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Abstract
Objective: This study aimed to define the characteristics and use of ocular and cervical vestibular evoked myogenic
potentials for evaluating paediatric cochlear implant candidates.
Methods: Ocular and cervical vestibular evoked myogenic potentials of 34 paediatric cochlear implant candidates
were analysed. All patients also underwent a routine audiological examination, including computed tomography.
Results: In all, 27 patients with normal inner-ear structures had absent or impaired vestibular evoked myogenic
potential responses. In paediatric candidates with inner-ear malformations, ocular and cervical vestibular evoked
myogenic potentials had lower thresholds and higher amplitudes. Vestibular evoked myogenic potential
responses in this cohort were classified into three groups. There was significant concordance between vestibular

evoked myogenic potentials and temporal bone computed tomography findings.
Conclusion: Ocular and cervical vestibular evoked myogenic potential waveforms were different in paediatric
candidates with normal and abnormal inner-ear structures. Therefore, vestibular evoked myogenic potential

responses can indicate temporal bone structure.
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Introduction

Cochlear implantation has become an important
treatment for hearing loss, especially in paediatric
patients with bilateral severe or profound sensorineural
hearing loss (SNHL). Comprehensive pre-operative
assessment of paediatric cochlear implant candidates
includes otoscopy, pure tone audiometry, tympanome-
try, auditory brainstem response (ABR) testing, distortion
product otoacoustic emission testing, high-resolution
computed tomography (CT) and magnetic resonance
imaging. These examinations provide inner-ear structural
information, which is crucial forachieving a good surgical
outcome.

Vestibular evoked myogenic potentials are induced
by strong auditory or vibration stimuli and recorded
from the surface of specific ocular and cervical
muscles. Air-conducted sound travelling through the
external auditory canal via the tympanic membrane
and ossicular chain stimulates vestibular end organs
(aided by endolymphatic vibration) to produce
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vestibular evoked myogenic potentials via specific
pathways. Cervical vestibular evoked myogenic poten-
tials are mediated by the uncrossed inhibitory vestibu-
locollic pathway, which begins in the saccular macula,
progresses via the inferior vestibular nerve and ends in
the sternocleidomastoid; they can be used to assess sac-
cular function.'” Ocular vestibular evoked myogenic
potentials are recorded via surface electrodes placed
below the eyes when the patient looks up in response
to air-conducted sound. Recent evidence strongly sug-
gests that the utricle is the end organ involved in ocular
vestibular evoked myogenic potential, regardless of the
means of stimulation, although this remains controver-
sial.*>* Studies have demonstrated that the ocular ves-
tibular evoked myogenic potential is elicited via a
contralateral excitatory potential, and that the asso-
ciated conduction pathway probably originates in the
utricular macula, progresses via the superior vestibular
nerve and ends in the contralateral inferior oblique
muscle.”™® To date, potential applications of both
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ocular and cervical vestibular evoked myogenic poten-
tials have been identified for numerous otological
diseases.”'”

In theory, vestibular evoked myogenic potentials
should display altered waveforms in paediatric cochlear
implant candidates, especially those with inner-ear
malformations, because the receptor cells and conduc-
tion pathways are influenced by abnormal conduction
processes and inner-ear disease. Zhou et al. showed
that cervical vestibular evoked myogenic potential
testing helps in the differential diagnosis of middle-
ear pathologies. Moreover, in patients with air—bone
gaps (ABGs) seen upon pure tone audiometry, inner-
ear structural anomalies were associated with various
otological conditions.'' However, pure tone audiom-
etry testing can be difficult in young children. Thus,
it is debatable whether cervical vestibular evoked myo-
genic potential testing can form part of the pre-opera-
tive paediatric examination. Moreover, it is unknown
whether ocular and cervical vestibular evoked myo-
genic potentials have similar diagnostic capabilities.

This study combined ocular and cervical vestibular
evoked myogenic potential testing to identify the
typical patterns of evoked potential changes in paediat-
ric cochlear implant candidates and investigated the
value of this approach in the differential diagnosis of
disorders affecting the inner-ear structure.

