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Garnett Passe and Rodney Williams Memorial Lecture:
New clinical tests of unilateral vestibular dysfunction
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Abstract

Vertigo is caused by unilateral vestibular dysfunction. Unilateral vestibular dysfunction represents either
vestibular overactivity as benign positional vertigo or underactivity as in labyrinthitis or both, at different
times, as in a Méniere’s attack. Unilateral dysfunction could also be central rather than peripheral, such
as in a lateral medullary syndrome. Unilateral vestibular dysfunction could affect any of the five different
sensory areas in the labyrinth, the three semicircular canals and the two otoliths, or their brainstem
connections. For rigorous diagnosis of the cause of vertigo, ideally one would have robust, reproducible,
quantitative vestibular function tests sensitive to dysfunction of each of the five sensory regions in each
ear. In working towards this ideal we have, over the last 15 years, developed three new vestibular function
tests: (1) impulsive tests of individual semicircular canal function, (2) evoked potential tests of saccular
function and (3) subjective visual horizontal tests of utricular function. The physiological rationale of
these three tests is reviewed as well as the interpretation of their results in various diseases.
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Introduction

Much has been learnt about the normal and
abnormal physiology of the vestibular system in the
100 or so years since the birth of Garnett Passe
(25 June 1904) and in the 50 or so years since
his presentation to the Royal Society of Medicine
on the treatment of Méniere’s disease with
sympathectomy.! Most of this knowledge has come
from recording the activity to single peripheral and
central vestibular neurons in awake and behaving, as
well as in anaesthetized, animals and from precise
three-dimensional measurements of the vestibulo-
ocular reflex in humans. We now know that
symmetrical vestibular loss does not produce
vertigo — it produces imbalance. Because peripheral
vestibular neurons are symmetrically active at rest,
vertigo, an illusion of motion, is due to asymmetrical
vestibular dysfunction, most often of peripheral
origin. Consequently the most valuable vestibular
function tests are those that are sensitive to
unilateral vestibular dysfunction, in other words tests
that can lateralize. Since there are five vestibular
organs in each inner ear, three semicircular canals
(SCCs) to transduce angular acceleration of the head
and two otoliths (utricle and saccule) to transduce
linear acceleration, there will never be a single test
for all unilateral vestibular dysfunction. Furthermore
a vestibular organ can be overactive or underactive

at rest or it can be oversensitive or undersensitive
when stimulated: this is static versus dynamic
vestibular dysfunction.

The caloric test is still the basis of all vestibular
testing. The advantages are that it is relatively simple
and widely available and therefore the results it
produces should be reproducible within, and perhaps
between, laboratories. However, because of
theoretical problems and practical limitations, this is
not generally so. The caloric test measures only
lateral SCC function and only at low frequency;
it does not produce absolute values — normal
nystagmus slow-phase velocity can vary from
eight to 80 deg/s; the stimulus persists between
irrigations and this can confound the whole test.
There are also technical hurdles. Electro-
oculography (EOG), the method generally used to
measure the nystagmus, is bedevilled by drift and
artefact and it is not easy to derive reliable
nystagmus velocity signals from EOG. The patient
must be kept alert throughout the test, the test must
be done in darkness and not with eye closure. There
can be problems with irrigation due to wax,
exostoses or perforations; air and water-filled
balloons produce less reliable results than the
traditional warm- and cool-water irrigation. Finally
there is no agreement on who should do the test and
on who should train the person who does the test,
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FIG. 1

Cartoon to show similarity between vestibular nucleus neural
activity: (A) during a leftward head rotation, and (B)
spontaneously at rest after a right vestibular deafferentation.

A. The sequence of events during a leftward head rotation is
as follows: ampullopetal endolymph flow in the left lateral
SCC leads to an increase in the firing rate of primary afferents
in the left vestibular nerve above the normal resting rate,
which leads to increased firing rate of left medial vestibular
nucleus type I secondary neurons (P-V-P neurons). There is
also ampullofugal endolymph flow in the right lateral SCC,
which leads to decreased firing of primary afferents in the
right vestibular nerve, which leads to decreased firing of right
medial vestibular nucleus type I secondary neurons, which
leads to decreased firing of left vestibular nucleus type II
(inhibitory) neurons, which also leads to increased firing of
left vestibular nucleus type I neurons. The critical point is that
activation of left vestibular nucleus P-V-P neurons, the
neurons which drive motorneurons innervating the right
lateral and left medial recti to produce the rightward
compensatory eye rotations which comprise the slow-phase of
the VOR, is produced both by direct ipsilateral excitation and
by indirect contralateral disinhibition.

