frequencies to evoke oVEMPs and the abil-
ity to discriminate between patients with unilateral vestibular
function loss and healthy controls.

2. Methods
2.1. Subjects

Two groups of subjects were assessed.

The control group included 50 healthy individuals (mean age
46.8 years, range 23-63, 25 women and 25 men). According to
their own statements, none of them had any history of chronic
ear disease or vestibular or neurologic disorders.

The patient group comprised 10 patients with severe unilateral
vestibular loss (mean age 61.6 years, range 52-70, 3 women and 7
men). One patient had undergone small acoustic neuroma extirpa-
tion. The other nine patients had received treatment for severe
recurrent vertigo attacks. Seven of them were locally treated with
gentamicin. Of these, five had vertigo attacks because of Méniére’s
disease, one had vertigo attacks related to an intralabyrinthine
acoustic neuroma and one had vertigo attacks related to sudden
idiopathic hearing loss. The two remaining patients with recurrent
vertigo attacks suffered from Méniére’s disease and had undergone
labyrinthectomy. All patients submitted to post-treatment caloric
and cVEMP testing, and the results suggested severe loss of vestib-
ular function in the lesioned ear and normal vestibular function in
the other ear. The patient group in this study is the same patient
group reported by Westin and Brantberg (2014). The study was
approved by the local ethical committees in Trondheim and
Stockholm. All included individuals provided informed consent to
participate in accordance with the Helsinki Declaration.

2.2. oVEMP stimulation

A commercially available handheld BC vibrator (Minishaker
4810, Briiel and Kjaer, Naerum, Denmark) was used for stimula-
tion. It was fitted with a 55-mm long, 20-mm diameter rod made
of polyoxymethylene (Delrin). The end of the rod was slightly
sloped, and the surface of the flat end had a contact area of
175 mm?2. BC stimuli signals were generated by a commercially
available system for evoked responses (Medelec Synergy Viasys
Healthcare, Warwick, UK). The stimulus intensity was 135 dB
peak-to-peak equivalent force level re 1 uN. The force was
achieved from programming the Medelec to 115 dB and adding
20 dB with an amplifier (Power Amplifier Type 2718 Briiel and
Kjaer). The repetition rate was 5 stimuli/s, and one stimulus

sequence lasted 12.8 s. The sequence was repeated three times
with a short break in between, for a total of 192 stimuli to each
participant for each stimulus mode. oVEMPs were recorded in
response to a 125-Hz single-cycle tone-burst (duration 8 ms) and
in response to 250- and 500-Hz tone bursts with a rise-dura-
tion-fall time of 2-8-2 ms.

All subjects were tested with 125-Hz (n = 50). In addition, some
of the controls were tested with 250- (n =26) and 500-Hz (n = 5).
The stimulus order was systematically alternated to avoid bias.

Positive and negative initial stimuli motions were assessed in
all participants. The positive and negative initial stimuli motions
were directed towards and away from the head, respectively
(Fig. 1, box).

During stimulation and recording, the participant’s head was
orientated so that Reid’s line (an imaginary line from underneath
the eye to the orifice of the ear) was close to the horizontal. The
subject gazed forward and upward during each test sequence. Par-
ticipants were encouraged not to blink. The device was placed at
the vertex and held there with no additional force applied (static
force = 10 N) (Fig. 1).

2.3. oVEMP recordings

Small self-adhesive skin electrodes (Neuroline 720, Ambu and
Ballerup, Denmark) were used to record responses. Two pairs of
electrodes were placed underneath each eye along an imaginary
vertical line underneath the pupils. The active electrode was placed
in the area of the infra-orbital ridge, approximately 1 cm below the
lower eyelid, and the reference electrode was placed approximately
2 cm below the active electrode. The ground electrode was placed
superiorly on the sternum (Fig. 1). To minimize resistance, the skin

Negative initial stimulus motion

Positive initial stimulus motion

Fig. 1. The oVEMP experimental setup. Two pairs of electrodes were vertically
placed under the subject’s pupils, and a ground electrode was placed proximally at
the sternum. During the stimulation sequence, the subject was asked to keep their
eyes elevated. The head is held in a position so that Reid’s line (an imaginary line
from underneath the eye to the orifice of the ear [horizontal hatched line]) is close
to the true horizontal. The Minishaker was placed at vertex and kept there with no
additional force except the sideway support from the test personnel’s hand. In the
highlighted box, a single 125-Hz cycle for the positive (black line) and negative
(dashed line) initial stimulus motions are shown.
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was prepared by gentle rubbing with very fine sandpaper (Trace
Prep, 3M Dot, Ontario, Canada) and the impedance was kept below
8 kQ in most cases. The recorded oVEMPs were processed with a
Medelec Synergy signal averager.

