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A B S T R A C T

Purpose: The purpose of this study was to evaluate the stability of rotary chair,
video head impulse test (vHIT), and vestibular evoked myogenic potential
(VEMP) responses in children with normal hearing (NH) and children with
cochlear implants (CIs).
Method: Retrospective analysis of 66 children (33 males, Mage = 11.4 years,
range: 3–18 years) seen in a tertiary clinic and/or research laboratory who com-
pleted rotary chair, VEMP, and vHIT across two test sessions between 2012
and 2019. The stability of these measures was compared between two groups:
children with NH (n = 35) and children with CI (n = 31). For each outcome, the
session difference was calculated by subtracting Session 1 from Session 2.
Results: For rotary chair (gain and phase) and vHIT (gain), linear mixed-effects
models revealed that there were no significant interactions or main effects for
group (CI vs. NH), time between session, gender, or age on the session differ-
ence, suggesting that the outcomes of these measures are stable across ses-
sions. For cervical and ocular VEMP amplitude, there was a significant interac-
tion between group and time between sessions on the session difference. Spe-
cifically, children with NH demonstrated larger amplitudes at Session 2, whereas
children with CI demonstrated smaller amplitudes at Session 2. Next, test find-
ings were classified as normal, unilaterally abnormal, or bilaterally abnormal for
Sessions 1 and 2. Misclassification was defined as a mismatch of classification
between sessions. Rotary chair and vHIT had the fewest misclassifications,
whereas cervical VEMPs had the most misclassifications in children with CI and
ocular VEMPs had the most misclassifications in children with NH. Misclassifi-
cations in children with CI were mostly consistent with progressive vestibular
loss, whereas misclassifications in children with NH were mostly consistent with
improved vestibular function.
Conclusions: Stability and misclassification rates varied between tests and
groups. Overall, rotary chair and vHIT outcomes were stable in both groups;
however, VEMPs differentially changed between groups, improving in children
with NH and declining in children with CI. Furthermore, despite relative stability,
some children with CI evidenced progressive vestibular loss on all measures
suggesting that vestibular testing should be completed serially due to the possi-
bility of progression.
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Rotary chair, video head impulse test (vHIT), and
vestibular evoked myogenic potentials (VEMPs) are the
most common vestibular assessments used in pediatrics.
While all three of these measures are feasible in children,
reliability of these measures has primarily been investi-
gated in typically developing children with few studies
examining the stability of these measures in children with
hearing loss. The likelihood of vestibular loss rises as the
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severity of hearing loss increases (Brookhouser et al.,
1991; Janky, Thomas, et al., 2018). As such, vestibular
loss is more common in children with a cochlear implant
(CI; Cushing et al., 2013; Janky & Givens, 2015); how-
ever, it is unknown if vestibular function is stable in this
population or if declines in vestibular function can be seen
over time. Therefore, the purpose of this study was to
evaluate the stability of rotary chair, vHIT, and VEMP
testing over multiple sessions in children with normal
hearing (NH) and children with CI.

These three measures provide complementary infor-
mation regarding vestibular function and may be completed
in isolation or in conjunction. Rotary chair assesses midfre-
quency (.01–.64 Hz) horizontal canal and superior vestibu-
lar nerve function; vHIT assesses high-frequency function
of each semicircular canal and subsequently both superior
and inferior vestibular nerve function; cervical VEMP
(cVEMP) assesses saccule and inferior vestibular nerve
function; and ocular VEMPs (oVEMP) assess utricle and
superior vestibular nerve function. Thus, collectively, these
assessments can evaluate the entire vestibular periphery.

Rotary chair can be completed in children as young
as 2 months (Janky & Rodriguez, 2018); however, there
are conflicting reports of age effects on rotary chair.
Abnormal responses in children younger than 1 year have
been attributed to maturation (Eviatar & Eviatar, 1979).
Both an inverse (Charpiot et al., 2010; Ornitz et al., 1985;
Valente, 2007) and linear (Casselbrant et al., 2010) rela-
tionship between vestibulo-ocular reflex (VOR) gain and
age have been reported. While gain has been found to be
reliable in children ages 3–11 years with NH when
repeated in a single session (Valente, 2007), no studies
have examined test–retest reliability or outcome stability
in children with hearing loss over time.

vHIT using goggles can be completed in children as
young as 4 years (Bachmann et al., 2018) or with a remote
camera system (e.g., Synapsys) in infants < 1 year
(Verrecchia et al., 2020; S. R. Wiener-Vacher & Wiener,
2017). Like rotary chair, there are conflicting reports of
age effects on vHIT gain. Lower gains are present in chil-
dren < 3 years, and variability is larger until 6 years
(S. R. Wiener-Vacher & Wiener, 2017). While higher
VOR gain has been shown in typically developing children
compared with adults (Bachmann et al., 2018), others
report no significant difference in VOR gain in typically
developing children compared with adults (Ross &
Helminski, 2016; S. R. Wiener-Vacher & Wiener, 2017).
Good test–retest reliability has been found for VOR gain
in all six semicircular canals within a single session (intra-
class correlation coefficient [ICC] ≥ .821 ≤ .945) in chil-
dren 4–17 years along with good intrarater reliability
between three examiners for the same session (ICC ≥ .800
≤ .971; Ross & Helminski, 2016). In infants and young
children (4–79 months of age) with sensorineural hearing
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loss, all but three subjects were able to complete vHIT
using a remote camera; vHIT was in good agreement with
mini ice-water calorics (p < .05), suggesting that vHIT is
both a feasible and valid measure of horizontal canal func-
tion; however, test–retest reliability or outcome stability
were not evaluated (Verrecchia et al., 2020).