Materials and methods

Participants

A retrospective study of paediatric cochlear implant
candidates treated in the Department of Otorhinolaryn-
gology Head and Neck Surgery, Second Affiliated
Hospital of Xi’an Jiaotong University College of Medi-
cine, from January 2012 to December 2015 was per-
formed. A total of 34 patients (17 girls and 17 boys)
with a mean age of 5.6 £2.0 years (range 3-12
years) were recruited. Twenty healthy paediatric volun-
teers with a mean age of 6.45 = 2.19 years (range 4-10
years; 11 girls and 9 boys) were recruited to serve as
controls. All children underwent otoscopy, pure tone
audiometry and tympanometry analyses. Ocular and
cervical vestibular evoked myogenic potentials were
assessed in 32 healthy ears.

This study was approved by the institutional review
board of the Second Affiliated Hospital of Xi’an
Jiaotong University College of Medicine. Guardians pro-
vided informed consent for their child’s participation.

Experimental procedures

A medical history was taken for each patient, and there
were no reports of any other previous ear disorder.
Routine examinations including otoscopy, pure tone
audiometry, tympanometry, ABR, distortion product
otoacoustic emission and CT were performed if pos-
sible. The auditory steady-state response was assessed
in children who were too young to cooperate with
pure tone audiometry testing.
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In a soundproof examination room, ocular and cer-
vical vestibular evoked myogenic potentials were
recorded in response to air-conducted sound with a
500-Hz short tone burst (rise and fall times = 1 ms,
plateau time = 2 ms) transmitted through a calibrated
earphone. The electromyography signal from the sti-
mulated side was amplified using an ICS Chartr EP
analyser (GN Otometrics, Taastrup, Denmark), and
the bandpass filter was set to 0.001-1 kHz. The
responses to 2 sets of 50 stimuli were averaged separ-
ately. A stimulus of 131 dB SPL was used as the
default starting intensity to check whether vestibular
evoked myogenic potentials could be elicited for each
patient and to assess the waveforms. The stimulus
intensity was then decreased or increased in 5-dB
SPL steps depending upon the presence or absence,
respectively, of vestibular evoked myogenic potentials.
The lowest stimulus intensity to elicit a clear, reprodu-
cible biphasic wave was recorded (in dB SPL).

Ocular vestibular evoked myogenic potential testing
was performed with participants in a supine position.
An active electrode was then placed 1 cm below the
lower lid of each eye in line with the pupil, a reference
electrode was placed below the active electrode and a
ground electrode was placed on the midline of the fore-
head; an inter-electrode resistance of less than 5 kQ) was
confirmed. Each participant was asked to look upwards
upon hearing a sound from the insert earphone.’
Attention-attracting tools (e.g. toys) were used for chil-
dren who could not follow this instruction because they
were either too young or could not hear the sound.

Cervical vestibular evoked myogenic potential
testing was similarly performed with participants in a
supine position. An active electrode was placed in the
middle of the sternocleidomastoid muscle, a reference
electrode was placed above the sternoclavicular joint
and a ground electrode was placed on the midline of
the forehead; an inter-electrode resistance of less than
5 kQ was confirmed. Each participant was instructed
to raise her or his head off the pillow to activate the
sternocleidomastoid muscle electrode upon hearing
tone bursts through the insert earphone.'? Attention-
attracting tools were used for children who were
unable to follow these instructions.

Analysis of vestibular evoked myogenic potential
parameters

Vestibular evoked myogenic potentials were consid-
ered suitable when a reproducible short-latency
biphasic wave was elicited; unrecognisable or unrepeat-
able waveforms were rejected. Response rates were cal-
culated for both ocular and cervical vestibular evoked
myogenic potentials.

Vestibular evoked myogenic potential thresholds
were measured as described; amplitudes and latencies
of ocular and cervical vestibular evoked myogenic
potentials were measured using a 131-dB SPL stimu-
lus. P1 and N1 are the first positive and negative
peaks, respectively. The following parameters were
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recorded: the P1 and N1 latencies (in ms), defined as
the interval between 0 ms and the corresponding
maximal peak; the inter-peak latencies (in ms), calcu-
lated as the interval between P1 and N1; and the amp-
litude (in pV), defined as the vertical distance between
the P1 and N1 peaks.

