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Abstract We sought to investigate the utility of new
non-invasive tests of semicircular-canal and otolith
function that are usable in the neuro-otology office
practice in patients with vestibular schwannoma. Fifty
patients with vestibular schwannoma were assessed us-
ing a 5-item battery consisting of air-conducted cervical-
and bone conducted ocular-vestibular-evoked myogenic
potentials (AC ¢cVEMPs and BC oVEMPs) and video
head impulse testing (VHIT) in all three canal planes.
VEMP asymmetry ratios, latencies, and vHIT gains were
used to determine the test sensitivity, relationship with
tumour size and the pattern of vestibular nerve in-
volvement. The percentage of abnormalities for each of
the five tests for the entire sample ranged between
36.2-61.7 %. In 58.3 % of patients, test abnormalities
were referable to both superior and inferior vestibular
nerve divisions. Selective inferior nerve dysfunction was
identified in 10.4 % and superior nerve dysfunction in
12.5 %. The remaining 18.8 % of patients demonstrated
a normal test profile. The sensitivity of the 5-item bat-
tery increased with tumour size and all patients with
medium to large (>14 mm) schwannoma had at least
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two abnormal vestibular test result. Our results indicate
that dysfunction of the superior and inferior vestibular
nerve evolves in parallel for most patients with
schwannoma. Unexplained VHIT and VEMP asymmetry
should alert otologists and neurologists to undertake
imaging in patients presenting with non-specific
disequilibrium or vertigo.

Keywords Video head impulse testing - Vestibular
schwannoma - Vestibular evoked myogenic potentials

Introduction

Vestibular schwannoma (VS), a benign tumour of the
vestibular nerve, commonly presents with unilateral hear-
ing loss, tinnitus and disequilibrium, which are attributed to
a combination of compressional/neurotoxic effects on
eighth nerve afferents and/or compromised vascular supply
to the inner ear [1-3]. As it enlarges a schwannoma may
exert pressure on adjacent nerves and brainstem structures,
leading to increased morbidity [4]. These rare, but poten-
tially serious consequences create a need for sensitive tools
for screening and monitoring.

Asymmetrical thresholds on pure-tone audiometry are a
well recognised “red flag” for the initiation of investiga-
tions for a retro-cochlear cause of hearing loss [3, 5].
However, of those who proceed to have MRI, only 1-2 %
will be diagnosed with a vestibular schwannoma [5, 6].
Despite its origin from the vestibular nerve, the role of
vestibular function testing in VS is poorly defined. Most
studies undertaken prior to 2007 were restricted to the use
of the caloric test and cervical vestibular evoked myogenic
potentials, which assess only horizontal semicircular canal
and saccular function. Caloric testing is further renowned
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for its unpleasant vestibular symptoms and is not easily
implemented in the busy office practice.

Vestibular function testing has evolved considerably
over the last decade. Semicircular canal function can now
be evaluated non-invasively using video head-impulse
testing (VHIT) in all canal planes [7, 8]. Ocular and cervical
vestibular evoked myogenic potentials (0VEMP and
cVEMP) enable testing of the two otolith organs (sacculus
and utricle) and their afferents [9-11]. The combined ap-
plication of these tests provides a more detailed represen-
tation of vestibular function, enabling the identification of
lesions specific to each end-organ or nerve division.

MRI scanning undeniably represents the gold standard
test for excluding vestibular schwannoma in the patient
with unilateral tinnitus or asymmetric hearing. The purpose
of this study was not to seek an alternative test to magnetic
resonance imaging, but to explore the role of vestibular
testing as an additional source of information. We further
sought the effects of tumour size and patterns of test ab-
normalities that were indicative of the nerve of origin.

