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Many studies were interested in the consequence of vestibular dysfunction related to cochlear implantation on balance control.This
pilot study aimed to assess the effects of unilateral cochlear implantation on the modalities of balance control and sensorimotor
strategies. Posturographic and vestibular evaluations were performed in 10 patients (55 ± 20 years) with profound hearing loss
who were candidates to undergo unilateral multichannel cochlear implantation. The evaluation was carried out shortly before
and one year after surgery. Posturographic tests were also performed in 10 age-matched healthy participants (63 ± 16 years).
Vestibular compensation was observed within one year. In addition, postural performances of the patients increased within one
year after cochlear implantation, especially in the more complex situations, in which sensory information is either unavailable or
conflicting. Before surgery, postural performances were higher in the control group compared to the patients’ group. One year after
cochlear implantation, postural control was close to normalize. The improvement of postural performance could be explained by
a mechanism of vestibular compensation. In addition, the recovery of auditory information which is the consequence of cochlear
implantation could lead to an extended exploration of the environment possibly favoring the development of new balance strategies.

1. Introduction

Cochlear implantation aims to restore hearing ability and
to improve the quality of life (QoL) of patients with severe
deafness [1]. The surgical procedure consists in inserting a
multielectrode array into the cochlea. Vestibular damage fol-
lowing the surgery is possible due to the anatomical proximity
between the vestibular system and the cochlea.Therefore, this
insertion may alter the inner ear and may induce vestibular
disorders. Indeed, up to 75% of patients undergoing cochlear
implant surgery report postoperative vestibular symptoms
such as vertigo, dizziness, or imbalance [2–8].

Maintaining equilibrium in upright stance requires the
central processing of input signals from the visual, soma-
tokinesthetic, and vestibular systems, leading to a context-
specific motor response through the adjustments of static
and dynamic postures [9, 10]. Therefore, the alteration of the
inner ear by the cochlear implantation may generate postural
disorders just after the surgery and after the activation of
the cochlear implant [11]. Despite possible inner ear damage
induced by the surgery, improvement of the postural stability
has been observed even two years after cochlear implantation
[2, 12]. Postural improvement after implantation may be
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induced by a vestibular compensation of a previously uncom-
pensated vestibular lesion [2]. However, several studies
showed that postural control of teenagers and adults remains
impaired after implantation compared to healthy control
subjects, without any effect of hearing restoration even 5 years
after implantation [13–16]. The effect on the postural control
of the activation of the cochlear implant (CI) has been evalu-
ated in adults between 6 and 8 weeks after surgery and shows
that postural control is improved in the more demanding
postural situations when the CI is switched on [17].

The characterization of the possible vestibular effects
induced by cochlear implantation is well performed by
the classical tests (e.g., caloric test, rotary test, and video
head impulse test) [6, 7]. The current absence of consensus
concerning the outcome of cochlear implantation on postural
control does not allow drawing any conclusions for their
potential effects. This pilot study aimed to assess the effects
of cochlear implantation on the modalities of balance control
and sensorimotor strategies.

2. Material and Methods

2.1. Participants. This prospective study (one-year follow-up
study) was conducted at the Nancy University Hospital
(France) and involved 10 patients (CI group, median age =
55 ± 20 years, age range = 27 to 72 years) with profound
hearing loss scheduled to receive unilateral multichannel
cochlear implant (Oticon Medical-Neurelec, Vallauris,
France/Cochlear Macquarie University, New South Wales,
Australia) and 10 healthy participants (control group, age
median = 63 ± 16 years, age range = 24 to 71 years). The
indication for unilateral cochlear implantation was bilateral
profound sensorineural hearing loss with no benefit from
hearing aids. All participants were free from any central
nervous system disease and presented no orthopedic
disorders either of the trunk or the lower limbs that could
affect postural performance. All participants gave written
consent prior to this pilot study. This pilot study was
conducted to examine the feasibility of this approach used
in a larger scale study which was approved by the local ethics
committee (Comité de Protection des Personnes de Lorraine).

2.2. Data Collection. All patients were submitted to hearing,
gaze control, and posturographic evaluations two days before
and one year after unilateral cochlear implantation. Healthy
participants, who were free from ENT disorders, were only
submitted to posturographic testing.