cVEMPs have been recorded in infants (Sheykholeslami
et al., 2005; Verrecchia et al., 2020; Wang et al., 2008) but
are more commonly administered in children 3 years and
older (Hsu et al., 2009; Janky & Rodriguez, 2018).
oVEMPs can be administered in children after age 2 years
(Wang et al., 2013), due to the later developing VOR
(Hsu et al., 2009) and ability to maintain upward gaze. In
typically developing children, c- and oVEMP amplitudes
are not significantly different from adults (Valente, 2007;
Wang et al., 2013); however, larger intersubject variabil-
ity was observed for cVEMPs in children (Valente,
2007). cVEMPs and oVEMPs have been found to be reli-
able for typically developing children (4–10 years) and
adolescents (11–18 years) across two sessions (Fuemmeler
et al., 2020; Greenwalt et al., 2021). Verrecchia et al.
(2020) completed cVEMPs on infants and young children
(4–79 months of age) with sensorineural hearing loss and
had 80% compliance rate and 66% of subjects had valid
responses defined as repeatable waves (present or absent);
however, test–retest reliability or outcome stability were
not evaluated.

In our clinic, vestibular assessments are completed
in children when there are concerns for dizziness, to assist
in determining the etiology of hearing loss and prior to
cochlear implantation. Furthermore, our research lab
completes vestibular testing to investigate appropriate test
techniques (Merchant et al., 2020; Patterson et al., 2020;
Rodriguez et al., 2018, 2019) and determine the effects of
vestibular loss in children (Janky & Givens, 2015; Janky,
Thomas, Al-Salim, et al., 2022; Janky, Thomas, Patterson,
et al., 2022). Clinically, children with hearing loss are seen
for vestibular testing once and then are only reassessed if
concerns arise. In the research lab, some children are seen
for vestibular testing serially if they participate in multiple
studies. Therefore, the purpose of this study was to deter-
mine the stability of vestibular function over time. This is
particularly important in children with hearing loss as
both developmental and physiologic changes related to the
etiology of hearing loss can result in changes to vestibular
function.

For children with NH, we hypothesized that despite
developmental changes, there would be no significant dif-
ference between Sessions 1 and 2 for the three measures,
suggesting that these measures are stable, and that classifi-
cation (i.e., normal vs. unilaterally abnormal vs. bilaterally
abnormal) of vestibular function would also remain stable
across repeat sessions. For the children with CI, we
hypothesized that progressions in vestibular loss may
er 2022



occur, which are etiology dependent, resulting in reduced
responses and classification mismatches from Session 1 to
Session 2.
Method

Subjects

Data from 66 subjects (33 males, Mage = 11.4 years,
range: 3–18 years) who completed rotary chair, VEMP,
and/or vHIT across two sessions in the Vestibular and
Balance Research Laboratory and/or the Vestibular Clinic
at Boys Town National Research Hospital (BTNRH)
between 2012 and 2019 were retrospectively reviewed.
Informed consent was obtained from all subjects for test-
ing approved by the institutional review board at
BTNRH. Subjects included 35 children with NH (20
males, Mage = 10.9 years, range: 4–18 years) and 31 chil-
dren with CI (13 males, Mage = 11.9 years, range: 3–
17 years). All children with NH were seen in the research
laboratory as part of multiple research studies and denied
any history of dizziness or neurologic complaints. Chil-
dren with CI were seen as part of multiple research studies
or once as part of evaluation in a specialty pediatric hear-
ing clinic and the research laboratory. Tympanometry was
completed prior to vestibular testing on all but two sub-
jects; however, both subjects had normal otologic exami-
nation with a neurotologist the same day of testing. The
remaining subjects had Type A tympanograms, suggesting
normal middle ear function. In the children with CI, etiolo-
gies of hearing loss included Pendred/large vestibular aque-
duct (n = 4), Mondini malformation (n = 2), genetic (n =
2), cytomegalovirus (CMV; n = 3), auditory neuropathy
(AN; n = 2), Connexin 26 (n = 2), Waardenburg’s syn-
drome (n = 1), and unknown (n = 15).