Statistical analysis

Data was analysed using IBM SPSS Statistics software
version 19.0 (Armonk, New York, USA). x° tests were
used to compare between-group response rates;
Student’s #-tests were used to compare vestibular
evoked myogenic potential thresholds, P1 and N1
latencies, inter-peak latencies and amplitudes; and
Cohen’s k and McNemar tests were used to determine
concordance between the different examinations. A p
value of less than 0.05 was considered statistically
significant.

Results
Computed tomography imaging of inner-ear structures

All 34 patients (68 ears) had shown a poor response to
sound from a very young age, but with no other
reported ear disorder. Temporal bone CT showed that
27 patients (54 out of 68 ears) had normal middle-
and inner-ear structures (normal structure group); 6
patients (10 ears) had large vestibular aqueduct syn-
drome and 1 patient (2 ears) had bilateral Mondini dys-
plasia with enlarged vestibular aqueducts (a total of 12
ears; abnormal structure group 1). In the remaining two
ears (one with moderate and the other with mild
hearing loss), temporal bone imaging showed large
vestibular aqueduct syndrome; these two ears were
added to abnormal structure group 1 to form abnormal
structure group 2. The diagnostic criteria for large ves-
tibular aqueduct syndrome were those described by
Valvassori and Clemis.'? Briefly, a vestibular aqueduct
was considered to be enlarged if the midpoint width
was larger than 1.5 mm or wider than the posterior
semicircular canal diameter.

Routine audiological evaluations

The findings of routine audiological evaluations are
summarised in Table 1. All 68 ears had normal external
canals and tympanic membranes. However, not all tests
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were completed successfully because of poor patient
cooperation. Audiological examination findings
showed severe or profound SNHL in the normal struc-
ture group and abnormal structure group 1 with no
response to distortion product otoacoustic emissions
(DPOAEs). Of the two ears not included in the
normal structure group or abnormal structure group 1,
one had moderate hearing loss with a type C curve in
the emittance testing and the other had mild hearing
loss and low-frequency loss of DPOAEs. In the
normal structure group and abnormal structure group
1, 30 type A (normal) curves and 16 abnormal curves
were observed for 66 ears. There was no significant
relationship between inner-ear structure and routine
audiological findings.

Ocular and cervical vestibular evoked myogenic
potential results

All children underwent ocular and cervical vestibular
evoked myogenic potential testing. In the normal
structure group, ocular vestibular evoked myogenic
potentials were absent in 19 ears and present in the
remaining 35 ears. Similarly, cervical vestibular
evoked myogenic potentials were absent in 16 patients
and present in 36: 1 patient’s parents did not consent to
this test for personal reasons. Ocular and cervical ves-
tibular evoked myogenic potentials were present in all
patients in abnormal structure group 1, except for one
with bilateral large vestibular aqueduct syndrome who
refused to undergo cervical vestibular evoked myo-
genic potential testing. The results of ocular and cer-
vical vestibular evoked myogenic potential testing are
summarised in Table II.

In the normal structure group, the response rate was
65 per cent (35 out of 54 ears) for ocular vestibular
evoked myogenic potentials and 69 per cent (36 out
of 52) for cervical vestibular evoked myogenic poten-
tials. However, in abnormal structure group 1 (compris-
ing children with large vestibular aqueduct syndrome
and Mondini dysplasia), response rates were 100 per
cent for both ocular and cervical vestibular evoked
myogenic potentials. Ocular vestibular evoked myo-
genic potential response rates were significantly differ-
ent between the normal structure group and abnormal
structure group 1 and between the normal structure
group and abnormal group 2 (p < 0.05). Cervical

TABLE I

AUDITORY BRAINSTEM RESPONSE, DISTORTION PRODUCT OTOACOUSTIC EMISSIONS AND TYMPANOMETRY
FINDINGS BY GROUP

Group Ears (n) ABR DPOAE Tympanometry

Normal Abnormal DNT Normal Abnormal DNT Normal Abnormal DNT
N 54 0 52 2 0 52 2 24 12 18
Al 12 0 12 0 0 9 3 6 4 2
A2 14 1 13 0 0 10 4 7 5 2