2.4. oVEMP analysis

For oVEMP analysis, the unrectified response was amplified and
analog filtered (Bandpass 20-2000 Hz). The oVEMP latency and
amplitude were measured from each individual recording.
According to Rosengren’s nomenclature (Rosengren et al., 2005),
the first negative peak was referred to as n10, and the following
positive peak was p15. The n10 and p15 latencies and the
n10p15 (peak-to-peak) and n10 (baseline-to-peak) amplitudes
were noted. The recordings were exported to, and analyzed by, a
custom-made analysis program (Labview 8.6, National Instru-
ments, Austin, TX, USA). Moreover, for each subject, an asymmetry
ratio (AR) for oVEMP amplitude was calculated as the difference
between the larger and smaller amplitudes, regardless of side,
divided by the sum: AR (%) = ([amplitudeyger — amplitudesmaier]/
[amplitudeyarger + amplitudesmaiier] x 100).

Receiver operating characteristic (ROC) analyses were
employed to determine the AR’s ability to discriminate between
patients and controls.

2.5. Statistics

The four outcome variables (dependent variables) were contin-
uous. The dataset had 7% missing data with no consecutive
replacement of missing values. Q-Q plots were used to examine
data distributions. The latency data were found to be normally dis-
tributed and are presented as means and standard deviations
(SDs). The amplitude data and AR (%) were nearly normally distrib-
uted, and they are also presented as means with SDs.

Linear mixed models were used to compare responses within
individuals in the control group and between the control and
patient groups. Akaike’s information criterion was used in model
comparisons to identify the most parsimonious models (Chang
et al,, 2010). The following significant covariates were ultimately
included when comparing the left and right responses in the con-
trol and patient groups: (a) for the n10 latency time, covariates
none; (b) for the p15 latency time, covariate n10 latency time;
(c) for the n10p15 amplitude, covariates n10 latency time and
n10 amplitude; and (d) for the n10 amplitude, covariate n10
latency time. The residuals were normally distributed in all mod-
els. Two ROC curves were calculated, one for the n10p15 amplitude
and one for the n10 amplitude, both with positive initial stimulus
motion. Differences were considered statistically significant at
p<0.05. IBM SPSS statistics software (version 21) was used for
the statistical analyses, except for the ROC analyses, which were
performed with SigmaPlot software (version 12).

3. Results
3.1. The effect of frequency

In the control group, the response rates for positive initial stim-
ulus motion were 50% (26/52 ears) and 0% (0/10 ears) for 250- and
500-Hz BC vibration, respectively. The values for negative initial
stimulus motion were 34.6% (18/52 ears) and 20% (2/10) for
250- and 500-Hz BC vibration, respectively. Consequently, these
frequencies were considered ineffective in evoking oVEMPs. The
following oVEMPs results were recorded in response to 125-Hz
single-cycle tone-bursts.

3.2. Control group

There was a 100% response rate for positive initial stimulus
motion from both ears. For negative initial stimulus motion, the
response rate was 95%; two subjects did not respond from either
ear, and one subject only responded to right ear stimulation
(Table 1). There were no significant differences in the control sub-
jects with regard to latency or amplitude between the two sides
(Table 2). Therefore, mean values from the right and left ears were
used when comparing control and patient data. The mean n10
latencies were significantly shorter for negative initial stimulus
motion than for positive initial stimulus motion (p < 0.001). The
mean p15 latency was also shorter for negative initial stimulus
motion, but the difference was not significant. The n10 to p15 time
interval was not significantly affected by the direction of the initial
stimulus motion. However, the amplitudes were somewhat larger
for the positive initial stimulus motion (Fig. 2, Table 2).

The mean AR (%) was slightly lower for the positive initial stim-
ulus motion compared to the negative initial stimulus motion
(Table 1).

The Pearson correlation coefficients for the n10p15/n10 ampli-
tudes in response to positive and negative initial stimulus motion
were 0.934 (p <0.01) and 0.976 (p < 0.01), respectively.

3.3. Patient group

The response rate from the patients’ healthy ears was 100% for
both stimulus motions. The negative initial stimulus motion
caused shorter latencies, and there was a tendency toward larger
amplitudes for the positive initial stimulus motion (Fig. 2, Table 3).

