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Background: Vestibular dysfunction is a complication of cochlear implantation (ClI).
Reports on the evaluation of vestibular function before and after Cl are limited, especially
in children. We investigated the effect of Cl on vestibular function in pediatric patients.

Patients and Methods: We routinely evaluated vestibular function before but not
immediately after Cl. Therefore, patients who underwent sequential bilateral Cl were
enrolled in this study. Seventy-three children who underwent sequential Cl from 2003
to 2020 at our hospital were included. Since the vestibular function of the first implanted
ear was evaluated before the second surgery for the contralateral ear, post-Cl evaluation
timing differed among the cases. The evaluation included a caloric test, a cervical
vestibular-evoked myogenic potential (CVEMP) test, and a damped rotation test. The
objective variables included the results of these tests, and the explanatory variables
included the age at surgery, cause of hearing loss, electrode type, and surgical approach
used. The associations of these tests were analyzed.

Results: cVEMP was the most affected after Cl (36.1%), followed by the caloric test
(23.6%), and damped rotation test (7.8%). Cochleostomy was significantly more harmful
than a round window (RW) approach or an extended RW approach based on the results
of the caloric test (p = 0.035) and damped rotation test (p = 0.029). Perimodiolar
electrodes affected the caloric test results greater than straight electrodes (p = 0.041).
There were no significant associations among these tests’ results.

Conclusions: Minimally invasive surgery in children using a round window approach or
an extended round window approach with straight electrodes is desirable to preserve
vestibular function after Cl.
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INTRODUCTION

Cochlear implantation (CI) is an effective treatment for severe-to-profound sensorineural hearing
loss (SNHL). Bilateral CI has been reported to be beneficial for sound localization and for
preverbal communication and language development, particularly in pediatric cases (1). However,
CI can cause vestibular dysfunction (2-4). The importance of vestibular preservation has been
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widely acknowledged because bilateral CI recipients are at an
increased risk of bilateral vestibular dysfunction. Previous studies
have assessed vestibular function after CI in adults (5, 6) and
children (7, 8); however, the incidence of vestibular impairment
varies across reports. This variation can be attributed to factors
such as patient demographics, differences among electrodes, and
insertion approach. Few studies have compared the surgical
approach (9, 10) as a risk factor for Cl-induced vestibular
impairment. Hansel et al. analyzed the risks of cochleostomy
in a meta-analysis and found a low incidence of subjective
vertigo among children (11), but most of the data in the
studies included in their meta-analysis were obtained from adult
patients; therefore, the identity of the risk factors for vestibular
impairment in children remains unclear. Basic research suggests
an age-dependent nature of cochlear damage (12-15), and
clarification of the vestibular effects and risk factors after CI is
needed not only for adults but particularly for children.

Our hospital routinely performs caloric testing, cervical
vestibular-evoked myogenic potential (cVEMP) testing, and
damped rotation testing to evaluate vestibular function before
CI, even in children. In patients undergoing sequential bilateral
CI, identical vestibular tests are performed for both the ears.
Using these data, we could compare the vestibular function of
the first implanted ear before and after the procedure. This study
aimed to estimate the deterioration of vestibular function after
CI in pediatric patients who received sequential bilateral CI and
identify the risk factors for vestibular dysfunction. By assessing
the prognostic factors for CI-induced vestibular dysfunction, we
sought to shed light on the best strategy for this procedure
in children.

MATERIALS AND METHODS

Participants

A total of 73 children (male: 38, female: 35, mean age: 5 years and
7 months £ 3 years and 6 months) who underwent sequential
CI for bilateral, severe-to-profound sensorineural hearing loss
from 2003 to 2020 at our hospital were included in this study.
The mean age at pre-operative evaluation was 2 years and 8
months (range: 5 months—12 years), and the mean age at post-
operative evaluation after the second CI was 5 years and 6 months
(range: 1 year 4 months—17 years). The mean interval between
the pre-operative and post-operative evaluations was 2 years and
9 months (range: 4 months—13 years).

Informed consent was obtained from the parents of all
patients. This study was conducted in compliance with the
Declaration of Helsinki. The Institutional Review Board of our
institution approved this study (2487).

Vestibular Function Tests

Patients routinely underwent caloric test, cVEMP test, and
damped rotation test on both sides before the CI surgery. Post-
operative vestibular function in the first implanted ear was
measured before the second CI surgery for the contralateral
ear. Therefore, we could compare the vestibular function of the
first implanted ear before and after CI surgery, and we could

measure the change in vestibular function of the non-implanted
side during this time without surgery.