B. After a right vestibular deafferentation there is decreased
activity of right medial vestibular nucleus type I neurons at
rest due to two mechanisms. There is not only loss of
excitation by right vestibular nerve primary afferents, but
there is also decreased activity of right vestibular nucleus type
I neurons, which leads to decreased activity of left vestibular
nucleus type II (inhibitory) neurons, which then leads to
increased activity of left vestibular nucleus type I neurons,
which then leads to increased activity of right vestibular
nucleus type II neurons which then also leads to increased
inhibition, i.e. decreased spontaneous resting activity of right
vestibular nucleus type II neurons, which produces the
rightward slow-phases of the left-beating spontaneous
nystagmus, the hallmark of the right vestibular
deafferentation.

and in many places it is not performed with the same
attention to technical detail as are hearing tests.
Infra-red video-oculography, which has become
commercially available in recent years, solves some
but not all of these problems.

Over the last 15 years our group has tried to
develop new tests of unilateral vestibular dysfunction
based on physiological and engineering principles
and some of our results are reported in this lecture:
head impulses to test SCC function, vestibular-
evoked myogenic potentials to test saccular function
and subjective visual horizontal to test utricular
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function. The development of these tests has
depended on robust daily collaboration between
neurologists, otologists, psychologists, physiologists,
electrical engineers, mechanical engineers and nurses.

Impulsive testing of semicircular canal function
Physiological background

The vestibular system senses the motion and the
position of the head. It projects to the cerebral cortex,
to the brainstem and to the spinal cord. Natural head
movements produce rotations, which stimulate the
SCCs, and tilts or translations that stimulate the
otoliths. Cortical projections are responsible for the
conscious sensations of motion; spinal projections
help with balance when standing and walking;
brainstem projections are responsible for the
vestibulo-ocular reflex (VOR). The SCCs produce a
VOR that is fully compensatory in the range of
natural head movements, so that when the head
rotates in one direction the eyes rotate in exactly the
opposite direction at exactly the same speed as the
head after a latency of only about 10 ms.

In a normal subject any head rotation, even one
restricted to a single plane, will change the activity from
at least one pair of SCCs, so that the brainstem signal
which eventually drives the VOR is produced by an
increase in neural firing rate from the resting level
(i.e. excitation) from one SCC and a decrease in neural
firing rate from the resting level (i.e. disfacilitation)
from the other SCC of the pair, in the plane of rotation.

To illustrate this principle, consider the VOR in
response to a yaw plane head rotation; this is the
horizontal VOR and it arises mainly from the lateral
SCCs (Figure 1). During leftward head rotation the
activity of left lateral SCC primary afferent neurons
increases, while at the same time the activity of right
lateral SCC primary neurons decreases from the
normal resting rate, which is about 90 spikes/s in the
squirrel monkey.” Therefore the increase in activity of
type I position-vestibular-pause (P-V-P) secondary
vestibular neurons in the left medial vestibular nucleus,
the neurons which drive the rightward compensatory
eye rotation (i.e. the VOR), will be the result both of
direct excitation from the left lateral SCC primary
neurons and of indirect commissural disinhibition from
the right lateral SCC primary neurons.* In other words
the horizontal VOR normally functions as a push-pull
system from the two lateral SCCs. Figure 1 also shows
the similarity between the neural pathways responsible
for normal vestibular nystagmus and those responsible
for the nystagmus that follows acute unilateral
vestibular loss.

Direct excitation and indirect disinhibition are,
however, potentially asymmetrical. Although the
discharge rate of a vestibular neuron can increase
linearly without obvious saturation in response to a
rapid yaw head rotation in the excitatory direction,
1.e.in the ‘on’ direction, it can decrease only to zero in
response to a rotation in the disfacilitatory direction,
i.e in the ‘off’ direction. This might be especially true
for the non-linear, velocity-dependent component of
the VOR which might derive from the activity
of irregularly discharging primary afferents.” In
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Horizontal head (grey) and eye (black) position and velocity
during eight superimposed yaw head impulses with a peak
acceleration of about 5000 deg/s/s in a patient 1 year after
unilateral vestibular deafferentation during vestibular
schwannoma surgery. With contralesional head impulses eye
position approximated head position and eye velocity
approximated head velocity throughout the impulse; with
ipsilesional head impulses at peak head velocity of
approximately 250 deg/s, eye velocity was only about
25 deg/s (gain ~ 0.1).

contrast, regularly discharging afferents, which might
drive the linear component of the VOR, do not show
saturation even at high head velocities.® Since most
secondary SCC neurons have a lower resting rate and
a higher sensitivity to angular accelerations than
primary SCC neurons, they are even more easily
silenced by rapid off-direction accelerations than are
primary neurons’ so that response asymmetry is even
more marked at the level of secondary P-V-P neurons
in the vestibular nuclei.