2.2.1. Hearing Performance Evaluation. Lafon’s cochlear lists,
which were used to evaluate hearing ability [1], are composed
of 17 triphonemic French words; the percentage of phonemes
recognized among the 51 phonemes present in the lists gives
an intelligibility score (hearing performance) for each subject.
Scores without lip-reading were obtained in quiet at 70 dB
SPL. One year after surgery, CI users were tested with their
own processor programmed with their normal everyday
processing strategy and electrode configuration.

2.2.2. Visuooculomotor and Vestibular Evaluation. The visu-
ooculomotor and vestibular assessments were performed
with videonystagmography (Synapsys,Marseille, France) (see
details in [18, 19]). The visuooculomotor tests included the
evaluation of smooth pursuit and saccades. Spontaneous
nystagmus without visual fixation (in darkness) was also
recorded.The caloric test, which remains the gold standard to
evaluate the degree of vestibular asymmetry, was performed
according to the bithermal caloric test protocol, with water
infusion of the ear canal for 30 seconds.The subject was in the
supine position with the head flexed 30∘. Vestibular areflexia
was characterized by an absence of caloric response on the
side of the affected labyrinth, while vestibular hyporeflexia
was determined by a decreased response ofmore than 20%on
the side of the affected labyrinth [20]. For the rotary test, the
patients sat in a rotary chair (MED4, Synapsys) with opened
eyes in a dark room, and the plane of the lateral semicircular
canal was positioned perpendicular to the axis of rotation.
The rotary chair test protocol was a pendular test, consisting
in seven sinusoidal oscillations around an earth-vertical
axis at 0.22Hz frequency, with increasing then decreasing
amplitude.The highest instantaneous velocity of the stimulus
was about 30∘/s and the highest oscillation amplitude about
30∘. Fourier analyses were performed to calculate both the
slow phase eye velocity and the chair velocity. The gain
measurements of the vestibuloocular reflex were determined
by the ratio of the amplitudes of the eye velocity to that of the
chair velocity. The directional preponderance measurements
were determined by themean slow phase eye velocity over the
duration of the stimulus.

2.2.3. Postural Control Evaluation. The sensory organization
test (SOT, EquiTest, Clackamas, OR) aims to evaluate a
subject’s ability to maintain balance control in six different
conditions which are repeated three times during 20 seconds.
During these trials, the displacements of the center of foot
pressure are recorded. Postural control is challenged by
using a technique commonly referred to as sway-referenced,
which involves tilting the support surface and/or the visual
surround to directly follow the anterior-posterior sways of
the subject’s center of gravity [21]. Vision is not challenged in
conditions 1 (C1) and 4 (C4). Eyes are closed in conditions
2 (C2) and 5 (C5). The visual surround may move in
conditions 3 (C3) and 6 (C6). The support surface may move
in conditions 4 to 6.These six conditions increase in difficulty
and were not randomized. The theoretical limit of stability
is based on the individual’s height and size of the base of
support. The following formula was used to calculate the
equilibrium score: [12.5∘ − ((𝜃max – 𝜃min)/12.5

∘)] × 100, where
𝜃max indicates the greatest anteroposterior center of gravity
sway angle displayed by the subject while 𝜃min indicates the
lowest anteroposterior center of gravity sway angle. Lower
sways lead to a higher score, indicating a better balance
control performance (a score of 100 represents no sway, while
0 indicates sway that exceeds the limit of stability, resulting in
a fall). Equilibrium scores (ES) were calculated for every con-
dition (C1ES to C6ES). A composite equilibrium score (CES)
was calculated by adding the average scores from conditions
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Table 1: Characteristics of the ten CI patients.

Patient
number Gender Etiology of

deafness

Age when
implanted
(in years)

Deafness
duration
(in years)

CI side
Caloric test Hearing performance

(% of phonemes recognized)
Presurgery Postsurgery Presurgery Postsurgery

1 Female Unknown 58 55 R N N 0 90
2 Female Unknown 39 35 R RH RH 0 100
3 Female Unknown 42 0.5 L LH LH 0 50
4 Female Unknown 52 22 L N N 0 60
5 Female Unknown 69 2 R N N 0 80
6 Female Genetic 59 2 R RA RA 0 100

7 Female Cogan’s
syndrome 27 2 L N N 10 100

8 Male Unknown 52 18 R N N 10 60
9 Male Otosclerosis 72 39 R RH RH 0 90
10 Male Otosclerosis 66 8 L RH RH 0 100
CI side: L, left; R, right. Caloric test: LH, left hyporeflexia; N, normoreflexia; RA, right areflexia; RH, right hyporeflexia.