We classified the response in each vestibular function test as
positive, weak, and negative. We defined the deterioration of
vestibular function when the classification changed from positive
to weak, positive to negative, or weak to negative, to clearly assess
the adverse effect of surgery. Children who were uncooperative or
unable to take the test (nine children in caloric test, 17 children
in cVEMP test, and 21 children in damped rotation test) could
not be assessed, and their data were excluded from the analysis.
Those who showed negative responses both pre-operatively and
post-operatively (nine children in caloric test, 20 children in
cVEMP test, and one child in damped rotation test) were also
excluded from the study because we could not accurately evaluate
vestibular function alteration caused by surgery. In total, 55, 36,
and 51 children were included in caloric test, (VEMP test, and
damped rotation test, respectively.

Caloric Test

Two milliliters of cold water (0°C) was injected into the ear of
the children, with their head turned by the examiner, and held
for 20 s; thereafter, the water was drained by turning the subject’s
head, and electronystagmography was performed. We employed
a caloric test using only ice water because it requires less time
and, thus, is considered more convenient for children than
the conventional method. A previous report also has revealed
that this technique is useful compared with the conventional
approach (16). The duration of induced nystagmus was set as
the outcome parameter. Because it was difficult to ask children to
look at the targets, calibration was not performed. We evaluated
the result as previously reported (17). The normal limit of
duration was defined as the average value minus two standard
deviations at each age (53.3 s for <24 months, 54.3 s for 25-36
months, 52.4 s for 49-60 months, 48.1's for 61-72 months, and
35.1s for >72 months). A positive response was defined when
the duration was equal to or longer than the normal limit. The
response was considered negative when nystagmus could not be
confirmed when water was injected into the implanted ear. A
weak response was defined when the duration was shorter than
the normal limit.

Cervical Vestibular-Evoked Myogenic

Potential

cVEMP was performed as described previously (18).
In summary, surface electromyographic activity of the
sternocleidomastoid muscle in response to short tone bursts of
500 Hz (135 dBSPL, rise/fall time 1 ms, plateau time 2 ms) was
recorded, and the positive-negative (p13-n23) complex was
assessed. The upper limit of the normal ¢VEMP asymmetry
ratio (AR) was set at 34.0. A positive response was defined
when reproducible p13-n23 was found in the implanted ear,
and cVEMP AR was normal. A negative response was defined
when no reproducible p13-n23 was found. A weak response
was defined as when reproducible p13-n23 was found in the
implanted ear, and cVEMP AR was greater than the normal
upper limit.
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Damped Rotation Test

For this test, the children sat on their parent’s lap or directly
on a chair. The parent restrained the child’s head vertically with
their arms and hands. The rotation started at 160° per second,
and electronystagmography was recorded for 40s. The chair
rotated instantly from this speed toward the non-CI ear, and
rotation speed was reduced to zero in 40, which indicates that
the nystagmus was recorded until the chair stopped. The number
of beats was set as the outcome parameter. Calibration was
not performed because of similar reasons as that of the caloric
test. We evaluated the response as previously reported (17). The
normal limit of the number of beats was defined as the average
value minus two standard deviations at each age, as was reported
by a previous paper for children up to 6 years old (19). For
children older than 6 years, the normal limit of number of beats
was set as 23, which was based on the number of per-rotatory
nystagmus beats in 15 normal children between the ages of 7
and 9 years (31 £ 3.9 beats) recorded in the previous report
(17). A positive response was defined when the number of beats
was equal to or greater than the normal limit. A response was
considered negative when nystagmus could not be confirmed in
rotations when the implanted ear was predominantly stimulated.
A weak response was defined when the number of beats was less
than the normal limit.