Methods

This study was undertaken within the Neurology depart-
ment of the Royal Prince Alfred Hospital, Sydney Australia
from 2012-2014. Fifty patients (25 females and 25 males
aged 26-89 years: mean = 57.4 £ 15.5) with confirmed
unilateral vestibular schwannoma were recruited from
neurology, neurosurgery and otolaryngology clinics. There
were 26 left and 24 right vestibular schwannoma identified
by brain MRI inclusive of T1 and T2-weighted axial,
sagittal and coronal views with fine (0.5 mm) cuts through
the internal acoustic meati. For 24 patients, medical at-
tention was initially sought due to auditory/aural symp-
toms; 13 patients were investigated principally for
imbalance or vertigo while a further eight patients were
equally concerned about auditory and vestibular symptoms.
Five patients had non-vestibular presentations including
headache (n = 2), recurrent vomiting (n = 1), facial
numbness (n = 1) and blunt head injury secondary to a fall
(n = 1), which led to magnetic resonance imaging. All
patients underwent a detailed history, clinical examination
and audiological assessment. The study received local
ethics committee approval and written informed consent
was obtained in accordance with the 1964 Declaration of
Helsinki and its later amendments.

The five-test battery
A 5-item test battery, designed to represent each individual

vestibular end-organ, was used to investigate the pattern of
vestibular nerve/end-organ involvement. As indicated by

the schematic diagram in Fig. 1, posterior semicircular
canal (PSC) vHIT and air-conducted (AC) cVEMPs pro-
vided two corroborative tests of inferior nerve function.
Conversely, superior nerve function was inferred from the
bone-conducted (BC) oVEMP, horizontal and anterior
canal (HSC and ASC) vHIT.

Vestibular evoked myogenic potentials (VEMPs)

OVEMPs and cVEMPs were recorded using a Medelec
Synergy EMG/EP system (versionlS). cVEMPs were
elicited in response to AC clicks (0.1 ms, 140 dB peak
SPL) presented monaurally via TDH 49 head phones. For
oVEMPs we used BC “minitaps”. These minitaps were
generated in response to a 1.0 ms square-wave pulse
(condensation polarity) that was fed through an external
amplifier (20 V amplitude = 147 dB force level) and de-
livered via a hand-held bone-vibrator (Bruel and Kjaer
4810 minishaker) in the midline of the head at Fz. Both AC
and BC stimuli were presented at a rate of 5/sec.

All VEMP testing was conducted while the subject lay
reclined at an angle approximately 30° above the horizontal,
using methods described previously [12]. Briefly, oVEMPs
were recorded during maximum upward gaze from infra-
orbital electrodes placed beneath the eyes. For cVEMP
testing, responses were recorded from the contracted
sternocleidomastoid (SCM) muscles during head elevation.
The primary outcome measure for both reflexes was the
amplitude asymmetry ratio (AR), defined as the percentage
difference in peak—peak amplitudes recorded from the tu-
mour (7) and non-tumour (nT) ear: %AR = 100 x [(nT —
T)/(nT + T)]. Responses that were absent from one ear were
assigned an amplitude of zero, resulting in AR = 100 %.
Reflex latencies (first peak of each VEMP response in Fig. 1)
provided a secondary outcome measure. In our laboratory,
based upon data collected from 77 healthy controls, an ab-
normal AR (mean + 2SD) is 30.1 % (AC cVEMP) and
38.9 % (BC oVEMP), whereas latencies greater than the
mean + 2SD of 13.1 (AC ¢VEMP) and 10.2 ms (BC
oVEMP) are considered significantly prolonged. Three pa-
tients had evidence of middle ear pathology and were treated
as missing data in the analysis of AC VEMP results.