There were no responses in 9/10 lesioned ears (recorded from
the eye contralateral to the lesioned ear). One patient weakly
responded to positive but not negative initial stimulus motion.

3.4. Patients versus controls

There were no significant differences in oVEMPs between con-
trols and the healthy ears in the patient group (Table 4).

3.5. ROC curve analysis

The areas under the ROC curves for positive initial stimulus
motion were 0.92 and 0.91 for the n10p15 and n10 amplitudes,
respectively. There was no significant difference between the areas
(p =0.67). The best threshold value was 37% for the n10p15 ampli-
tude, resulting in a specificity of 0.88 and a sensitivity of 0.80. For
the n10 amplitude, the best threshold value was 51%, yielding a
specificity of 0.98 and a sensitivity of 0.70 (Fig. 3).

4. Discussion

Our results demonstrate that low-frequency vertex BC vibration
successfully evokes oVEMPs. The negative initial stimulus motion
shortened n10 latency compared to the positive initial stimulus
motion. However, all subjects responded to the positive motion,
and the amplitude showed a stronger response compared to the
negative motion. We also found that the AR was able to discrimi-
nate between healthy and lesioned ears. Either the n10p15 or
n10 amplitude can be used to categorize a subject’s oVEMP ampli-
tude as within or outside the normal symmetry range considering
the high correlation between the two amplitude measurements.
The controls had a mean AR +2 SD of approximately 50%; there-
fore, when the oVEMP amplitude is at least three times larger in
one ear compared to the other, then it should be considered to
be outside the normal symmetry range and thus asymmetric.
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Table 1

Descriptive data of the oVEMP latencies, amplitudes, and amplitude asymmetry ratios (ARs) in response to 125-Hz BC vibration at the vertex with positive and negative initial
stimulus motion in the controls (n = 50). The values are the means (averages of the recordings from both ears) and the standard deviations (SDs).

Initial stimulus  n
motion (125 Hz)

n10 latency (ms) p15 latency (ms) n10p15 amplitude m(pV) n10 amplitude (LV) AR (%) n10p15 amplitude AR (%) n10 amplitude

Positive (+)
Negative (—)

50/50  14.3 (2.4)
47.57/50 12.6 (2.1)

18.7 (2.5)
17.0 (2.4)

10.0 (6.2)
9.4 (6.9)

42(2.9)
3.8 (3.1)

209 (13.9)
19.6 (18.6)

213 (152)
22.5(21.3)

2 There were 48 oVEMP responses from the right ear and 47 from the left ear, yielding a mean value of 47.5.

Table 2
The oVEMP results from the left and right sides and the two different directions of the initial stimulus motion in the control group. These data were analyzed in a linear mixed
model (LMM) to evaluate differences between the two sides (p side) and the effect difference in stimulus direction (p direction). *The direction of the initial stimulus motion
affects the latency of the first peak (n10), and therefore the latency of the second peak (p15). This p value indicates that the n10 to p15 time interval is not affected by stimulus
motion.

n10 latency (ms) p side p direction p15 latency (ms) p side p direction n10p15 amplitude (1V) p side p direction n10 amplitude (uV) p side p direction

Left+ 142 18.6 4.4 103
Right + 14.4 18.8 3.9 9.7
0.795 <0.001 0.222 0.809" 0.465 0.949 0.179 0.922
Left — 12.7 17.0 3.9 9.5
Right — 12.7 17.2 3.6 9.4

Positive initial stimulus motion Negative initial stimulus motion

— Right side
nwo ' o Left side
Controls 3'\/\'&\/ T b \ /\ 7
(n=50) § i ¥ -
' -4 uv pis
pis ;
10ms|
— Healthy side
+4uv Yy Lesioned side
Patients
(n=10) !
A A
Stimulus Stimulus
start start

Fig. 2. Grand mean oVEMP for the 50 controls and 10 patients with univestibular loss after positive and negative initial stimulus motion, respectively. For the control
subjects, the black and gray lines are the responses recorded from the right and left eyes, respectively. For the patients, the black and gray lines indicate the crossed responses
from the healthy and lesioned ears, respectively (i.e. recorded from the eye opposite the healthy or lesioned ear).

Table 3
Descriptive data of the oVEMP latencies and amplitudes from the patients’ healthy ears (n = 10) in response to 125-Hz BC vibration. The values are the means (SDs).