Statistical Analysis

Vestibular function deterioration was defined when the patients
had a positive or weak response before surgery that dropped to
a weak response or no response after surgery in each vestibular
test. Correlations between the different test results (caloric test
and cVEMP test, caloric test and damped rotation chair test,
and cVEMP test and damped rotation chair test) were estimated.
The deterioration of vestibular function was determined as an
objective variable, and the causes of hearing loss (genetic or
otherwise), age at first CI (younger or older than 2 years), type
of electrode (straight-type electrode: CI24M, CI24ST, CI24RST,
CI422, CI522; or perimodiolar electrode: CI24RCS, CI24RE,
CI512), and insertion approaches [cochleostomy, or extended
round window (RW) and RW approaches] were selected as
explanatory variables. Age threshold was determined based on
reports that cochlear implantation under the age of 2 years is
more beneficial for the development of receptive and expressive
language skills (20, 21), and that there is a growing need to
evaluate the risk of the vestibular deterioration after CI in
children under 2 years old. We used Fisher’s exact test to assess
the risk of each independent variable and the differences among
each vestibular test. Statistical significance was set to p < 0.05.

RESULTS

Patient Demographics
All patients received CI successively. During the follow-up
period, no case had any episode of head injury or major
complications such as infections that can cause substantial
vestibular functional loss after CI.

Table 1 shows the patients’ demographics. Genetic mutation
was the most frequent cause for SNHL (31/73, 42.4%), followed

TABLE 1 | Patient demographics.

Age at pre-operative 2 years and
evaluation 8 months.
(range) (5
months—12 years)
Age at post-operative 5 years and
evaluation 6 months
(range) (1 year and 14
months—17 years)
Side of first Cl Left 17
Right 56
Etiology Genetic GJB2 26
CDH23 3
OTOF 1
TMPRSS3 1
Virus CMV 9
Rubella 1
Mumps 1
Syndrome Waardenburg 4
Usher 1
Inner ear CcC 1
malformations P o
CH-3 1
CNC stenosis 1
Other 2
Unknown 19
Electrode type Straight type Cl24aM 1
Cl24ST 2
CI24RST 2
Cl422 8
Cl522 27
Perimodiolar CI24RCS 1
type CI24RE 30
Cls12 1
Slim modiolar Cl532 1
type
Surgical approach Cochleostomy 35
Extended RW 3
approach
RW approach 35

CC, common cavity; CMV, cytomegalovirus; CNC, cochlear nerve canal; CH, cochlear
hypoplasia; Cl, cochlear implantation; RW, round window.

by viral infection, and syndrome or inner ear malformation.
Other causes were neonatal asphyxia and low birth weight.
Children were diagnosed with an unknown cause when we were
unable to find any genetic mutations, viral infections, other organ
diseases, inner ear malformations, or other events that affected
hearing function.

In the electrode selection, CI522 was the most common
straight-type electrode used for surgery, while CI24RE was the
most common perimodiolar-type electrode used.

Vestibular Function Results
The child’s vestibular function was considered to deteriorate
when the condition changed from positive preoperatively to
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TABLE 2 | Results of vestibular function tests.

TABLE 3 | Associations between the vestibular function tests.

Evaluation change from pre to post Caloric cVEMP Damped
rotation chair

Positive to weak 6 3 4
Positive to negative 5 10 0

Weak to negative 2 0 0
Number of deteriorations 13 13 4

Total number of patients 55 36 51
Percentage of deterioration 23.6% 36.1% 7.8%

cVEMR, cervical vestibular evoked myogenic potential.

Etiology and percentage of cases showing deterioration in each test
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Caloric test cVEMP test Damped rotation test
FIGURE 1 | Etiology and percentage of cases showing deterioration in each
test. Each bar expresses percentage of deterioration. CMV, cytomegalovirus;

IP1, incomplete partition type 1.

weak postoperatively, from positive to negative, or from weak to
negative in the three vestibular tests. Table 2 shows the number
of patients displaying the three patterns of deterioration for
each test. The numbers indicate the sum total for each test
relative to the total number of children who completed the test.
Deterioration of test result was most frequently observed in
the cVEMP test (36.1%), followed by the caloric test (23.6%),
and then the damped rotation test (7.8%). Figure 1 shows the
etiology and percentage of cases that showed deterioration in
each test. In the non-CI side, deterioration of test results was
observed in only three patients in the caloric test, including one
patient who showed the deterioration also in the CI side, four
patients in the cVEMP test, including three patients who showed
the deterioration in the CI side, and no patient in the damped
rotation test.