Rotary Chair

A total of 33 subjects, 12 subjects with NH (Mage =
10.9 years, range: 7–16 years) and 21 subjects with CI
(Mage = 12.4 years, range: 6–17 years), completed sinusoi-
dal harmonic acceleration (SHA) testing (MicroMedical
Technologies) across two sessions. Mean duration between
test sessions was 19.9 months (range: 6–56 months). Sub-
jects were seated in a motorized rotary chair in a light-
tight booth, preventing ambient light. Eye movements
were recorded by either an infrared, two-dimensional
video system or with electrodes. Because rotary chair pro-
tocols changed within the lab over the course of 7 years,
SHA testing was completed in response to a combination
of the following frequencies: 0.01, 0.02, 0.04, 0.08,
0.16, and 0.32 Hz with a fixed maximum chair velocity of
60°/s or with variable maximum velocities of 80°/s, 70°/s,
60°/s, 50°/s, 40°/s, and 30°/s, respectively. Thirty subjects
completed velocity step testing during one session, at a
rate of 100°/s to a set velocity of 100°/s for 45 s followed
by deceleration of 100°/s to come to a complete stop.
Velocity step testing was only used as needed for this
study to categorize bilateral vestibular loss as outlined
below. Calibration was attempted for each subject based on
manufacturer recommendations. If a valid calibration could
not be obtained, default calibration was used. Outcome
parameters included gain (eye velocity/chair velocity) and
phase (time constant). Because gain and phase are used to
determine the presence of vestibular loss and symmetry is
used to determine status of central compensation, only the
agreement of gain and phase were calculated.

Consistent with Janky and Patterson (2020), rotary
chair outcomes were used to categorize vestibular func-
tion as

1. normal: defined as normal gain, phase, and symme-
try according to manufacturer normative data

2. unilaterally abnormal: defined as abnormally low
gain (according to manufacturer normative data)
and phase lead < 68° at 0.01 Hz

3. bilaterally abnormal: defined by Strupp et al. (2017):
VOR gain < 0.1 at 0.01 Hz, phase lead > 68° at 0.01
Hz or a step time constant < 5 s. When completed,
step time constants were < 5 s for all four generated
time constants (clockwise, counterclockwise, clock-
wise stop, counterclockwise stop); (Janky, Patterson,
et al., 2018; Judge et al., 2017; MacDougall &
Curthoys, 2012; Strupp et al., 2017).

All data were examined to ensure clean data. Tracings
with excess noise (e.g., subject crying or excessive movement)
requiring mostly qualitative analysis were excluded from
this study.

vHIT

A total of 21 subjects, 4 subjects with NH (Mage =
10.3 years, range: 7–15 years) and 17 subjects with CI
(Mage = 12.5 years, range: 6–17: years), completed vHIT
testing across two sessions. Mean duration between sessions
was 19.9 months (range: 6–49 months). The vHIT was
administered using an Otometrics Impulse unit (Natus).
Subjects were seated 1 m from a visual target mounted at
eye level on the wall and the examiner stood behind the
subject to deliver randomized horizontal head impulses
(100° to 250°/s peak head velocity). Approximately 20
acceptable head impulses were recorded from the right
and left semicircular canals. Calibration was completed for
each subject based on manufacturer recommendations. Out-
come parameters included gain (eye velocity/head velocity)
and presence of corrective saccades.
Patterson et al.: Stability of Vestibular Testing in Children 1157



Consistent with Janky and Patterson (2020), vHIT
tracings were used to categorize vestibular function as:

1. normal: defined as gain ≥ 0.78 with no reproduc-
ible corrective saccades (occurring in < 80% of
impulses).

2. unilaterally abnormal: defined as gain < 0.78 with
the presence of reproducible corrective saccades
(occurring in ≥ 80% of impulses) to either the right
or left.

3. bilaterally abnormal: defined as gain < 0.6 with the
presence of reproducible corrective saccades (occur-
ring in ≥ 80% of impulses) to both the right and left
(Judge et al., 2017; MacDougall & Curthoys, 2012;
Strupp et al., 2017).

VEMP

A total of 51 subjects completed c- and oVEMPs;
24 subjects with NH (Mage = 10.4 years, range: 4–18 years)
completed c- and oVEMPs, 27 subjects with CI (Mage =
12.2 years, range 5–17 years) completed cVEMP, and 22
subjects with CI completed oVEMPs (Mage = 11.4 years,
range: 5–17 years) across two sessions. Mean duration
between sessions was 18 months (range: 2–52 months).
VEMPs were completed using an Otometrics Chartr EP
200 (Natus) or a Bio-logic Navigator Pro (Natus). VEMP
protocols changed over the 7 years and were combined
across data sets; thus, the VEMP methodology varied
slightly.

For cVEMPs, all subjects lay in a semirecumbent
position. Active electrodes were placed on each sternoclei-
domastoid muscle (SCM) and aligned with the subject’s
chin (middle one third of SCM), a reference electrode was
placed on the manubrium of the sternum and the ground
electrode was placed on either the inner canthi of the eye
or the forehead. For 80/106 cVEMP sessions, electromyo-
graphy (EMG) was monitored directly below the active
electrode on the SCMs. EMG was targeted between 100
and 300 μV. For the remaining 26/106 sessions, EMG
monitoring was not completed due to equipment capability.

For oVEMPs, the active electrodes were either cen-
tered under each pupil or placed mediolaterally under
each eye. The reference electrode was placed directly
below the active electrode or on the right inner canthi of
the eye. The ground electrode was placed on the forehead,
the chin, or the manubrium of the sternum. All subjects
were instructed to gaze at a target at 30° up-gaze.