Video head-impulse-testing (vHIT)

Semicircular canal function was evaluated using a 3-D
video head impulse system (GN Otometrics, Taastrup,
Denmark). The system consisted of a pair of light-weight
goggles containing 3-D gyroscopes to measure head ve-
locity, and a small mounted video camera to record eye
position. The video camera was contained within the right
eye-frame of the goggles, which were secured firmly to the
subject’s head with an adjustable elastic strap.
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Fig. 1 Schematic diagram of
vestibular end-organs and the
tests used to assess their
function. Vestibular tests/end-
organs representing superior
vestibular nerve function are
indicated in blue; those
representing inferior vestibular
nerve function are in red

Cochlea

At the commencement of testing the patient was in-
structed to fixate on a target positioned approximately
1.1-1.3 metres in front of them. The examiner, while
holding the patients head from behind, then made a series
of brisk head movements (10-20° amplitude) correspond-
ing to the horizontal, left anterior-right posterior (LARP)
and right anterior-left posterior (RALP) canal planes. Eye
and head velocities were sampled at 250 Hz and the ratio
of eye-to-head velocity (VOR gain) was calculated from
the average of at least 20 head impulses performed over a
range of velocities (50-300°/s). Results were compared
with the mean gain —2SD from a sample of 40 healthy
controls (16 male and 24 female) aged 26-89 years
(56.4 + 15.4). Normal limits were calculated separately
for left versus right canal-plane head impulses (Table 1) to
account for gain asymmetries introduced through use of a
monocular recording technique (right eye only) [13, 14].
All vHIT results (controls and patients) were analysed
using version 2 of the GN Otometrics software.

Data analysis

All data were analysed using SPSS version 21. Descriptive
statistics are represented in the text and tables as the
mean £ SD (continuous data) or as a percentage (catego-
rical data). McNemar’s test was used to compare percent-
ages of test abnormalities for the entire group, whereas
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rates of abnormalities were compared across groups clas-
sified according to maximum tumour diameter (group
1 < 14 mm, group 2 = 15-29 mm and group 3 > 30 mm)
using the Chi square test. This method of grouping was
based on the recommendation by Stragerup and Caye-
Thomasen [15] that 15 mm be used as a cut-off point for
schwannoma intervention. As some of the variables were
not normally distributed, we used Spearman’s correlation
coefficient r, to explore the relationship between the ori-
ginal test results (%AR, VHIT gain and pure-tone asym-
metry in dB) and maximum tumour diameter. Unless
otherwise stated, significance levels initially set at the
5.0 % level, were adjusted using Holm-Bonferonni
corrections.

Results

The maximum tumour diameter ranged from 2.6-60 mm
(mean = 19.3 &+ 14.6 mm) with 24, 15 and 11 patients in
groups 1, 2 and 3 (<14, 15-29, >30 mm). On questioning,
auditory symptoms were reported by 92.0 % (tinnitus:
66.0 %, aural fullness: 42.0 %, hearing loss: 76.0 %) and
vestibular symptoms by 70.0 % (disequilibrium: 60.0 %,
vertigo: 32.0 %) of patients. Additional neurological
symptoms included facial numbness (20.0 %), facial
weakness (4.0 %) and swallowing difficulties (8.0 %).
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Table 1 VOR gains for healthy control subjects
Video head impulse test (VHIT) normal data
Horizontal (HSC) vHIT Anterior (ASC) VHIT Posterior (PSC) vHIT
Peak head Gain (mean) Gain (lower Peak head Gain (mean) Gain (lower Peak head Gain (mean) Gain (lower
velocity limit) velocity limit) velocity limit)
Left 162.8 (18.3) 0.952 (0.067) 0.82 139.8 (25.7) 0.868 (0.136) 0.60 136.7 (16.2) 0.858 (0.104) 0.65
Right 160.2 (15.2) 0.992 (0.068) 0.86 130.5 (20.3) 0.915 (0.116) 0.68 143.7 (24.1) 0.830 (0.122) 0.59

The data represent the mean (SD) peak head velocities (degrees/sec) and VOR gains (eye velocity/head velocity) measured from 40 healthy
adults aged 26-89 (56.4 + 15.4) years. Separate normative data are provided for the left and right ears to account for the location of the camera
in the right eye frame of the goggles. The lower limit of normal VOR gain (mean — 2SD) rounded to 2 decimal places is also shown