ABR = auditory brainstem response; DPOAE = distortion product otoacoustic emission; DNT = did not test; N = normal structure group;
Al = abnormal structure group 1; A2 = abnormal structure group 2
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TABLE II
OCULAR AND CERVICAL VESTIBULAR EVOKED MYOGENIC POTENTIAL FINDINGS BY GROUP
Group Ears (n) oVEMP cVEMP
Presence Absence DNT Presence Absence DNT
N 54 35 19 0 36 16 2
Al 12 12 0 0 10 0 2
A2 14 14 0 0 12 0 2

oVEMP = ocular vestibular evoked myogenic potentials; cVEMP = cervical vestibular evoked myogenic potentials; DNT = did not test;
N = normal structure group; A1 = abnormal structure group 1; A2 = abnormal structure group 2

TABLE III
VESTIBULAR EVOKED MYOGENIC POTENTIALS: ASSOCIATIONS BETWEEN THRESHOLDS AND AMPLITUDES
Group oVEMP cVEMP
Ears (n) Threshold (dB SPL) Amplitude (uV) Ears (n) Threshold (dB SPL) Amplitude (uV)
N 35 125.0 £ 4.8 55+35 36 118.8 £5.4 299.9 = 179.7
Al 12 116.0 = 4.3* 13.4 + 937 10 111.5 & 7.6 407.2 = 175.3
A2 14 114.6 £ 5.7F 15.6 + 10.2* 12 1102 + 7.6* 410.5 + 180.1

*A1 group vs N group, Student’s t-test p < 0.01. TA1 group vs N group, Student’s #-test p < 0.05. *A2 group 2 vs N group, Student’s #-test p <
0.01. oVEMP = ocular vestibular evoked myogenic potentials; cVEMP = cervical vestibular evoked myogenic potentials; DNT = did not
test; N = normal structure group; Al = abnormal structure group 1; A2 = abnormal structure group 2

vestibular evoked myogenic potential response rates
were also significantly different between the normal
structure group and abnormal structure group 2,
although not between the normal structure group and
abnormal structure group 1 (p = 0.052).

Vestibular evoked myogenic potential parameters in
ears with normal and abnormal inner-ear structures are
summarised in Table III. Threshold values were signifi-
cantly different for ears with different inner-ear struc-
tures (p < 0.01). The amplitudes of ocular vestibular
evoked myogenic potentials differed significantly
with respect to inner-ear structure (i.e. normal vs abnor-
mal), whereas those of cervical vestibular evoked myo-
genic potentials did not. Scatter plots illustrating
differences in vestibular evoked myogenic potentials
between ears with normal vs abnormal inner-ear struc-
tures are shown in Figure 1. It is apparent that the scat-
terplots have different shapes for different patient
groups. However, the inter-peak latency and P1 and
N1 latencies of ocular and cervical vestibular evoked
myogenic potentials showed no obvious patterns.

Concordance between ocular and cervical vestibular
evoked myogenic potentials and computed tomography
findings
Based on the analysis described above, three types of
vestibular evoked myogenic potential results could be
classified (shown in Figure 2): type 1, absent (no wave-
forms); type 2, impaired (characterised by threshold
elevation and a reduced amplitude); and type 3, sensi-
tivity (characterised by threshold reduction and an
increased amplitude).

To establish a classification standard for types 2 and
3 vestibular evoked myogenic potential, 32 healthy ears
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were tested. For the ocular vestibular evoked myogenic
potential, the median threshold was 116 dB SPL, and
the mean amplitude was 8.57 uV; for the cervical ves-
tibular evoked myogenic potential, these parameter
were 111 dB SPL and 360.88 uV, respectively. By
comparing the respective values in patients and
healthy controls, above median threshold and mean
amplitude values were chosen as classification stan-
dards for both ocular and cervical vestibular evoked
myogenic potentials (as shown in Figure 3).

The classification of the ocular and cervical vestibu-
lar evoked myogenic potentials is summarised in
Table IV. Cohen’s «x coefficients and paired
McNemar tests showed significant concordance
between cervical vestibular evoked myogenic poten-
tials and temporal bone CT findings. A similar trend
was found between the ocular vestibular evoked myo-
genic potentials and CT findings, regardless of
whether the normal structure group was compared
with abnormal structure group 1 or abnormal structure
group 2.