For both c- and oVEMP, stimuli were 500 (in 106
of the VEMP sessions) or 750 Hz (in 35 of the VEMP ses-
sions) tone bursts presented at 125 dB SPL at a rate of
5.1/s (Blackman gating, two cycle rise/fall, zero cycle pla-
teau, minimum of 75 sweeps). Gain was set at 5 K with a
bandpass filter of 1 – 1 k Hz. After 2017, in subjects with
1158 American Journal of Audiology • Vol. 31 • 1155–1166 • Decemb
ear canal volumes < 0.8 ml, stimuli were presented at 120
dB SPL (Rodriguez et al., 2018).

VEMP tracings were used to categorize vestibular
function as

1. normal: defined as two VEMP tracings, which repli-
cated and rose 1.5 times out of the noise floor on
both the right and left sides.

2. unilaterally abnormal: defined as absent responses
for one ear and two tracings, which replicated and
rose 1.5 times out of the noise floor for the remain-
ing ear.

3. bilaterally abnormal: defined as absent responses,
bilaterally.

Statistical Analysis

Descriptive statistics including mean and standard
deviation were completed for each measure and each ses-
sion (SPSS, Version 25). To evaluate the stability of the
measures, we conducted linear mixed-effects models in an
R environment using the lme4 package to determine the
difference in rotary chair gain and phase, VEMP ampli-
tude and vHIT gain at Time 1 compared with Time 2
between subjects with NH and subjects with CI. For each
outcome, the session difference was calculated by subtract-
ing Session 1 from Session 2. For VEMPs and vHIT, lin-
ear mixed models with repeated measures (i.e., adding a
random effect on subjects to model within-subject varia-
tion) were applied to handle the outcomes measured
repeatedly in left and right ear on the same subject. For
all models, the model included group (NH vs. CI), age
(continuous), gender, time between Sessions 1 and 2 (con-
tinuous) and their interactions as fixed effects. For
VEMPs and vHIT, ear was also included as a fixed effect
covariate.
Results

Rotary Chair

Descriptive statistics for rotary chair gain and phase
at each test frequency across test sessions are included in
Table 1. The linear mixed-effects model revealed no signif-
icant interactions or main effects for the difference in
rotary chair gain or phase from Session 1 to Session 2 at
any of the frequencies (p > .05).

vHIT

Descriptive statistics for mean vHIT gain in the right
and left horizontal canals across test sessions are included in
Table 1. The linear mixed-effects model revealed no
er 2022



Table 1. Means (SD), mean session difference (SD), sample size for vestibular outcomes across sessions.

Variable

NH CI

Session 1 Session 2
Session

difference Session 1 Session 2
Session

difference

Frequency (Hz) Rotary chair gain

.01 0.48 (—), 1 0.32 (—), 1 −0.16 (—) 0.14 (0.18), 2 0.18 (0.02), 2 −0.04 (0.20)

.02 0.55 (0.08), 11 0.56 (0.14), 11 0.01 (0.08) 0.42 (0.17), 16 0.41 (0.15), 16 −0.01 (0.12)

.04 — — — 0.31 (0.16), 2 0.32 (0.09), 2 0.01 (0.25)

.08 0.64 (0.1), 12 0.62 (0.12), 12 −0.08 (0.09) 0.52 (0.18), 19 0.51 (0.16), 19 −0.02 (0.12)

.16 0.70 (0.08), 11 0.67 (0.12), 11 −0.01 (0.12) 0.56 (0.16), 19 0.53 (0.13), 19 −0.04 (0.15)

.32 0.69 (0.1), 12 0.67 (0.11), 12 −0.03 (0.08) 0.63 (0.15), 16 0.61 (0.12), 16 −0.03 (0.18)

Frequency (Hz) Rotary chair phase

.01 40 (—), 1 47 (—), 1 7 (—) 52.0 (—), 1 — —

.02 25.8 (9.6), 11 21.2 (8), 11 −2.82 (5.34) 29.5 (10.0), 13 35.3 (13.6), 13 6.08 (12.01)

.04 — — — 30 (—), 1 68 (—), 1 38 (—)

.08 5.3 (3.5), 12 6.1 (4.1), 12 1.92 (3.23) 11.2 (7.8), 17 10.4 (10.1), 17 −1 (7.96)

.16 3.0 (3), 11 4.1 (3.2), 11 1 (5.2) 8.6 (8.6), 19 10.4 (12.5), 19 1.68 (5.44)

.32 4.8 (3.8), 12 3.9 (2.5), 12 .83 (5.47) 5.9 (4.2), 16 4.6 (6.3), 16 −2.41 (6.29)

Canal vHIT gain

RH 1.01 (0.1), 4 1.04 (0.1), 4 0.02 (0.10) 0.80 (0.3), 17 .80 (0.3), 17 −0.0006 (0.06)
LH 0.92 (0.05), 4 0.96 (0.06), 4 0.04 (0.10) 0.76 (0.3), 17 .83 (0.2), 17 0.05 (0.22)