Audiological investigations

Three patients with pre-existing severe-profound hearing
loss were excluded from the analysis of hearing asymme-
tries. Using the recommendations of Obolzer et al.,
asymmetrical hearing loss was defined as a >15 dB inter-
aural difference at two adjacent frequencies if the average
threshold at octave frequencies from 250-8000 Hz was
<30 dBHL for the better hearing ear. This value was set to
>20 dB if the average threshold exceeded 30 dBHL [5].
Hearing asymmetry was identified in 37/47 (78.7 %) pa-
tients (mean asymmetry at two adjacent frequen-
cies = 33.1 £ 249 dB). For 80.9 % of patients, the
greatest inter-aural difference was over the high frequency
range of hearing (=2 kHz). Mid-frequency asymmetry
(1-2 kHz) was most pronounced in 12.7 % of patients.
Three patients (6.4 %) showed greater low frequency
(<1 kHz) hearing asymmetry.

VEMPs

cVEMPs were preserved from all healthy (non-tumour)
ears. Using our laboratory criteria, which defines the upper
limit for normal cVEMP asymmetry as AR = 30.1 %, 23
of 47 patients (48.9 %) had asymmetrical AC cVEMPs
localising to the side of the tumour. Most (16/23) had ab-
sent responses (AR = 100 %), whereas seven patients
demonstrated preserved responses that were reduced in
amplitude. BC  oVEMP  amplitude  asymmetry
(AR > 38.9 %) localising to the tumour side totalled 25/50
patients (50.0 %). For 16/25 patients, BC oVEMPs were
absent; 9/25 patients had a preserved response that was
reduced in amplitude. One patient had bilaterally absent
BC oVEMPs.

On considering reflex latencies, 2/7 patients with re-
duced AC cVEMP amplitudes and 4/24 patients with
normal responses had prolonged p13 latencies. Prolonged
BC oVEMP latencies were recorded from 5/9 patients

with asymmetrical responses and from three patients with
normal oVEMP %AR. This increased the overall per-
centage of AC cVEMP and BC oVEMP abnormalities
(%AR and/or prolonged latencies) to 57.4 and 56.0 %,
respectively.

vHIT

Three patients with missing vHIT data in one or more canal
planes were excluded from the analysis of VHIT results.
Mean VOR gain was significantly lower on the affected
side for all three VvHIT tests (affected ears:
HSC = 0.75 £+ 0.24, ASC = 0.74 £ 0.30, PSC = 0.64 +
0.30; unaffected ears: HSC = 0.90 &+ 0.16, ASC = 0.90
4 0.25, PSC = 0.81 £ 0.26; paired ¢ tests, p < 0.002). On
comparing the results of tumour ears with the 95.0 % range
of control subjects in Table 1, 61.7, 36.2 and 56.5 %
demonstrated reduced VOR gains for HSC, ASC and PSC
head impulses. McNemar tests indicated ASC vHIT pro-
duced fewer abnormalities than either HSC (p = 0.002) or
PSC vHIT (p = 0.031).

Relationship between tumour size and audio-vestibular
test results

There were many inter-correlations between the variables
and all test parameters were significantly correlated with
tumour size (p < 0.01, Table 2). HSC vHIT gain demon-
strated the strongest relationship with tumour size (r; =
—0.72, p <0.001), followed by the %AR for the BC
oVEMP and AC ¢cVEMP (0.71 and 0.50, p < 0.001). Thus,
larger tumours tended to be associated with lower
horizontal vHIT gain and higher cVEMP and oVEMP %
asymmetry ratios. Significant, but weaker correlations were
evident between tumour size and ASC vHIT gain, PSC
VHIT gain and hearing asymmetry (r; = —0.48, —0.45,
0.41 p < 0.01).
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Table 2 Correlations between audiovestibular test results and tumour size