Associations of the Different Vestibular

Function Test Results

Table 3 shows the associations of the different vestibular test
results. Comparison between caloric and cVEMP test results
indicates that 31 children underwent both tests. When caloric and
damped rotation chair tests were compared, a total of 41 children
underwent both tests. Finally, between the cVEMP and damped

cVEMP test

Not deteriorated Deteriorated p-value

Caloric test ~ Not deteriorated 17 8 n.s.
Deteriorated
Damped rotation chair test
Not deteriorated Deteriorated p-value
Caloric test ~ Not deteriorated 34 2 n.s.
Deteriorated 3
Damped rotation chair test
Not deteriorated Deteriorated p-value
cVEMP test  Not deteriorated 15 1 n.s.
Deteriorated 10 0

cVEMR cervical vestibular evoked myogenic potential; n.s., not significant.

rotation chair tests, a total of 26 children underwent both tests.
However, the p-values indicate no significant associations among
the three vestibular test results.

Risk Factors Analysis

The deterioration of vestibular function based on each test was
compared with age at implantation, surgical approach, electrode
type inserted, and existence of genetic mutations (Table 4). The
number of children categorized with vestibular deterioration,
based on each vestibular test result, are shown, and the p-values
were calculated for comparisons with various parameters. Age
and the existence of genetic mutations did not affect any of
the vestibular test results. The incidence of reduction in caloric
response and damped rotation response was significantly higher
(p = 0.035 and p = 0.029, respectively) among patients in
whom an electrode was inserted via a cochleostomy than those
who received electrode implantation via a RW or extended RW
approach. The patients who received a perimodiolar electrode
implantation also showed a significantly higher incidence of
reduction in caloric test response (p = 0.041) than those who
received a straight electrode implantation. However, none of
these factors affected the results of the cVEMP test.

DISCUSSION

We evaluated the deterioration of vestibular function in children
due to CI using caloric test, (VEMP test, and damped rotation
test. In the study population, we observed that 23.6% of the
tested patients experienced deterioration in caloric test, 36.1%
in cVEMP test, and 7.8% in damped rotation test. Reduction
in caloric response and damped rotation response was more
frequently observed in patients who underwent cochleostomy,
and use of a perimodiolar electrode more frequently caused
deterioration of caloric response compared with the use of a
straight electrode.
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TABLE 4 | Number of deteriorated and non-deteriorated patients in each test and analysis resullts.

Caloric test cVEMP test Damped rotation test
Not deteriorated deteriorated p-value Not deteriorated deteriorated p-value Not deteriorated deteriorated p-value
Age at first Cl
>2 21 7 n.s. n.s. 24 2 n.s.
<2 21 6 14 6 23 2
Surgical approach
Cochleostomy 15 9 p =0.035 n.s. 18 4 p = 0.029
RW or ExXRW 27 4 19 29 0
Electrode type
Perimodiolar 15 9 p = 0.041 n.s. 18 3 n.s.
Straight 26 4 17 8 28 1
Genetic mutation
Yes 19 5 n.s. 13 n.s. 22 0 n.s.
No 23 8 10 25 4

Cl, cochlear implantation; RW, round window; cVEMRP, cervical vestibular evoked myogenic potential; n.s., not significant.

Previous studies have demonstrated that CI has a significant
negative effect on the results of caloric and cVEMP test results in
adults (5) and children (22). A wide range of rates of negative
effects has been reported in caloric test (0-30%) (23, 24) and
cVEMP test (20-100%) (25-27), and cochleostomy has also been
identified as a risk factor for loss of vestibular function in adults
(9). Our results were consistent with those of previous reports,
and we also clarified that cochleostomy was a risk factor for
vestibular dysfunction in children. We also demonstrated that
using a straight electrode reduced the incidence of canal damage.

Several mechanisms have been suggested for vestibular
dysfunction due to CI, including traumatic injury, fibrosis,
electrical stimulation of the otolithic organs, perilymph fluid
leakage, and labyrinthitis due to foreign body reaction (28-30).
Histopathological studies have shown that CI insertion affects
vestibular function by inducing fibrosis in the vestibule, saccule
membrane distortion, and cochlear and vestibular hydrops (31,
32). Compared with the RW approach, cochleostomy has also
been suggested to cause fibro-osseous reaction and scala vestibuli
fibrosis, resulting in vestibular endolymphatic hydrops more
frequently (33, 34). Considering these findings, the RW approach
is less likely to cause vestibular damage.