Discussion

Paediatric severe or profound SNHL accompanied by
inner-ear malformation is not rare. The ocular and cer-
vical vestibular evoked myogenic potential pathways
include the external auditory canal, ossicular chain
and endolymph. Abnormal pathway structures are
revealed by changes to waveforms. In this study, two
vestibular evoked myogenic potentials triggered via
air-conducted sound were used to assess otolithic func-
tion and conduction pathways. Concordance between
vestibular evoked myogenic potentials and the results
of routine pre-operative evaluations for cochlear
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FIG. 1

Scatter plots showing ocular and cervical vestibular evoked myogenic potentials. The central point was tagged for each group to display
between-group differences. N = normal structure group; Al = abnormal structure group 1; A2 = abnormal structure group 2

implantation was investigated. Fourteen out of 68 ears Wermeskerken et al. (20 per cent).'* Routine audio-
(21 per cent) in the present study had inner-ear malfor- logical evaluation of paediatric candidates showed
mations; this finding is consistent with those of Van abnormal ABR and distortion product otoacoustic
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FIG. 2

Graphs showing typical waveforms for a normal healthy ear and for ears with types 1, 2 and 3 ocular (a) and cervical (b) vestibular evoked
myogenic potentials. Type 1, absence; type 2, impaired; type 3, sensitivity. P1 = first positive peak; N1 = first negative peak
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FIG. 3

Flow chart showing the development of a temporary standard used to classify ocular and cervical vestibular evoked myogenic potentials
(VEMPs) in this study.

TABLE IV
CONCORDANCE BETWEEN VESTIBULAR EVOKED MYOGENIC POTENTIALS AND COMPUTED TOMOGRAPHY FINDINGS
Group oVEMP cVEMP
Ears (1) Types1 &2 Type3 Cohen’s k* pvalue’ Ears(n) Typesl1&2 Type3 Cohen’sk*  p value
N 54 53 1 - - 52 49 3 - -
Al 12 6 6 0.575 0.125 10 2 8 0.713 1.000
A2 14 6 8 0.637 0.125 12 2 10 0.752 1.000

*A value of > 0.4 indicates concordance and a value of > 0.75 indicates very strong concordance. In McNemar testing, p > 0.05 indicates no
difference between vestibular evoked myogenic potential and CT findings. oVEMP = ocular vestibular evoked myogenic potentials;
cVEMP = cervical vestibular evoked myogenic potentials; N = normal structure group; Al = abnormal structure group 1; A2 = abnormal

structure group 2

emission results for the normal structure group and
abnormal group 1. In abnormal structure group 2, one
ear affected by large vestibular aqueduct syndrome
had a normal ABR; however, this ABR is likely to
become abnormal with disease progression.
Tympanometry results for this ear were inconclusive
and the inner-ear structure did not show a clear correl-
ation with any test result.

However, vestibular evoked myogenic potentials
may be different with the different tests described
above. Sound travels through the external auditory
canal via the tympanic membrane and ossicular chain
to stimulate vestibular end organs (aided by endolym-
phatic vibration) and produces air-conducted sound
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vestibular evoked myogenic potentials through specific
pathways. After researched the pure tone audiometry of
patients with ABGs, Zhou et al. reported no clear cor-
relations between tympanometry, acoustic reflex and
CT findings for the middle and inner ear.'' In contrast,
cervical vestibular evoked myogenic potentials have
been used for differential diagnosis in patients with
ABGs and/or conductive components associated with
various otological conditions. Abnormalities in the
conductive process may change vestibular evoked
myogenic potentials, thus extending their clinical
applications. In the present study, the following ves-
tibular evoked myogenic potential characteristics were
observed. Firstly, ocular and cervical vestibular
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evoked myogenic potentials were elicited for all
patients with inner-ear malformations (abnormal struc-
ture group 2), and the response rates were significantly
higher than in the normal structure group. Secondly,
ocular vestibular evoked myogenic potential thresholds
were much lower and their amplitudes were much
broader in patients with inner-ear malformations
(abnormal structure group 2) than in the normal struc-
ture group. Similar results were obtained for cervical
vestibular evoked myogenic potentials.