AC cVEMP BC oVEMP H vHIT A VHIT P vHIT Tumor size PTA
AC cVEMP 0.55%%* —0.46* —0.41* —0.53** 0.50%* 0.50*
BC oVEMP 0.55%* —0.62%* —0.58** —0.46* 0.71%* 0.50%%*
H vHIT —0.46* —0.62%%* 0.60%* 0.45* —0.72%* —0.41*
A vHIT —0.41%* —0.58%%* 0.60%* 0.44* —0.48* —0.34
P vHIT —0.53%%* —0.46%* 0.45% 0.44* —0.45% —0.11
Tumor size 0.50%** 0.71%%* —0.72%* —0.48* —0.45* 0.41%*
PTA asym 0.50* 0.50* —0.41* —0.34 —0.11 0.41*

Each cell indicates Spearman’s correlation coefficient (r;), representing the strength of the relationship between each pair of outcome variables.
Due to the number of multiple comparisons a distinction is made between different levels of significance (* p < 0.01 and ** p < 0.001). Tumour
size was based on the maximum diameter in mm. VEMP results were expressed as a percentage amplitude asymmetry (AR = 0-100 %), where
bilaterally absent responses were treated as missing data. Pure-tone asymmetry was calculated as the average difference (in dB) between the
tumour and non-tumour ear at the two adjacent frequencies demonstrating the largest inter-aural difference. All vHIT results were expressed as

the ratio of eye velocity/head velocity (VOR gain) for the affected ear

100
90 1
Tumor size

B <14mm

H 1520 mm

. =30 mm

Rates of test abnormalities (%)

AC BC

HSCVHIT ASCVHIT PSCVHIT dBAsymm
CcVEMP

P <0.001

oVEMP

<0.001 0.001 0.002 0.004  0.085

Audiovestibular test

Fig. 2 Percentage of test abnormalities for patients grouped accord-
ing to maximum tumour diameter. The relationship between the
percentage of abnormal results and tumour size is indicated by the
p value for each Chi square test. Hearing asymmetry was based on the
average difference (in dB) for the two adjacent pure-tone frequencies
demonstrating the largest inter-aural difference: three patients with
pre-existing hearing loss were excluded from this part of the analysis;
for patients with evidence of middle ear pathology (n = 3), asym-
metry was determined from masked bone-conduction thresholds

Figure 2 illustrates the percentage of abnormal test re-
sults for the three groups classified according to tumour
size. Even after adjustment for multiple comparisons
(Holm-Bonferroni), Chi square tests confirmed a sig-
nificant relationship between tumour size and rates of ab-
normal VvHIT gain (all canals)), BC oVEMP and AC
cVEMP asymmetry i.e., as the size of the tumour increased
beyond 14 mm, so did the sensitivity of each vestibular
function test. In contrast, the percentage of patients with
clinically significant hearing asymmetry was not sig-
nificantly different across the three groups. Due to the
similar percentages of vestibular abnormalities for groups 2
and 3, the data were combined into one group
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(schwannoma > 14 mm) for the remainder of the analysis.
Descriptive statistics for the combined data are provided in
Table 3. For schwannoma exceeding a 14 mm diameter,
sensitivity was over 90.0 % for both otolith function tests
(AC c¢cVEMP and BC oVEMP), and over 59.0 % for all
VHIT tests.

Vestibular profiles identified using a 5-item vestibular
test battery

Over half the patients (58.3 %) demonstrated abnormalities
referable to both vestibular nerve divisions. Abnormalities
referable to the inferior vestibular nerve were identified in
10.4 % of patients (isolated PSC n = 1; PSC and saccule
n = 3; saccule only n = 1), while a further 12.5 %
demonstrated a superior pattern of vestibular nerve in-
volvement (HSC only n =3, HSC and utricle n = 2;
combined utricular, ASC and HSC deficits n = 1). Nine of
48 patients (18.8 %), all with schwannoma <14 mm
(group 1), had no vestibular test abnormalities. The results
in Fig. 3, shown separately for schwannoma <14 mm
(group 1) and >14 mm (groups 2 and 3), indicate that a
“mixed pattern” of vestibular nerve involvement was
common for larger sized schwannoma.