Ear cVEMP amplitude

Right 212.5 (133.1), 24 306.23 (174.9), 24 128.62 (192.11) 145.5 (215.6), 27 62.6 (89.0), 27 −82.97 (187.76)
Left 239.7 (121.1), 24 312.7 (159), 24 97.70 (164) 107.2 (145.0), 27 112.0 (159.2), 27 4.78 (169.47)

Ear oVEMP amplitude

Right 8.8 (11.6), 24 13.5 (9.7), 24 5.03 (8.89) 1.9 (5.2), 22 2.0 (5.0), 22 .17 (2.3)
Left 10.8 (11.2), 24 10.6 (7), 24 0.09 (10.98) 3.5 (8.4), 22 2.9 (6.0), 22 −.56 (4.81)

Note. — = too few of cases for analysis; NH = normal hearing; CI = cochlear implant; vHIT = video head impulse test; RH = right horizon-
tal; LH: left horizontal; cVEMP = cervical vestibular evoked myogenic potentials; oVEMP = ocular vestibular evoked myogenic potential.
significant interactions or main effects for the difference in
vHIT gain from Session 1 to Session 2 (p > .05).

VEMPs

Descriptive statistics for mean cVEMP and oVEMP
amplitude across test session are included in Table 1. For
cVEMP, the linear mixed-effects model revealed a signifi-
cant interaction between group and time between sessions
(t = −3.701, p < .001; group difference 95% confidence
interval [−250.25, −79.44]; see Table 2 and Figure 1a).
For children with NH, with every 1 month increase in
time between sessions, there is an increase in cVEMP
amplitude by 4.5 μV, whereas, for children with CI, with
every 1 month increase in time between sessions, there is a
decrease in cVEMP amplitude by 5.8 μV. When sessions
are 10 months apart, the mean cVEMP amplitude differ-
ence in children with CI is 78.7 μV less than that of chil-
dren with NH (24.3 – 10.3 × 10) and 181.7 μV less for
sessions 20 months apart (24.3 – 10.3 × 20).

For oVEMP, the linear mixed-effects model revealed
a significant interaction between group and time between
sessions (t = −2.85, p = .005, group difference 95%
confidence interval: [−6.53, 0.80]; see Table 2 and Figure
1b). For children with NH, with every 1 month increase
in time between sessions, there is an increase in oVEMP
amplitude by .35 μV, whereas, for children with CI, with
every 1 month increase in time between sessions, there is a
decrease in oVEMP amplitude by .06 μV. When sessions
are 10 months apart, the mean oVEMP amplitude differ-
ence in children with CI is 7.9 μV less than that of chil-
dren with NH (3.9 – [−0.40] × 10) and 11.9 μV less for
sessions 20 months apart (3.9 – [−0.40] × 20).

Vestibular Classification

Rotary chair, vHIT, c- and oVEMP classifications
(normal, unilaterally abnormal, and bilaterally abnormal)
by subject group (NH vs. CI) across the two sessions are
shown in Table 3. A detailed description of the misclassifi-
cations is shown in Table 4. In the NH group, there were
no misclassifications for rotary chair (n = 12) and vHIT
(n = 4) between test sessions. For cVEMP (n = 24), one
subject initially had a unilaterally abnormal cVEMP
response at Session 1 and normal cVEMP responses at
Session 2. For oVEMP (n = 24), five subjects had either
Patterson et al.: Stability of Vestibular Testing in Children 1159



Table 2. Model evaluating the difference in cervical and ocular vestibular evoked myogenic potential
(cVEMP and oVEMP) amplitude across two sessions.

Variable Estimate Standard error t value p value

cVEMP

Intercept 21.17 70.76 0.30 .77
Groupa 24.28 63.07 0.39 .70
Age 5.48 5.26 1.04 .30
Gender −25.77 36.94 −0.70 .49
Ear −35.83 34.43 −1.04 .30
Time between sessions 4.48 2.01 2.23 .03
Groupa × Time between sessions −10.26 2.77 −3.70 < .0001

oVEMP

Intercept −4.36 2.94 −1.48 .14
Groupa 3.90 2.83 1.38 .17
Age −0.11 0.22 −0.49 .62
Gender 2.01 1.54 1.31 .19
Ear 2.79 1.45 1.92 .06
Time between sessions 0.35 0.08 4.31 < .001
Groupa × Time between sessions −0.40 0.14 −2.85 .005

Note. Bold and italicized indicate significant interaction.
aReference group was subjects with normal hearing.
unilaterally (n = 2) or bilaterally (n = 3) abnormal
oVEMP responses at Session 1 and normal oVEMP
responses at Session 2 in all but one subject.