In this regard anterior and posterior SCC neurons
function similarly to lateral SCC neurons. For
example the mixed vertical-torsional VOR which
occurs in response to a forward and clockwise (from
the subject’s point of view) head rotation, i.e. a head
rotation in the plane of the right anterior and left
posterior SCC, the so-called RALP plane, is produced
by the excitation of right vestibular nucleus secondary
neurons, which are themselves directly excited by
right anterior SCC primary neurons and indirectly
disinhibited by left posterior SCC primary neurons.
However, just as in the case of lateral SCC primary
neurons, direct excitation and indirect disinhibition
are inherently asymmetrical. The discharge rate of
primary and secondary neurons from both the
anterior and the posterior SCCs can increase linearly
without obvious saturation in response to rapid
RALP or LARP (left anterior-right posterior) canal
plane head rotations in the on-direction, but it can
decrease only to zero in response to rotations in the
opposite off-direction.®

Clinical applications

This inherent asymmetry or nonlinearity of SCC
responses is not only normally concealed by the
bilateral interaction between the two labyrinths, it is
also artificially concealed by the methods used in
most laboratories to test and analyse vestibular
function: namely responses to low-acceleration
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The horizontal head impulse test. The examiner turns the
patient’s head as rapidly as possible about 15 degrees to one
side and observes the ability of the patient to keep fixating on
a distant target. The patient illustrated has a right peripheral
vestibular lesion with a severe loss of right lateral semicircular
canal function. While the examiner turns the patient’s head
toward the normal left side (top row) the patient is able to
keep fixating on target. By contrast, when the examiner turns
the patient’s head to the right the vestibulo-ocular reflex fails
and the patient cannot keep fixating on target (E) so that she
needs to make a voluntary rapid eye movement — that is, a
saccade — back to target (F) after the head impulse has
finished; this can be easily observed by the examiner. It is
essential that the head is turned as rapidly as possible
otherwise smooth pursuit eye movements will com{pensate for
the head turn. (From Halmagyi & Cremer'®).

sinusoidal rotations, analysed by algorithms which
ignore threshold cut-off and directional asymmetry,
and calculate gain only for the excitatory direction
stimulus — i.e. standard rotational tests. All this is a
pity, since the on-off asymmetry provides an
excellent opportunity for the clinician to test for
unilateral impairment of SCC canal function, which
is the basis for most complaints of vertigo.

Testing the VOR with head ‘impulses’ in patients
who have had a total unilateral vestibular
deafferentation (uVD) vyields scientifically
interesting and clinically important results. Head
impulses are rapid, passive, low-amplitude (10-20°),
intermediate-velocity (120-180°/s), high-acceleration
(3000-4000°/s%), unpredictable rotations of the head
with respect to the trunk. They are delivered by an
examiner who holds the patient’s head firmly, and at
random rapidly rotates it in the yaw plane either to
the left or to the right, or in the RALP or LARP
plane, either forward or backward. The patient’s task
is to fixate a target at 1 metre. To minimize any
contribution from the cervico-ocular reflex, the
visual pursuit reflex or the saccadic system, only
those compensatory eye movement responses which
occur in the first 150 ms after the onset of head
acceleration are analysed. To represent VOR gain,
eye velocity can be plotted as a function of head
velocity.

In normal subjects, the horizontal VOR in
response to yaw plane head impulses has a velocity
gain of 0.94 + 0.08 (SD) at an arbitrary 122°/s head
velocity. In contrast the vertical-torsional VOR in
response to RALP and LARP plane head impulses
has a gain of only 0.7 to 0.8, probably because the
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Eye velocity as a function of averaged head velocity for each
of three unilateral posterior SCC occlusion subjects (top row),
and averaged eye velocity (95 per cent confidence intervals)
for seven uVD subjects (bottom row). The VOR during head
impulses directed toward the anterior SCC is shown in the left
column, toward the posterior SCC in the middle column and
toward the lateral SCC in the right column. The normal range
(average 95 per cent confidence intervals) is shown as a grey
band in each plot. The VOR during ipsilesional head impulses
is shown on the right side of each graph, and for contralesional
head impulses on the left side of each graph. The eye velocity
is limited to <100°/s during head impulses in the direction of
any lesioned SCC. (From Cremer et al.").

gain of the roll-torsional VOR is lower than the gain
of the pitch-vertical VOR in normals. Following
uVD, in response to ipsilesional yaw plane head
impulses, the VOR now generated only by
disfacilitation from the single functioning lateral
SCC, is severely deficient.”” Eye velocity gain
decreases with increasing head velocity and appears
to saturate at about 0.20 (Figure 2). In contrast, in
response to contralesional yaw plane head impulses,
the VOR generated by excitation from the single
functioning lateral SCC, is only mildly deficient, with
a maximal velocity gain of 0.92. A high-acceleration
rotation saturates the ipsilesional, i.e. off-direction,
horizontal VOR in the human and in the guinea
pig'' just as it saturates the off-direction discharge
rate of lateral SCC afferents in cat, monkey, rat and
guinea pig.>"?