1 and 2 and the ES from each trial of conditions 3 to 6, and
finally dividing that sum by the total number of trials [21–23].

The participants were requested to stand upright and
barefoot atmark level on the support surface to control stance
width, remaining as still as possible, breathing normally, and
being with their arms at their sides. They were instructed
to look straight ahead at a picture located on the visual
surround. To protect against falls, an operator stood within
reaching distance of the participant and all wore a safety
harness connected to the ceiling by two suspension straps in
all test conditions.

2.3. Statistical Analysis. Qualitative data were expressed as
percentages (%) and compared using Fisher’s exact test.
Quantitative data were expressed as median with interquar-
tile range and compared using nonparametric statistical tests.
The Wilcoxon test was performed to compare the results
observed before and one year after cochlear implantation. A
Mann-Whitney test was performed to compare the results
between the CI and control groups. Statistically significant
differences were accepted for a probability level of 𝑃 < 0.05.

3. Results

3.1. Participants. Gender, etiology of deafness, age at implan-
tation, deafness duration, side of implantation, hearing
performances before and after cochlear implantation, and
vestibular status before and after cochlear implantation are
presented in Table 1. The implantation was performed on the
right side in 7 patients and on the left side in 3 patients by
the same surgeon. The CI was inserted unilaterally via the
round window surgical technique for one patient and via
a cochleostomy procedure for the nine remaining patients.
Data on age, gender, height, weight, and body mass index
for patients and controls are presented in Table 2 and no
significant difference was observed between the two groups
for all these parameters.

Table 2: Age and anthropometric characteristics, expressed in
median associated with interquartile range (IQR), observed in
cochlear implant patients (CI group) and in healthy participants
(control group).

CI group
(𝑛 = 10)

Control
group
(𝑛 = 10)

𝑃 values∗

Women, 𝑛 (%) 7 (70%) 7 (70%) NS
Age (years), median (IQR) 55.0 (20.0) 63.0 (16.0) NS
Height (m), median (IQR) 1.67 (0.05) 1.65 (0.05) NS
Weight (kg), median (IQR) 64.0 (30.0) 57.5 (9.0) NS
Body mass index (kg/m2),
median (IQR) 23.5 (7.2) 21.1 (3.0) NS

∗

𝑃 values for Fisher exact test or Mann-Whitney tests. NS: non-significant.

3.2. Visuooculomotor and Vestibular Evaluation. No partici-
pant declared vertigo or dizziness.The visuooculomotor tests
showed that smooth pursuit and saccades were normal for
all the patients. For the gaze test, only one patient presented
a spontaneous nystagmus before cochlear implantation. One
year after surgery, no spontaneous nystagmus was observed.
Before surgery, the caloric test showed that 1 patient had
vestibular areflexia and 4 patients had vestibular hyporeflexia
(Table 1).The visual fixation inhibited the nystagmus induced
by the caloric test in all these patients. The surgery did not
modify the vestibular status of the patients (Figure 1(a)). For
the rotatory chair test, the gain (Figure 1(b)) was higher one
year after cochlear implantation than before surgery (𝑃 =
0.005), whereas no differencewas observed for the directional
preponderance (Figure 1(c)).

3.3. Evolution of Postural Control within One Year in CI
Patients. The evolution of postural control within one year in
CI patients is showed in Figure 2. Postural control improved
one year after surgery compared to before surgery. Indeed,
CES was higher one year after surgery (𝑃 = 0.021), mainly
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Figure 1: Median values and interquartile ranges of the vestibular status from the caloric test (a) and of the gain (b) and directional
preponderance (c) from the rotatory chair test observed in CI group before (orange bars) and one year after cochlear implantation (yellow
bars). ∗∗𝑃 < 0.01.

because of higher performances in C3 (𝑃 = 0.025), C4 (𝑃 =
0.033), and C5 (𝑃 = 0.043). In addition, postural improve-
ment was also observed for the patient who had vestibular
areflexia (CES varying from 27 to 65% within one year).