In the CI group, there were three subjects that had
misclassifications on rotary chair (n = 22). These three
subjects were classified as unilaterally abnormal at Session
1 and then bilaterally abnormal at Session 2. For vHIT
(n = 17), there were two misclassifications. One subject
was initially classified as unilaterally abnormal at Session
1 and then normal at Session 2. The second subject was
initially classified as normal at Session 1 and unilaterally
abnormal at Session 2. VEMPs had the largest number of
misclassifications, with 11 misclassifications for cVEMPs
and three misclassifications for oVEMPs. For cVEMP,
eight subjects showed progressive loss and three subjects
showed improved responses. Of the eight subjects with
progressive loss, six subjects had normal cVEMP at Ses-
sion 1, four of those subjects had bilaterally abnormal
cVEMP, and two of those subjects had unilaterally abnor-
mal cVEMP at Session 2; and two subjects had unilater-
ally abnormal cVEMP at Session 1 and bilaterally abnor-
mal cVEMP at Session 2. Of the three with improved
responses, two subjects had bilaterally abnormal cVEMP
at Session 1 and then unilaterally abnormal cVEMP at
Session 2 and one subject had unilaterally abnormal
cVEMP at Session 1 and normal cVEMP at Session 2.
For oVEMP, two subjects showed progressive loss and
one subject showed improved responses. Of the two with
progressive loss, both subjects had unilaterally abnormal
oVEMP at Session 1 and then bilaterally abnormal
oVEMP at Session 2. The one subject who showed
1160 American Journal of Audiology • Vol. 31 • 1155–1166 • Decemb
improvement had bilaterally abnormal oVEMP at Session
1 and then normal oVEMP at Session 2. Results from a
subject CI who had misclassifications on rotary chair,
cVEMP and oVEMP are shown in Figure 2 (A: Session 1,
B: Session 2).
Discussion

The purpose of this study was to evaluate the stabil-
ity of rotary chair, vHIT, and VEMP testing outcomes
across two sessions in children with NH and children with
CI. Similar to previous literature examining test–retest
reliability (Valente, 2007), our results demonstrated good
rotary chair stability for subjects with NH and CI (0.02,
0.08, 0.16, and 0.32 Hz) with no significant differences
between the groups. The interpretation of vestibular classi-
fication using rotary chair was also stable for most sub-
jects with CI (n = 19/22) and all subjects with NH (n =
12/12). The three misclassifications in the CI group each
demonstrated a decline in vestibular function, ultimately
suggesting bilateral vestibular loss. Two of the subjects
had an unknown hearing loss etiology and the last subject
was diagnosed with CMV, discussed below.

Previous research has shown good test–retest reli-
ability of vHIT gain in children with NH (Ross &
Helminski, 2016). vHIT gain was stable between sessions
(i.e., no significant main effects or interactions) for both
groups. Furthermore, vHIT had the lowest number of
misclassifications (n = 2). One subject with CI was classi-
fied as unilaterally abnormal at Session 1 and normal at
er 2022



Figure 1. (A) Scatterplot of cervical vestibular evoked myogenic potential (cVEMP) amplitude session difference based on time between
sessions (months) for both subjects with normal hearing (NH) and subjects with cochlear implants (CIs). There was a significant interaction
between group and time between session (p < .001), with subjects with NH demonstrating an increase in cVEMP amplitude at Session 2
and subjects with CI demonstrating a decrease in cVEMP amplitude at Session 2. (B) Scatterplot of ocular vestibular evoked myogenic
potential (oVEMP) amplitude session difference based on time between sessions (months) for both subjects with NH and subjects with CI.
There was a significant interaction between group and time between sessions (p = .005), with subjects with NH demonstrating an increase
in oVEMP amplitude at Session 2 and subjects with CI demonstrating a decrease in oVEMP amplitude at Session 2.
Session 2; etiology of hearing loss was genetic. The second
subject with CI was classified as normal at Session 1 and
unilaterally abnormal at Session 2; etiology of hearing loss
was unknown. For both subjects, test administration was
similar across sessions, including distance to target and
head velocity (≥ 150 degrees/second).
Table 3. Vestibular test classifications by group across sessions.

Group

Rotary chair cVEM

Session 1 Session 2 Session 1

NH Normal 12 12 23
Unilaterally abnormal 0 0 1
Bilaterally abnormal 0 0 0

CI Normal 12 12 13
Unilaterally abnormal 5 2 7
Bilaterally abnormal 5 8 9

Note. cVEMP = cervical vestibular evoked myogenic potential; oVEMP
impulse test; NH = normal hearing; CI = cochlear implant.
Studies completed in our lab revealed excellent
reliability for air-conduction cVEMPs and oVEMPs in
children (age 4–19 years) with NH, across two sessions
(Fuemmeler et al., 2020; Greenwalt et al., 2021). However,
results from this study demonstrated a significant interac-
tion in cVEMP amplitudes for the groups and time
P oVEMP vHIT

Session 2 Session 1 Session 2 Session 1 Session 2

24 17 22 4 4
0 4 2 0 0
0 3 0 0 0
8 4 5 10 10
8 4 2 5 5

13 14 15 2 2

= ocular vestibular evoked myogenic potential; vHIT = video head
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Table 4. Vestibular classifications at each session and etiology for subjects with misclassification.