Silencing of irregularly discharging primary lateral
SCC neurons in the contralesional, i.e. intact,
vestibular nerve, leading to maximal disinhibition of
type I secondary lateral SCC neurons in the
ipsilesional vestibular nucleus®* could be the reason
why a symmetrical head-rotation stimulus produces
an asymmetrical eye-rotation response in a subject in
whom only one SCC is being stimulated (Ewald’s
second law), and is also the reason why the magnitude
of the response asymmetry is a function of the
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magnitude of the stimulus. Furthermore, in response
to high-acceleration stimulation, excitation of a single
lateral SCC can by itself produce a near-normal
horizontal VOR. This suggests that in humans, as well
as in the monkey, disinhibition of ipsilateral type I
neurons from the contralateral lateral SCC makes
only a small contribution to the horizontal VOR."*!*

Following uVD the vertical-torsional VOR in
response to RALP and LARP plane head impulses
behaves similarly to the horizontal VOR.” In
response to head impulses toward the lesioned
anterior or posterior SCC, that is, in the off-direction
of the intact posterior or anterior SCC, the VOR is
severely deficient. With impulsive testing selective
deficits of vertical SCC function can be detected in
acute superior vestibular neuritis, which affects only
the anterior and lateral SCC nerves, and in acute
inferior vestibular neuritis, which affects only the
posterior SCC nerve.'® Impulsive testing can be a
useful way to follow progress in patients who have
had intratympanic gentamicin therapy for Méniére’s
disease."”

With practice it is possible to recognize VOR deficits
in response to head impulses clinically. If the VOR is
completely normal then the patient will be able to
maintain visual fixation during head impulses in any
direction. If the VOR is severely defective then the
patient will not be able to maintain fixation and will
need to make one or two refixating saccades, which the
clinician can observe."® For example, if in response to a
leftward head impulse the patient makes a rightward
saccade in order to maintain fixation, this indicates
that the left lateral SCC is not functioning properly
(Figure 2). Similarly if in response to a backward and
CW head impulse the patient makes a downward
saccade, this indicates that the right posterior SCC is
not working properly. In general the deficit in SCC
function needs to be severe in order for the
compensatory saccadic eye movements to be large
enough to be observed clinically.

Semicircular canal occlusion

Occluding an SCC duct inactivates it by preventing
endolymph flow. A procedure dating to Ewald" is
now used to treat patients with intractable benign
paroxysmal positional vertigo (BPPV).*** The cause
of BPPV is movement of displaced otoconia in the
duct of the SCC, usually a posterior, causing cupular
displacement and hence vertigo and nystagmus.
Since neither humans nor animals show any static
symptoms such as spontaneous nystagmus after SCC
occlusion, as would be expected if the labyrinth had
been damaged, primary afferents from the occluded
SCC presumably continue to fire at the usual resting
rate. In humans” as well as in guinea-pigs” and
squirrel monkeys" but not in the toadfish* impulsive
testing detects the SCC that has been occluded
(Figure 3). The high-acceleration VOR deficit is
permanent in humans** and in guinea-pigs* but
only temporary in squirrel and rhesus monkeys."**
Confirmation that uVD produces a permanent
VOR deficit in response to high-acceleration
stimulation in primates,"” as well as in humans®*’ has
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Effect of unilateral vestibular deafferentation on the VEMP
in a patient who had previously undergone a selective left
vestibular nerve section for intractable vertigo. The left part of
the figure refers to results for the left ear, the right side to the
right. The audiograms confirm that hearing was well
preserved, while the caloric tests (bottom row) show only
spontaneous right-beating nystagmus and no response to
caloric stimulation of the left ear, consistent with previous
vestibular deafferentation. Clicks of 100 dB intensity
delivered to the right ear generate a normal pl3(*)-n23
response in the ipsilateral right sternomastoid muscle with a
weak crossed response in the left sternomastoid (top row). In
contrast, clicks of the same intensity applied to the left ear
generated no pl3-n23 response in either sternomastoid
muscle, although later potentials were still apparent.
(From Colebatch et al.*).

implications for the diagnosis and treatment of
vestibular diseases,”” and also raises questions about
the extent of the dynamic compensation that really
occurs when accelerations within the range produced
by natural head movements are encountered. The
diagnostic significance of these observations is that it
is possible to demonstrate at the bedside the severe
permanent deficit in the ipsilesional VOR produced
by uVD. For example a yaw head impulse toward the
lesioned side will produce a clinically obvious
compensatory saccade or series of saccades toward
the intact side.® Low-frequency, low-acceleration
sinusoidal testing of the type routinely used for testing
the horizontal VOR in humans and in experimental
animals is artificially restricted to the narrow linear
response range of the horizontal SCC, and is therefore
unsuitable for detecting or monitoring unilateral
vestibular lesions. Only when high-acceleration
passive head rotations are used, does the expected
deficit in compensatory eye movements become
apparent.”