The cochlea and vestibule share a continuous mem-
branous structure and have similar receptor cells; there-
fore, inner-ear disease can affect both hearing and
balance. The utricle and saccule, which are both
affected by inner-ear diseases, serve as receptors for
ocular and cervical vestibular evoked myogenic poten-
tials. The type of change in vestibular evoked myogenic
potentials can indicate differences in inner-ear disease
severity affecting the utricle and saccule.”'®'> For
example, severe inner-ear disease may render receptor
cells of the utricle and saccule unable to respond to
stimulation. Thus, the typical waveforms of ocular
and cervical vestibular evoked myogenic potentials
are not elicited, and there is a consequent decline in
response rate (type 1 pattern). In contrast, relatively
minor damage may impair the formation of waveforms:
in this case, the otolith organ stimulation effectively
elicits both ocular and cervical vestibular evoked myo-
genic potentials, although with abnormally higher
thresholds and lower amplitudes (type 2 pattern).
Type 3 ocular and cervical vestibular evoked myogenic
potentials have a different pattern, comprising abnor-
mally low thresholds and broader amplitudes. In this
study, types 1 and 2 vestibular evoked myogenic poten-
tials were highly concordant with CT results of candi-
dates with normal inner-ear structures, and type 3
waveform patterns were highly concordant with CT
results of candidates with inner-ear malformations.
Ocular and cervical vestibular evoked myogenic poten-
tials were more excitable and sensitive in patients with
inner-ear malformations. Sheykholeslami er al. and
Merchant et al. reported the same phenomenon in
patients with large vestibular aqueduct syndrome.'®!”
These authors suggested that a close relationship exists
between the sensitive cervical vestibular evoked myo-
genic potential and the so-called third-window effect
caused by inner-ear malformation. A type 3 waveform
pattern indicating vestibular evoked myogenic potential
sensitivity was also found in superior semicircular dehis-
cence syndrome, which is proposed to be another third-
window condition.'®'? A similar mechanism may also
exist in Mondini dysplasia patients because increased
endolymphatic fluid vibration in cochlear and vestibular
dysplasia might promote vestibular evoked myogenic
potential sensitivity. However, further research is neces-
sary to fully understand endolymphatic fluid hydro-
dynamics in inner-ear malformations.

To assess whether vestibular evoked myogenic
potentials can be used to identify inner-ear structures,
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vestibular evoked myogenic potentials were classified
astype 1, 2 or 3 using a temporary classification stand-
ard based on data for vestibular evoked myogenic
potential parameters in normal children. In this study,
vestibular evoked myogenic potential data were con-
sistent with CT findings. Although the accuracy of
ocular and cervical vestibular evoked myogenic poten-
tial data for diagnosing inner-ear structures needs to be
improved, their clinical value was clearly demonstrated.
Analysis of larger patient cohorts may define the
normal range of various vestibular evoked myogenic
potential parameters. The most useful are likely to be
the threshold and the amplitude.

e Vestibular evoked myogenic potentials were
measured in paediatric cochlear implant
candidates

e Ocular and cervical vestibular evoked
myogenic potential waveforms differed
significantly between those with normal and
abnormal inner-ear structures

e Vestibular evoked myogenic potentials
correlated closely with temporal bone
computed tomography findings

e Vestibular evoked myogenic potentials may be
useful for diagnosing inner-ear disease

Two cochlear implant candidates in this study had
bilateral large vestibular aqueduct syndrome: one had
profound SNHL in the right ear and moderate hearing
loss in the left, and the other had profound SNHL in
the right ear and mild hearing loss in the left. In both
patients, the vestibular evoked myogenic potentials in
the non-SNHL ear had reduced thresholds and
increased amplitudes that were identical to those of
the contralateral ears with profound SNHL. These
data suggest that concordance between vestibular
evoked myogenic potentials and CT findings may not
be limited to children with severe or profound SNHL.

Conclusion

Inner-ear malformation is common in paediatric coch-
lear implant candidates. In this study, ocular and cer-
vical  vestibular evoked myogenic potential
waveforms showed a regular pattern of changes in chil-
dren with inner-ear malformations that were signifi-
cantly different from those of paediatric cochlear
implant candidates with normal inner-ear structures.
Vestibular evoked myogenic potentials correlated
closely with inner-ear structure as indicated by tem-
poral bone CT. In addition to providing a method for
objectively assessing otolithic function, vestibular
evoked myogenic potentials may have a future role in
diagnosing inner-ear disease.
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