Descriptive statistics based on the number of vestibular
abnormalities (1-5) are summarised in Table 4 for small
(<14 mm) and medium to large (>14 mm) schwannoma.
All patients with VS > 14 mm had at least two abnormal
vestibular tests and ten of 22 (45.5 %) with a complete set
of results had abnormalities on all five tests. Thirteen
(59.1 %) of 22 patients with VS < 14 mm had at least one
vestibular abnormality, yet none of the patients had ab-
normalities on all 5 tests. Two of 24 patients with
VS > 14 mm (8.3 %) and eight of 23 patients with
VS < 14 mm (34.8 %) demonstrated symmetrical hearing;
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Table 3 Descriptive statistics comparing the percentage of test abnormalities for schwannoma <14 mm (group 1) with schwannoma >14 mm

(groups 2 and 3, combined)

AC cVEMP (%) BC oVEMP (%)

HSC vHIT (%)

ASC VHIT (%) PSC vHIT (%) DB asymmetry (%)

Group 1 (<14 mm) 25.0 16.7 34.8
Groups 2 and 3 (>14 mm) 91.3 92.3 87.5

13.0 27.3 65.2
59.3 79.2 91.7

Tumor diameter <14 mm (n=23)

Fig. 3 Profiles of vestibular nerve involvement are shown separately
for schwannoma <14 mm (group 1) and >14 mm (groups 2 and 3).
Inferior vestibular nerve involvement was inferred from either a
reduced posterior VHIT gain and/or an AC ¢cVEMP asymmetry ratio
exceeding normal limits. Classification of superior nerve involvement

Table 4 Percentage of patients demonstrating one or more vestibular
test abnormalities for schwannoma >14 mm compared with
schwannoma <14 mm. The significance level for each statistical
comparison (Chi square) between the two groups is indicated by the
p value in the final column. Six patients with incomplete data were
excluded from this part of the analysis

Number of test <14 mm >14 mm P value
abnormalities (n = 22) (%) (n = 22) (%)

>1 59.1 100.0 0.001
>2 36.4 100.0 <0.001
>3 18.2 86.4 <0.001
>4 4.5 72.7 <0.001
5 0 45.5 <0.001

four of these eight patients had at least one abnormal
vestibular test result. Representative results for a patient
with a large schwannoma, showing 5/5 test abnormalities,
are compared with the normal vestibular test profile of a
patient with a small (12 mm) schwannoma in Fig. 4.

Discussion

This study represents the first comprehensive evaluation of
clinically applicable vestibular tests in patients with

Inferior nerve
Superior nerve |
No abnormalities ®

Superior and inferior W

Tumor diameter >14 mm (n=25)

required either an abnormal asymmetry ratio on BC oVEMP testing
and/or a reduced gain for one or both of horizontal and anterior vHIT.
The number of patients included in each pie chart (i.e. with sufficient
results to reliably infer the pattern of nerve involvement) is indicated

vestibular schwannoma. Vestibular test abnormalities were
usually referable to both vestibular nerve divisions and all
tests demonstrated a significant relationship with tumour
size. A normal vestibular test profile was observed only in
tumours <14 mm while the likelihood of a larger
schwannoma increased with the number of test
abnormalities.

Sensitivity of new vestibular function tests in VS

The overall prevalence of otolith abnormalities, based on
asymmetrical amplitudes, was 48.9 % for the AC cVEMP
and 50.0 % for the BC oVEMP. Inclusion of patients with
prolonged latencies increased the percentages to 57.4 and
56.0 %, respectively. These results are comparable with
those of Kinoshita et al. [16] (AC ¢cVEMP = 64.4 %; BC
oVEMP = 68.9 %) who, like us, found no statistically
significant difference in the percentage of abnormalities for
the two tests. Lower rates of abnormal AC cVEMPs
(38.5 %) and BC oVEMPs (15.4 %) were reported by Piras
et al. [17] when using 500 Hz tone-bursts. However, these
authors investigated only 26 patients with small to medium
sized tumours (mean diameter = 10.5 £ 5.2 mm), which
probably explains their reduced number of abnormalities
and weaker correlations between test results.
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Fig. 4 Vestibular test (VHIT and VEMP) profiles and axial MRI
results of a small and large schwannoma. The right panel shows the
results for a patient with a large 33 mm right VS. The patient
demonstrates abnormalities on all five vestibular function tests: VOR
gain, calculated as the ratio of eye velocity (left = blue; right = red)
to head velocity (black), is reduced in all canal planes and VEMPs are