However, some patients with unilateral
impairment of lateral SCC on caloric testing can have
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The lack of effect of severe cochlear loss on the VEMP in a
patient with intact lateral SCC function, as indicated by
preserved horizontal nystagmus in response to caloric
stimulation (bottom panel). Clicks of 100 dB intensity to the
left and right ears (top row) each generated normal p13-n23
responses in the ipsilateral sternocleidomastoid muscles,
although  the patient could mnot hear them.
(From Colebatch et al.).

normal impulsive tests and conversely some patients
with unilateral impairment of lateral SCC on
impulsive testing have normal caloric tests.*’ These
findings suggest the SCC pathology just as cochlear
pathology can produce frequency-specific functional
deficits: whereas impulsive testing represents a 4-5
Hz stimulus, the dominant frequency of the caloric
test is around 0.025 Hz. Because impulsive and
caloric testing examine different aspects of SCC
function, there is a need to be able to measure
anterior and posterior SCC function not just with
impulsive but also with caloric tests.

Evoked potential (VEMP) testing of saccular
function

Physiological background

Brief (0.1 ms) loud (>95 db above normal hearing
level, NHL) monaural clicks** or short tone-
bursts** produce a large (60-300 wV) short latency
(8 ms) inhibitory potential in the tonically contract-
ing ipsilateral sternocleidomastoid muscle. The
initial positive-negative potential which has peaks at
13 ms (pI3) and at 23 ms (n23) is abolished by
selective vestibular neurectomy but not by profound
sensorineural hearing loss (Figure 4). In other words,
even if the patient cannot hear the clicks there can
be nonetheless normal p/3-n23 responses. Later
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High-resolution CT scan of the temporal bones reconstructed

in the plane of the superior SCCs in a patient with bilateral

superior SCC dehiscence (SCD) into the middle cranial fossa.

Although there was a bilateral SCD the patient had sound and

pressure induced nystagmus only from the right. A normal CT
is shown for comparison. (From Halmagyi et al.%?).

components of the evoked response do not share the
properties of the p/3-n23 potential and probably do
not depend on vestibular afferents. Failure to
distinguish between these early and late components
could explain why earlier work along similar lines
was inconclusive.

For the above reasons we called the pl3-n23
response the vestibular evoked myogenic potential or
VEMP. Unlike a neural evoked potential such as the
brainstem auditory evoked potential which is
generated by the synchronous discharge of nerve
cells, the VEMP is generated by synchronous
discharges of muscle cells or rather motor units.
Being a myogenic potential the VEMP can be
500-1000 times larger than a brainstem potential,*
200V vs less than 1 V. Single motor unit recordings
in the tonically contracting sternocleidomastoid
muscle show a decreased firing rate synchronous with
the surface VEMP (see Halmagyi ef al.*” — Figure 5).

The amplitude of the VEMP is linearly related to
the intensity of the click and to the intensity of
sternomastoid activation during the period of
averaging, as measured by the mean rectified EMG.*
Inadequate sternomastoid contraction produces
spurious results by reducing the amplitude of the
VEMP (e.g. Ferber-Viart et al®). A conductive
hearing loss abolishes the response by attenuating
the intensity of the stimulus (see Halmagyi et al.”’).
In such cases the VEMP can be elicited by a tap to
the forehead® or by a bone-vibrator** or a DC
current applied to the mastoid bone.*

There are two main reasons to suppose that the
VEMP arises from stimulation of the saccule. Firstly,
the saccule is the most sound-sensitive of the vestibular
end-organs,”* possibly because it lies just under the
stapes footplate,**" in an ideal position to receive the
full impact of a loud click delivered to the tympanic
membrane. Secondly, not only do click-sensitive
neurons in the vestibular nerve respond to tilts,**’ most
originate in the saccular macula®~" and project to the
lateral and descending vestibular nuclei, as well as to
other structures.”> The VEMP measures vestibular
function through what appears to be a disynaptic
vestibulo-collic reflex, originating in the saccule and
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Large-amplitude, low-threshold VEMPs from the symptomatic
right ear in a patient with bilateral superior semicircular canal
dehiscence. There was no response from the left (or right)
sternomastoid muscle in response to 70 dB click in the left ear
but there was a VEMP (p13-n23) of about 40V amplitude
from the right sternomastoid muscle in response to the same
70 dB click in the right ear. From the left ear the VEMP
appeared at a threshold within the normal range: 110 dB. At
110 dB the VEMP from the symptomatic right ear was about
twice the amplitude of that from the asymptomatic left ear.

transmitted via the ipsilateral medial vestibulospinal
tract to sternomastoid motoneurons.