Test Subject Session 1 Session 2 Etiology

Rotary chair CI10 UVL BVL Unknown
CI13 UVL BVL Unknown
CI14 UVL BVL CMV

vHIT CI3 UV Normal Genetic
CI10 Normal UV Unknown

cVEMP NH1 UV Normal
CI2 Normal BV Pendred
CI5 Normal BV Unknown
CI6 BV UV Unknown
CI7 Normal BV Waardenburg’s syndrome
CI8 Normal UV Unknown
CI9 UV Normal Unknown
CI10 UV BV Unknown
CI11 Normal UV Connexin 26
CI12 BV UV Unknown
CI14 Normal BV CMV
CI15 UV BV Auditory neuropathy

oVEMP NH1 UV Normal
NH2 BV Normal
NH3 UV Normal
NH4 BV UV
NH5 BV Normal
CI2 BV Normal Pendred
CI9 UV BV Unknown
CI14 UV BV CMV

Note. CI = cochlear implant subject; UVL = unilateral vestibular loss; BVL = bilateral vestibular loss;
CMV = cytomegalovirus; vHIT = video head impulse test; UV = unilateral vestibular abnormality; cVEMP =
cervical vestibular evoked myogenic potential; NH = normal hearing subject; BV = bilateral vestibular
abnormality; oVEMP = ocular vestibular evoked myogenic potential.
between sessions. Specifically, children with NH demon-
strated increase in cVEMP amplitude at Session 2 com-
pared with Session 1. Conversely, the children with CI
demonstrated a decrease in cVEMP amplitude at Session 2
compared with Session 1. Additionally, the mean difference
in cVEMP amplitude between children with CI and chil-
dren with NH continues to increase as the time between
sessions gets longer (78.7 μV at 10 months and 181.7 μV at
20 months). Previous studies examined test–retest within
days (range: 1–30 days; Fuemmeler et al., 2020; Greenwalt
et al., 2021), whereas the mean duration between sessions
for this study was 18 months (range: 2–52 months). Despite
the longer duration, cVEMP amplitudes remain stable in
children with NH. However, due to our larger time between
sessions, methodological changes were made. Over the
course of the 7 years, EMG recording was introduced. In
80/108 subject’s EMG was monitored, only accepting wave-
forms if EMG was between 100 and 300 μV, allowing for
more accurate cVEMP results. Methodological changes were
made to enhance the cVEMP amplitude, thus these changes
likely resulted in increased amplitudes in subjects with NH,
whereas the decreased cVEMP amplitudes in subjects with
CI are likely due to progression in vestibular loss.

Regarding classifications, only one subject with NH
had a misclassification on cVEMP, where cVEMP was
unilaterally absent at Session 1 and normal responses at
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Session 2. In subjects with CI, cVEMPs demonstrated the
largest number of misclassifications (n = 11). Most sub-
jects (8/11) demonstrated a progression of vestibular loss:
six subjects progressed to bilaterally abnormal and two
subjects progressed to unilaterally abnormal. These mis-
classifications are attributed to either progressive vestibu-
lar loss or differences in methods. For 3/8 subjects with
progressive vestibular loss, 750 Hz was used in one session
with 500 Hz used in the remaining session. For an addi-
tional 3/8 subjects demonstrating progressive vestibular
loss, EMG was not monitored at Session 1 but was moni-
tored at Session 2. In these cases, an improvement in
VEMP responses with EMG monitoring was expected;
thus, progressive vestibular loss is speculated. For the last
2/8 subjects demonstrating progressive vestibular loss,
there were no differences between test session methods,
suggesting progressive loss. In the remaining misclassified
subjects (3/11), cVEMP improved. Two subjects improved
from bilaterally abnormal at Session 1 to unilaterally
abnormal at Session 2. The last subject improved from
unilaterally abnormal at Session 1 to normal at Session 2.
All three of these subjects had unknown etiology. For one
subject, EMG was not monitored at Session 1 but EMG
was monitored at Session 2, which could account for the
improvement. For the remaining two subjects, there were
no differences in methodology.
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Figure 2. (A) Session 1 rotary chair and vestibular evoked myogenic potential (VEMP) results from a subject with misclassification. Subject
was a child with CI, etiology of hearing loss was cytomegalovirus (CMV). Rotary chair results demonstrate normal gain with a phase lead,
consistent with unilateral vestibular loss. Cervical vestibular evoked myogenic potential (cVEMP) demonstrates present cVEMPs, bilaterally.
Ocular vestibular evoked myogenic potential (oVEMP) demonstrates present left oVEMP and absent right oVEMP, consistent with unilateral
vestibular loss. (B) Session 2 rotary chair and VEMP results from the same subject (time between sessions = 16 months). Rotary chair
results demonstrate abnormal gain with a phase lead, consistent with bilateral vestibular loss. cVEMP demonstrates absent cVEMPs bilater-
ally, consistent with bilateral vestibular loss. oVEMP demonstrates absent oVEMPs bilaterally, consistent with bilateral vestibular loss. VOR =
vestibulo-ocular reflex.
Like cVEMPs, previous work in our lab revealed
excellent reliability for air-conduction oVEMPs (age 4–
19 years) with NH, across two sessions (Fuemmeler et al.,
2020; Greenwalt et al., 2021). Results from this study
revealed a significant interaction in oVEMP amplitude for
the groups and time between sessions. Similar to cVEMPs,
subjects with NH had an increase in oVEMP amplitude
with increasing time between sessions, whereas subjects
with CI had a decrease in oVEMP amplitude as time
between sessions increased. Like cVEMP, the mean differ-
ence in oVEMP amplitude between children with CI and
children with NH continues to increase as the time
between sessions gets longer (7.9 μV at 10 months and
11.9 μV at 20 months). Regarding classifications, six chil-
dren with NH had misclassifications. In four of the sub-
jects with NH, responses went from unilaterally or bilater-
ally abnormal to present bilaterally, which is consistent
with the trend for amplitudes to increase over time. For
three of these subjects with NH, the reference electrode
was placed directly beneath the active electrode at Session
1 and the reference electrode was place on the right inner
canthus (modified belly tendon montage) at Session 2 sug-
gesting that reference electrode contamination is the likely
source for the initial abnormal response (Piker et al.,
2011). One subject had bilaterally absent responses at Ses-
sion 1 and unilaterally absent responses at Session 2;
however, electrode montages were consistent between ses-
sions. For this subject, the improvement in responses may
be due to compliance, rather than improvement in meth-
odology. Alternatively, two subjects with CI demonstrated
progression of vestibular loss with unilaterally absent
oVEMP responses at Session 1 and bilaterally absent
oVEMP responses at Session 2. One of these subjects has
the etiology of CMV and is the same subject who demon-
strated progression of vestibular loss on rotary chair and
cVEMP. The second subject has an unknown etiology and
demonstrated normal results at both sessions for rotary
chair and vHIT. In regards to maturation, the VOR takes
longer to develop compared with the vestibulo-colic reflex
(Hsu et al., 2009; Wang et al., 2008) and oVEMPs require
more compliance to maintain upward gaze. Because the
youngest child in this study was 4 years old, maturation is
not felt to be a factor. Rather, compliance, variations in
electrode placement, and progressions in vestibular loss
are felt to be the major contributing factors for the
misclassifications.