There have been no comprehensive reports of three di-
mensional VHIT as a screening tool for VS. Blodow et al.
[18], using only horizontal VHIT, reported reduced gain of
0.76 £ 0.28 and sensitivity of 41.0 % for a group of 46
schwannoma patients. Rates of vHIT abnormalities in our
study, like the VEMP results, depended on tumour size,
ranging from 13.0-34.8 % for schwannoma less than
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absent from the affected ear. For the patient in the left panel, the
tumour measured 12 mm in diameter. Although this patient’s VEMP
reflexes appear slightly asymmetrical, the asymmetry ratios fall
within normal limits. VHIT results indicate some covert catch-up
saccades for horizontal and posterior canal head impulse, yet VOR
gains are within the normal range

15 mm to over 70.0 % for schwannoma exceeding a
29 mm diameter. We feel these statistics are probably a
conservative estimate of the incidence of canal dysfunc-
tion. In addition to VOR gain, which has been validated as
an objective outcome measure, another indicator of a
semicircular canal deficit is the presence of pathological
catch-up saccades [7, 8]. However, the frequency, latency
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and amplitude characteristics of catch-up saccades have not
been fully explored as a means of separating normal from
pathological ears. The future identification of other objec-
tive parameters may further improve the sensitivity of
VHIT testing in VS.

Do test abnormalities identify the nerve of origin?

An advantage of a test battery, combining vHIT with
VEMPs, is its potential to identify patterns of nerve/end-
organ involvement. For example, Walther and Blodow
[19], using VHIT together with AC cVEMP and AC
oVEMP, identified four profiles that characterised patients
with vestibular neuritis; entire (both nerve divisions), su-
perior, inferior and selective ampullary (canal afferents
only). We found little evidence of selective inferior or
superior nerve subtypes in our VS patients (Fig. 3). Rather,
both nerve divisions tended to be similarly affected.
Horizontal vHIT gain, which depends on the superior
ampullary nerve afferents, correlated equally well with BC
oVEMP and AC cVEMP asymmetry, each reflecting su-
perior and inferior otolith afferent function, respectively.
These unexpected inter-correlations and the global deficits
observed in larger schwannomas (Fig. 3b) indicate that
superior and inferior nerve dysfunction tends to evolve in
parallel. This is in accordance with an earlier study by
Suzuki et al [20] using only AC cVEMPs and calorics,
which showed vestibular abnormalities were largely inde-
pendent of the nerve of schwannoma origin. For the small
percentage (22.9 %) of schwannomas that did produce
abnormalities pointing to a single nerve, it is possible that
this information could be used in surgical planning.

Do test abnormalities correlate with tumour size?

All vestibular test results demonstrated a relationship with
tumour size and the number of abnormalities (0-5) in-
creased significantly for VS greater than 14 mm. However,
while we found good correlations between most vestibular
test results and tumour size, not all studies have demon-
strated a relationship [19, 21]. For some, sample size may
have been an issue. Differences in the classification and
range of tumour sizes can further be expected to produce
different results across laboratories, as can the method of
statistical analysis. For vHIT, the technique and experience
of the examiner is an additional consideration. Horizontal
head impulse testing is relatively easy to perform and not
surprisingly this test yielded the strongest correlation with
tumour size. Posterior and anterior canal head-impulses are
more technically challenging [7] and as our control data
suggest, are associated with greater variance in VOR gain
measurements. This probably contributed to their weaker

association with tumour size and lower rates of abnor-
malities for anterior canal vHIT.