Initial stimulus motion (125 Hz) Side n n10 latency (ms) p15 latency (ms) n10p15 amplitude (V) n10 amplitude (puV)
Positive (+) Healthy side 10/10 14.7 (1.2) 19.3 (1.8) 13.2 (8.5) 5.5(3.7)
Negative (—) Healthy side 10/10 11.3(1.2) 154 (1.8) 8.4 (6.1) 33(21)

ROC analysis of the oVEMP amplitudes may also support a thresh-
old value of approximately 50%.

4.1. Why vertex as stimulus site?

Clinical oVEMP testing in response to BC vibration is a new and
fast evolving field. At present there is no consensus regarding the

optimal stimulus site. Most prior reports concern oVEMP in
response to mastoid stimulation or at different midline sites, espe-
cially Fz. Compared with other midline sites, vertex have both cons
and pros. Vertex has been reported to cause oVEMP with lower
amplitude compared with Fz (Lin et al., 2010). However, BC vibra-
tion at vertex is easy to standardize with regard to both stimulus
direction and head position.
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Table 4

The mean oVEMP results from the left and right sides in the control group with the healthy side in the patient group. Data are analyzed and presented as in Table 2.

n10 latency pcase/ pdirection pl15latency pcase/ p direction n10p15 p case/ p direction n10 amplitude p case/ p direction
(ms) control (ms) control amplitude (V) control (nv) control
Control + 14.3 18.7 4.2 10.0
Case + 14.7 193 5.5 13.2
0431  0.001 0944  0.700" 0.977  0.881 0979  0.783
Control — 12.6 17.0 38 9.4
Case — 11.3 154 33 8.4

2
=
.“%'
]
o}
2]
—O—— positive n10, A=091
iR — positive n10p15, A = 0,92
0,2 44
0,0 48
T T & ] T T
0,0 0,2 04 0,6 0,8 1,0
1 - Specificity

Fig. 3. The receiver operating characteristic (ROC) curves for the n10p15 and n10
amplitudes for positive initial stimulus motion in 50 controls and 10 patients.

In a seated patient with the head in a neutral position, it is sim-
ple to apply a standardized vertex BC stimulus. The Minishaker is
easily placed at the stimulus site, and, although vertex is a curved
elevation, the Minishaker can be held in position with just sideway
support. The static BC stimulus force will thus merely depend on
the Minishaker mass. The applied BC stimulus direction will also
be in approximately the same direction as the gravity force vector.
In addition, data are available from mastoid accelerometer
recordings which have suggested that this low-frequency vertex
stimulation cause labyrinthine acceleration in the same principal
directions as if stimulus was applied at the contralateral mastoid
(Westin and Brantberg, 2014).

Further, a well standardized head position during oVEMP
testing seems justified, considering that the optimal head position
during oVEMP testing is neither known in detail, nor has been
unambiguously settled. Different head position causes not only
variation in the spatial orientation of the utricular macula, but
there is also modulation of intracranial pressure. Several recent
studies have also pointed out alterations in oVEMP related to head
position/intracranial pressure, a research area that is getting a lot
of attention currently (Gurkov and Kantner, 2013; Iwasaki et al.,
2012; Jerin and Giirkov, 2014; Taylor et al., 2014).

4.2. Vertex compared to other BC stimulus sites

oVEMPs due to vertex vibration exhibit longer latencies and
smaller amplitudes compared to stimulation at other midline
stimulation sites (Lin et al., 2010). This is most likely explained

by anatomical properties: the vertex is the midline site that is
usually furthest away from the labyrinth (Lin et al., 2010), and soft
tissue on top of the skull and hair can distort the stimulation
(Stenfelt and Goode, 2005). The occiput is the midline site closest
to the labyrinth; however, a closer proximity does not necessarily
lead to a shorter oVEMP latency because forehead vibration causes
an earlier oVEMP than occiput stimulation (Lin et al., 2010). This
could be related to its higher bone density and better conduction
properties (Lin et al., 2010). Stimulation at the mastoids evokes
oVEMPs with large amplitudes (Tseng et al., 2011). This is likely
due to its optimal stimulus direction relative to the horizontally
oriented utricle (Todd et al., 2008, 2009b), but some saccular
contribution is not ruled out (Colebatch, 2010). A disadvantage of
mastoid stimulation is that the test has to be performed on each
side. Conversely, one stimulation sequence applied to the midline
might be sufficient to evaluate both balance organs (Lin et al.,
2010; Stenfelt and Goode, 2005).