There were several limitations to this study. The first
limitation was the difference in rotary chair and VEMP
protocols over the 7 years. Interestingly, none of the sub-
jects with rotary chair misclassifications (n = 3) had differ-
ent protocols between sessions and only 4/12 subjects with
VEMP misclassifications had different protocols between
Patterson et al.: Stability of Vestibular Testing in Children 1163



sessions. While protocol differences do not appear to be
explaining the misclassifications, there could be subclinical
effects of recording parameters that are reflected in the
interactions observed in the linear mixed-effects modeling
for VEMPs. There is currently a lack of standardization
for VEMP recording parameters, ultimately leading to
variability between studies and sites (Rosengren et al.,
2019). A second limitation is the unknown status of rotary
chair calibration. It is standard practice in our clinic and
laboratory to attempt standard calibration on all subjects
and only use default when calibration is not valid (typi-
cally under age 3 years). Because of the retrospective
nature of this study and software limitations, there is no
way to confirm calibration status for all subjects. It is
unknown how a poor or default calibration may have
impacted the results. A third limitation was the absence of
bone conduction VEMP testing on the subjects with CI.
Recent work in our lab suggests that mechanical changes
can abolish VEMP responses, which mimic true vestibular
loss (Merchant et al., 2020). While all subjects were tested
post-CI, it is unknown whether the progressions observed
were true changes in vestibular function or reflect ongoing
mechanical changes from the CI over time.

A fourth limitation of the study was the unknown
hearing loss etiology for half of the children with CI (15/
31). A number of studies have demonstrated vestibular
loss in children with CMV (Bernard et al., 2015; Karltorp
et al., 2014; Maes et al., 2017), Pendred and enlarged ves-
tibular aqueduct (EVA; Song et al., 2018; S. Wiener-
Vacher et al., 2018; Yang et al., 2016; Zhang et al., 2020),
and auditory neuropathy (Fujikawa & Starr, 2000;
Masuda & Kaga, 2011; Sinha et al., 2013). Furthermore,
there is evidence that vestibular loss with these three etiol-
ogies is progressive in nature (Bernard et al., 2015;
Masuda & Kaga, 2011; Zhang et al., 2020). Therefore,
knowledge of the hearing loss etiology would have been
helpful in interpreting the misclassifications.

Last, our hearing loss group only included children
with CI. Future work is necessary to determine stability of
these measures and consistency of vestibular classification
in children with varying degree of hearing loss not necessi-
tating a CI.
Conclusions

Rotary chair gain and phase and vHIT gain are
stable between Sessions 1 and 2 for subjects with NH and
CI. Furthermore, the mean differences between Sessions 1
and 2 were not significantly different between the two
groups. However, for c- and oVEMPs, the mean amplitude
increased for subjects with NH and decreased for subjects
with CI at Session 2 compared with Session 1. The differ-
ence between sessions and groups increased as time between
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sessions increased. From Session 1 to Session 2, children
with NH only noted misclassifications for VEMP testing,
which are attributed to a combination of changes in proto-
col and compliance; however, children with CI noted mis-
classifications across all tests, which are similarly attributed
to changes in protocol and compliance, but also progres-
sions in vestibular loss. Because some etiologies of hearing
loss are associated with progressive vestibular loss (i.e.,
CMV, AN, and Pendred, [Bernard et al., 2015; Masuda &
Kaga, 2011; Zhang et al., 2020]), vestibular testing should
be completed serially in children with CI due to the possi-
bility of progression.
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