Method

Any equipment suitable for recording brainstem
auditory potentials will also record VEMPs. Since
the amplitude of the VEMP is linearly related both
to the intensity of the click and to the intensity of
sternomastoid activation during the period of
averaging, it is essential to ensure that the sound
source is correctly calibrated and that the
background level of rectified sternomastoid EMG
activation is measured. Two reasons why the VEMPs
could be absent or less than S0V in amplitude are a
conductive hearing loss and inadequate contraction
of the sternomastoid muscles.

For clinical testing three superimposed runs of 128
averages for each ear in response to clicks of 100 dB
intensity are usually sufficient. The test cannot be done
on uncooperative or unconscious patients. The patient
lies down and activates the sternomastoid muscles for
the averaging period by keeping her or his head raised
from a pillow. An alternative method — useful for
example in patients with painful neck problems —is to
ask the patient to turn the head, which continues to
rest on the pillow, to one side. It is then possible to
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Click-evoked vestibulo-ocular reflex in a patient with superior
semicircular canal dehiscence. Averaged vertical EOG
responses of the left eye to 256, 100us, 110 dB clicks to the
right ear. There is a vertical vestibulo-ocular reflex with a
latency to onset (dotted vertical line) of 7.5 ms, a peak-to-peak
displacement of about 0.3 deg and a threshold of 85dB.
Normal subjects have responses of only 0.03 deg or less with a
threshold of 100 dB or more (from Halmagyi et al.®?).

measure the VEMP in the sternomastoid muscle on
the side opposite to the rotation.

The peak-to-peak amplitude of the pl3-n23
potential from each side can be expressed relative to
the level of background mean rectifitd EMG to
create a ratio that largely removes the effect of
differences in muscle activity. More accurate but more
time-consuming correction can be made by making
repeated observations with differing levels of tonic
activation.” One ear is best evaluated by comparing
the amplitude of its VEMP with the amplitude of the
VEMP from the other ear. We take asymmetry ratios
of 2.5 to 1 to be the upper limit of normal — a value
similar to that obtained by others.** Minor left-right
differences in latency commonly occur and might
reflect differences in electrode placement over the
muscle or differing muscle anatomy.

Clinical applications

Superior semicircular dehiscence. A third window
into the bony labyrinth allows sound to activate the
vestibular system in animals™ and in humans.””
Patients with a bony opening or dehiscence from the
superior SCC to the middle cranial fossa (Figure 5),
not only have sound- and pressure-induced vestibular
nystagmus but also have abnormally large, low-
threshold VEMPs.**®! In normal subjects the VEMP,
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just like the acoustic reflex, has a threshold, usually
90-95 dB NHL. In patients with the superior SCC
dehiscence the VEMP threshold is about 20 dB lower
than in normals (Figure 5) and the VEMP amplitude
at the usual 100-105 dB stimulus level can be
abnormally large (> 300nV). If a VEMP can be
consistently elicited at 70 dB NHL this indicates that
the patient has a superior SCC dehiscence. Patients
with superior SCC dehiscence also have an
abnormally large, low-threshold click-evoked
VOR®#® (Figure 5).

Ménieére’s disease. VEMPs can be either too small,*
or too large® in Méniere’s disease, as well as in
delayed endolymphatic hydrops.®®®” In some cases
glycerol dehydration can reduce the size of VEMPs
that are too large and increase the size of VEMPs
that are too small.®*® VEMPs can be used to monitor
intratympanic gentamicin therapy in patients with
Méniere’s disease.”

Vestibular neuro-labyrinthitis and BPPV. After an
attack of vestibular neuritis about one patient in
three will develop posterior SCC benign paroxysmal
positioning vertigo (BPPV), usually within three
months.”" The patients who develop BPPV after
vestibular neuritis have intact VEMPs, whereas
those who do not have absent VEMP. In other words
an intact VEMP seems to be a prerequisite for the
development of post-vestibular neuritis BPPV. The
reason for this could be that in those patients who
develop post-vestibular neuritis BPPV, only the
superior vestibular nerve — which innervates the
anterior SCC, lateral SCC and the utricle — is
involved. Since the inferior vestibular nerve
innervates the posterior SCC and the saccule, the
presence of posterior canal BPPV and the
preservation of the VEMP imply that the inferior
vestibular nerve must have been spared. Support for
such an explanation comes from data which shows
preservation of posterior SCC impulsive VOR in
some patients with vestibular neuritis, patients who
presumably have only involvement of the superior
vestibular nerve.'®’? The galvanic-current-evoked
VEMPs are generally abolished in those vestibular
neuritis patients in whom the click-evoked VEMPs
are abolished, indicating that the site of lesion is truly
in the vestibular nerve rather than, or as well as, in
the labyrinth.”” The VEMP can recover in patients
with vestibular neuritis.”