4.3. Stimulus direction dependency

The oVEMP is sensitive to the initial stimulus motion direction,
particularly with respect to latency. The present findings suggest
that vertex vibration with a positive initial stimulus motion results
in a longer latency than a negative stimulus motion. Furthermore,
the latency was consistent with that reported by other studies in
which an initially BC positive stimulus was applied at the vertex
(Lin et al., 2010; Taylor et al., 2014; Westin and Brantberg, 2014).
The overall response was also somewhat larger and more consis-
tent with positive initial stimulus motion than with negative. A
positive initial stimulus motion has also previously been suggested
to be favorable for evoking oVEMPs, irrespective of the stimulation
site (Cai et al., 2011).

4.4. AR

The AR is a continuous variable. The threshold value set to dis-
criminate between patients and controls (binary classification)
affects the number of false-positive and -negative results; thus,
threshold value is a tradeoff, and clinical evaluation of the conse-
quences of classification errors must be performed. ROC analysis
is well suited to quantify errors expected at different threshold val-
ues. Manzari et al. reported that an AR threshold value of 46.5%
was best to discriminate between normal and abnormal individu-
als when performing an ROC curve analysis of the n10 amplitude
following 500-Hz BC vibration applied to the forehead (Manzari
et al,, 2010). In the presented study, ARs of 37% from the n10p15
amplitude and 51% from the n10 amplitude were the best thresh-
old values; these are in line with the results of Manzari et al. How-
ever, our threshold values should be regarded as estimates because
the data were collected from a relatively small study population.

4.5. Accelerations

The direction of head acceleration follows the direction of BC
stimulus for frequencies <400 Hz (Jombik et al., 2011; Stenfelt



B. Holmeslet et al./Clinical Neurophysiology 126 (2015) 608-613 613

and Goode, 2005). It was also recently reported that the direction of
measured labyrinthine accelerations were the same for BC stimulus
applied at the vertex and at the contra-lateral mastoid (Westin and
Brantberg, 2014). However, the amplitude of the accelerations was
smaller for vertex compared with mastoid stimulation.

The head accelerations from the initial motion of the BC stimulus
seem to determine the activation of macular haircells in the utricle
(Lin et al., 2012). A positive initial stimulus motion applied to the
vertex or contra-lateral mastoid causes initial lateral accelerations
of the utricle, whereas a negative initial stimulus motion causes ini-
tial medial accelerations (Jombik et al., 2011; Westin and Brantberg,
2014). Further, the oVEMP latency for initial lateral acceleration is
longer compared with initial medial acceleration. In contrast, the
reverse occurs following forehead stimulation, that is, positive and
negative initial stimulus causes shorter or longer oVEMP latency,
respectively (Cai et al., 2011; Jombik et al., 2011; Lin et al., 2012).
This phenomenon is most likely due to activation of oppositely
oriented utricular hair cells (Cai et al., 2011; Jombik et al., 2011).

4.6. Frequency specificity

This study suggests that a 125-Hz vertex stimulus frequency
could be useful to evoke oVEMPs in a clinical setting. The
250- and 500-Hz vertex stimulus frequencies were ineffective in
consistently generating oVEMPs. The reason for this frequency
dependency might be at least partly related to anatomical features.
The utricle is only attached to the temporal bone in its rostral area;
the majority of it rests on a thin membrane over the endolymph
(Curthoys et al., 2009). The construction of the utricle is such that
it responds well to a low frequency (Todd et al., 2009a), and its res-
onance has been described to be around 100 Hz (Todd et al., 2008,
2009a). Several studies have reported 100 Hz as the most effective
stimulation frequency for utricular activation (Todd et al., 2008,
2009a; Zhang et al., 2012).

4.7. Patient group

In the patient group, there were seven participants who were
diagnosed with Méniére’s disease and treated with gentamicin,
and none of them exhibited residual function in the lesioned ear
after caloric stimulation or cVEMP testing. However, one of those
patients had oVEMPs from both ears after positive initial stimula-
tion. This suggests that there was still some residual function in the
lesioned ear, but this only became apparent after positive initial
stimulus motion.

4.8. Future

Additional studies with larger patient populations and various
inner ear diagnoses are warranted to provide more graded infor-
mation about different AR threshold values. Further, more basic
knowledge about vertex BC vibration is needed, and future studies
should evaluate test repeatability and to what extent oVEMPs are
affected by small displacements of the stimulus rod.
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