Selection of an electrode type is also important for
avoiding inner ear trauma. A previous study reported that
a straight electrode is less traumatic to the inner ear than
a perimodiolar electrode, which has a higher incidence of
translocation from the scala tympani to the scala vestibuli (35).
Another histopathology report suggested that scala vestibuli
involvement, because of damage to the osseous spiral lamina
or basilar membrane in the cochlear basal turn, was highly
correlated with vestibular damage (31). Various reports have
demonstrated the straight electrode’s superiority in cochlear
preservation by estimating residual hearing ability (36-38),
and a temporal bone study suggested that use of a straight
electrode minimized trauma to the intracochlear structures
(39). Our results also suggest that a straight electrode is

desirable not only for hearing preservation but also for
vestibular preservation.

Previous studies have demonstrated that cVEMP is more
frequently affected than caloric test or damped rotation chair
test (3, 40, 41), as shown in the current study. The saccule may
be more susceptible to insertion damage due to its anatomical
proximity to the RW. Another reason cVEMP is more frequently
affected could be because the packing following implantation
may induce conductive hearing loss (42, 43); however, the fascia
placed on the RW for packing is very small and may have a
limited effect on conduction efficacy. It is noteworthy that the
approach of electrode insertion and the electrode type caused
a difference in the incidence of Cl-induced negative effect on
caloric test and rotation test but not on cVEMP. Our results
are compatible with previous studies that showed no significant
differences in cVEMP between electrode types (44) and between
approaches of electrode insertion (22).

It is important to clarify the correlation between the anatomy
of the inner ear and the vestibular testing. However, only four
cases of inner ear malformation met the criteria of having
preoperative and postoperative vestibular testing, and most of
them showed a negative response at preoperative evaluation.
Because of this limited number of patients, we could not show
the correlation between the anatomy of the inner ear and the
vestibular testing.

This study has several limitations. First, some children were
excluded from this study because they could not be assessed
either preoperatively or postoperatively or showed a negative
response in vestibular function tests, both preoperatively and
postoperatively. Furthermore, when CI was performed on the
negative response side, we were unable to detect vestibular
function changes. Second, we could not perform a quantitative
assessment for either caloric or damped rotation test because
we could not complete calibration with the children either
preoperative or postoperative condition. Hence, these results
contain variability not only at each point but also between these
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two time points. Moreover, children are less likely to follow our
instructions, which lessens reliability of vestibular test results
compared with those of the adults. We attempted to overcome
the problem by classifying the test results as previously reported
(17, 21). In the current study, deterioration of test results in
the non-CI side was observed in only three patients in caloric
test, including one who showed the deterioration also in the
ClI-side, four patients in cVEMP test, including three patients
who showed the deterioration in the CI-side, and no patient in
damped rotation test. These findings support the high reliability
of our test results. Third, electrode type and surgical approach
can be correlated, but we were unable to separate the negative
effects of these variables. A RW approach is not preferable with a
perimodiolar electrode because of anatomical obstacles, namely,
the anteroinferior region of the RW bony margin (45). Thus,
a straight electrode and RW approach are recommended for
vestibular function preservation. As a result, surgeons tend to
perform cochleostomy when using a perimodiolar electrode, but
an RW approach when using a straight electrode. Fourth, thisis a
retrospective study, and postoperative evaluation timing differed
because the second test was performed just before the second
CI, which meant that there was the variety of the intervals.
Dysfunctions of the peripheral vestibular receptors could be
induced not only by a cochlear implant electrode insertion but
also by different mechanisms such as infections or traumatic head
injury, and some children with SNHL may experience progressive
vestibular dysfunction (46). We could not rule out the effect of
these different mechanisms unrelated to the inserted electrode or
spontaneous progression of vestibular dysfunction unrelated to
CL In the current study, no patient had experienced head injury
after CI or major complications such as infections, which could
lessen these effects, and three patients who showed deterioration
in the implanted ear showed deterioration of cVEMP in the
contralateral non-CI ear, implying that the progressive vestibular
dysfunction may not be due to surgery. However, only one
patient who showed deterioration on the implanted side showed
deterioration on the contralateral side in the caloric test, and no
patient showed such deterioration in damped rotation test. A
previous report stated that vestibular modifications following the
implant were stable (24) and another paper that compared the
vestibular test sets performed with different intervals concluded
that the differences were not likely a confounder that would
influence the results of postoperative decline (10).

In summary, we assessed vestibular function using caloric test,
cVEMP test, and damped rotation test before and after CI in
children. We evaluated the negative effect of CI on vestibular
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