Vestibular schwannoma. Although most patients
with vestibular schwannoma (acoustic neuroma)
present with unilateral hearing loss, some present
with vestibular ataxia. This is not entirely surprising
since most of these tumours arise not from the
acoustic nerve but from one of the vestibular nerves,
usually the inferior.” The VEMP, which is
transmitted via the inferior vestibular nerve, is
abnormal - of low amplitude or absent — in perhaps
four out of five patients with acoustic neuromas.””®
Since the VEMP does not depend on cochlear or on
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Before right vestibular neurectomy

+7° -5°

+2’+’

After right vestibular neurectomy

F1G. 6

Fundus photographs of the left and right eye of a patient
before (top row) and 1 week after (bottom row) right
vestibular neurectomy. After operation there is tonic
rightward torsion of the 12 o’clock meridian of each eye
toward the patient’s right side. The change in torsion angle
measures 18 deg in the right eye and 16 deg in the left eye.
When the patient was asked to set a luminous bar to the
perceived visual horizontal in an otherwise darkened room he
set the bar tilted toward his right side by 14.2 deg when
viewing with the right eye and 15.1 deg when viewing with the
left. (From Curthoys et al.*%).

lateral SCC function it can be abnormal with
vestibular schwannomas even when caloric tests are
normal or when brainstem auditory evoked
potentials cannot be measured because the hearing
loss is too severe. The VEMP can be preserved after
vestibular schwannoma surgery” suggesting
preservation of the saccular nerve.

Multiple sclerosis. VEMPs can also be abnormal in
diseases affecting central vestibular pathways,®
especially white-matter diseases such as multiple
sclerosis,”"** which affect the medial vestibulo-spinal
tract, the continuation of the medial longitudinal
fasciculus, a site commonly involved by
demyelination.

Subjective visual horizontal (or vertical) testing of
utricular function.

Peripheral vestibular lesions. A normal subject sitting
upright in a totally darkened room can accurately
align a dimly illuminated bar to within one degree of
the true gravitational vertical or horizontal.®
Friedmann showed that patients with various
unilateral vestibular lesions set such a bar so that it
was no longer aligned with the gravitational vector
but was consistently offset toward the side of the
lesion.*® We studied the ability of patients to set
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such a light bar to the visual before and after
uVD.®#* Before uVD, the patients’ settings were
within the normal range. After uVD, patients
invariably offset the gravitationally horizontal bar
toward the lesioned side, in some cases by up to
15 degrees, because they saw it as being offset toward
the intact side. Although the setting of the bar
returned toward the true or gravitational horizontal
with time, the setting was still tilted by a mean of four
degrees, six months or more after uVD so that a
slight ipsilesional offset of the subjective visual
horizontal (SVH) is a permanent legacy of uVD.
These findings have since then been confirmed by
others.*”? The offset of the SVH is enhanced by
vibration over the ipsilesional mastoid bone or
sternomastoid muscle.”

What could be the cause of this perceptual error?
Is it an offset of the internal representation of the
gravitational vertical as a result of the profound
asymmetry in otolithic input to the vestibular nuclei
that must occur after uVD? Arguing against this
mechanism is the observation that despite the uVD,
the patients do not feel that their own bodies are
tilted, but on the contrary, they feel themselves to be
normally upright, even in the dark. In other words
although they rotate the bar toward the uVD side, it
is not in order to null a perceived tilt of the bar with
the body, toward the intact side.

Another possible mechanism of the SVH offset is
a torsional deviation of the eyes as a part of the
ocular tilt reaction. The ocular tilt reaction is a
postural synkinesis consisting of head tilt, conjugate
eye torsion and skew deviation, all toward the same
side. Some patients develop a florid temporary
ipsilesional tonic ocular tilt reaction after a unilateral
peripheral vestibular lesion,”** others just a partial
one with ocular torsion and skew deviation.”” We
therefore measured torsional ocular position as well
as SVH before and after uVD® and found that after
uVD, there is invariably an ipsilesional deviation of
torsional ocular position so that the 12 o’clock
meridian of each eye is invariably rotated toward the
side of the uVD (Figure 6). One week after uVD,
there is up to 15 degrees of ipsilesional ocular torsion
and there is a close correlation (r = 0.95) between the
magnitudes of the ocular torsion and the offset of the
SVH (Figure 7). Furthermore, the ocular torsion
gradually resolves with a temporal pattern identical
to that of deviation of the SVH. One month after
uVD both the ocular torsion and the tilting of the
SVH are at half the one-week value. A slight but
statistically significant ocular torsion® appears to be
a permanent legacy of uVD. It is of interest that after
acute uVD in frogs there is head torsion, which
follows exactly the same time course as conjugate
eye torsion in humans and has been used to monitor
drug effects on vestibular compensation.”