Clinical implications

Vestibular testing as a potential screening tool
for schwannoma

Some schwannoma patients, including 21.4 % in this
study, have symmetrical hearing and may seek medical
attention for reasons other than auditory symptoms. In a
study by Lustig et al. [4], who explored reasons for
imaging patients with symmetrical hearing, vertigo and
disequilibrium were the most common indicators that led to
the discovery of a schwannoma. However, these symptoms
are common in the general population [22] and it would be
impractical to image all symptomatic patients. Simple
laboratory tests such as VEMPs and vHIT could help
identify those patients with vertigo or imbalance who merit
imaging to exclude medium to large schwannomas.

A limitation of the present study is that we did not in-
clude an additional control group with similar presenting
symptoms, but with negative MRI results. Therefore the
specificity of VEMPs and vHIT in schwannoma remains
uncertain. To our knowledge there has been only one study
that has examined both the sensitivity and specificity of AC
cVEMPs in large series. Ushio et al. [23] reviewed the AC
cVEMP results of 803 consecutive patients attending a
vertigo clinic, including 78 patients with a schwannoma.
They reported a sensitivity of 80.8 % and specificity of
52.7 %, which is similar to specificity statistics reported for
hearing asymmetry criteria [5]. Ushio et al. [23] ac-
knowledged that the specificity was not high and suggested
that this may have been due in part to selection bias. By
investigating patients from a vertigo clinic, vestibular
dysfunction is likely to have been over represented.

Despite the uncertain specificity, the prevalence of
VEMP and vHIT abnormalities in schwannoma >14 mm is
high. All patients in this group had at least two abnormal test
results and just under half had abnormalities on all five tests.
We therefore recommend that vestibular function, as mea-
sured using VEMPs and vHIT, be an additional consid-
eration in the risk assessment for eighth nerve pathology. In
our opinion MR imaging should be undertaken in any pa-
tient with asymmetric vestibular function not easily ex-
plained by another well defined cause such as vestibular
neuritis. Conversely, our data suggest a normal vestibular
profile (0 abnormalities) virtually excludes schwannoma
larger than 14 mm. This finding obviously requires confir-
mation by other large series studies. Future investigations in
patients with both auditory and vestibular symptoms are also
needed to confirm the specificity of VHIT and VEMPs in
conjunction with existing audiometric criteria.
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Schwannoma monitoring

Whereas surgical intervention used to be common practice,
most small schwannoma are now managed conservatively
using the “watch and rescan” approach [15]. However,
there are instances when MRI scanning is precluded due to
cardiac pacemakers or metallic foreign bodies, obesity and
claustrophobia [24]. Our results, which demonstrate a
significant relationship between tumour size and vestibu-
lar-test abnormalities, imply a potential role for these tests
as adjunctive monitoring tools when MRI is not accessible.
Future longitudinal studies involving serial VEMP and
VHIT testing, in conjunction with MRI, are needed to
clarify the precise relationship between tumour growth and
vestibular test abnormalities.

Post-operative planning

Quantitative vestibular testing is not routinely used in the
pre- operative/radiation assessment of VS. However, sud-
den deafferentation and loss of vestibular function can
produce disabling vertigo and ongoing balance problems in
a proportion of post-ablation VS patients [25-27]. Detailed
information regarding residual pre-operative function, as
provided through combined VEMP and vHIT testing, may
help identify at risk patients and initiate vestibular pre-
habilitation.

Conclusions

In patients presenting with non-specific disequilibrium
or vertigo, unexplained unilateral VHIT and VEMP
asymmetry should alert otologists and neurologists to
undertake imaging. The vestibular test profile in most
cases does not indicate selective vestibular nerve in-
volvement. In patients with known schwannomas
awaiting ablation, these tests will quantify residual
vestibular function and help clinicians to plan post-op-
erative management.
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