While it appears that the offset of the SVH is due
to ocular torsion, the mechanism of the ocular torsion
itself is speculative. The conjugate ocular torsion is
part of the ocular tilt reaction,** the triad of
conjugate ocular torsion, head tilt and skew deviation
that can occur after uVD and could be the equivalent
in the otolithic system to the spontaneous nystagmus
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in the SCC system. Since the setting of the SVH
depends on relative resting activity in the left and
right vestibular nuclei, as the patient’s brainstem
compensates for the uVD, the SVH returns towards
normal, although a small offset of the SVH appears
to be a permanent stigma of uVD.* Therefore, in
analogy with spontaneous nystagmus, a return of the
SVH toward normal is inevitable whether or not the
labyrinth recovers. The evidence that tonic ocular
torsion is utricular in origin depends in part on the
argument that ocular torsion represents a tonic offset
of the dynamic ocular counter-rolling mechanism
which appears to be under utricular control.'™!'”!

Central vestibular lesions and settings of the
subjective visual vertical

Patients with acute focal brainstem lesions will
frequently offset the subjective visual horizontal
(SVH) or vertical (SVV).”11% Patients with lower
brainstem lesions involving the vestibular nucleus
(e.g. lateral medullary infarcts) offset the SVV
towards the side of the lesion, whereas patients with
upper brainstem lesions involving the interstitial
nucleus (paramedian thalamic infarcts) offset the
SVV away from the side of the lesion. In most
patients, there is a deviation of torsional ocular
position (also called cyclotorsion) in the same
direction as the offset of the SVV. The relationship
between the SVV and ocular torsion is not as tight as
with peripheral lesions but is nonetheless present. In
patients with peripheral vestibular lesions both
ocular torsion and consequently the SVV are almost
the same in the each eye; in contrast there can be
significant left eye — right eye differences in both
ocular torsion and in the SVV in patients with
central vestibular lesions. For example in patients
with lateral medullary infarcts, the excyclotorsion of
the ipsilesional eye can be much larger than the
incyclotorsion of the contralesional eye.

Clinical significance. The clinical significance of
these findings is that careful standardized
measurement of the SVH, using a dim light-bar in an
otherwise totally darkened room, can give valuable
diagnostic information. In some laboratories patients
are asked to set a bar to the SVV, but we find that
most patients have a better intuitive understanding
of the horizontal than of the vertical and that the
settings of the vertical are not the same as of the
horizontal.'” In any case, in order for the test to be
valid either the room must be totally dark, apart
from the light-bar, or there must be some other way,
such as a ganzfeld or a rotating dome, that all visual
cues are excluded.'"” A significant offset of the SVH
or the SVV indicates acute vestibular hypofunction,
possibly otolithic. It indicates either a lesion at the
level of the end-organ, vestibular nerve or vestibular
nucleus on the side to which the patient offsets the
bar, or at a level above vestibular nucleus on the side
opposite to which the patient rotates the bar. While
the greater the deviation of the SVH or SVV the
more acute as well as the more extensive is the
lesion, a small permanent deviation of the SVV
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Ocular torsion and the subjective visual horizontal. The
relationship between the change of ocular torsion and the
corresponding change in the subjective visual horizontal
(SVH) one week after unilateral vestibular neurectomy in 22
patients. The average value of the change in ocular torsion was
calculated for each patient and correlated with that patient’s
average change in the SVH. The correlation (r = 0.95) is
significant. (From Curthoys et al.*®).

might be a permanent legacy of central and of
peripheral vestibular lesions. The SVH test is the
single most useful investigation in the acute phase of
suspected vestibular neuritis: there is a deviation of
the SVH, sometimes by more than 20 degrees, and
this is always toward the side of the lesion.**”' SVH
testing can also be used to follow the progress
of vestibular loss and compensation after
intratympanic gentamicin treatment for Méniere’s
disease.”

Practical application of the new vestibular function
tests

I have tried to show in this lecture that clinically
usable tests have now been developed for each of
the vestibular organs. But how practical are they?
What staff and what equipment would be required?
VEMP testing of saccular function requires no new
equipment for any audiology or clinical
neurophysiology department capable of testing
brainstem auditory evoked potential. The methods,
interpretations and potential pitfalls of the VEMP
test are clearly described in the literature reviewed
here. SVH testing of utricular function requires
only a small motor-driven light-bar linked to a
computer and a test booth that can be made totally
dark. Impulsive testing of individual SCC canal
function requires a capital investment of about £50
000, one part-time scientific officer with electrical
engineering qualifications to set up and run the
equipment and one part-time nurse to test the
patients. However, clinicians can learn to carry out
the impulsive test at the bedside —it’s not as hard as


https://doi.org/10.1258/0022215041917862

598

indirect mirror laryngoscopy — and in most patients
with severe unilateral and in all those with bilateral
vestibular loss bedside testing can yield much
useful information.
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