3.4. Comparison of Postural Control between CI and Control
Groups. Before surgery (Figure 2), CI patients had altered
postural performances. Indeed, CES was lower in theCI group
before surgery than in the control group (𝑃 = 0.010), which
mainly resulted from lower performances in C1 (𝑃 = 0.008),
C3 (𝑃 = 0.013), C5 (𝑃 = 0.015), and C6 (𝑃 = 0.008).
One year after surgery, only one difference was observed
between the CI group and the control group. Indeed, postural
performances normalized in all postural conditions, except
for C6 which remained significantly different between the
two groups (𝑃 = 0.019).

4. Discussion

This prospective study showed that patients with unilateral
cochlear implants displayed an improvement of postural
performance one year after implantation compared to before
surgery (even for the patient who had unilateral vestibular
areflexia). The gain at the rotatory chair test, which was low
before surgery, increased considerably one year after cochlear
implantation. In addition, postural performances, which
were altered before surgery especially in the more complex
conditions, increased one year after cochlear implantation
and reached the performances observed in the control group.
However, a difference is still observed one year after cochlear
implantation between the CI and control groups in the
most challenging condition characterized by the possible
simultaneous movements of the visual surrounding and the
support surface.
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Deaf patients, who are candidates to cochlear implanta-
tion, have normal or decreased vestibular function, vestibular
dysfunction in some deaf patients being related to a joint
pathology of the posterior and anterior labyrinths [3, 24,
25]. Indeed, CI candidates have often preoperative vertigo
symptoms [3]. In our study, CI patients had low preoperative
gain at the rotatory chair test, suggesting that vestibular
function was altered before surgery and highlighting a low
efficiency of vestibular compensation [26]. One hypothesis
may be that this low degree of vestibular compensation is one
explanatory factor of low preoperative postural performance,
which is in accordance with previous observations by Mag-
nusson et al. [25]. According to the theoretical framework
of perception-action, the brain receives information from
the various sensory afferents to produce movement, and the
action determines the perception [27]. Applied to vestibular
pathology, two things are required in order to compensate.
First, the brain must receive signals from the balance organs.
Thus, movements must not be avoided, because movements
create the signals which are required by the brain to com-
pensate for the injury. Second, the balance areas of the brain
must be capable of change. In CI candidates, the brain is
usually not damaged and is capable of plasticity. Therefore,
the failure of preoperative compensation is probably induced
by the isolation and the restriction of activity related to the
deafness [28]. One year after cochlear implantation, patients
showed no degradation of their postural performances in
spite of the introduction of the electrode array in the cochlea
which may increase the risk of the vestibular asymmetry
to the side of the implantation. The higher values of the
gain and the lower values of directional preponderance,
observed in the rotatory chair test one year after cochlear
implantation, demonstrate the efficiency of the vestibular
compensation. This vestibular compensation is associated

with a postural compensation highlighted by the absence of
degradation of postural performance one year after cochlear
implantation. As it had been suggested in other kinds of
vestibular dysfunction, for example, in the case of vestibular
schwannoma, the time-course of implementation of central
adaptive mechanisms, characterized by substitution by other
sensory afferences and new behavioral strategies, could lead
to a recovery of balance control with an improvement in
balance performance [29, 30], which are close to normal and
are difficult to decompensate [31].

One year after cochlear implantation, the postural per-
formances did not decrease. Conversely, the performances
improved significantly and tended to reach normal perfor-
mances.The vestibular compensation could not explain alone
the major improvement of the postural performances. The
restoration of the auditory information could contribute to
balance regulation in CI patients according to two com-
plementary hypotheses. On the one hand, the recovery of
hearing may lead to a reorientation of CI patients in their
surroundings. Indeed, equilibrium function relies on the
control of posture but also on spatial orientation. The spatial
orientation of the body allows a subject to perceive his/her
environment and to act particularly in case of movement or
destabilization [32]. Posture can thus be considered as a pri-
mary support for action [9]. Although auditory information
is not considered as a fundamental signal involved in balance
control, the auditory system is a perceptual system which,
with vision and touch, is involved in the perception of the
dynamic environment and in complex representations of 3D
space. In the same way as sensory inputs are redundant and
complementary to fine-tune postural control during sensory
conflict situations [18], the ability to use multiple senses to
perceive environmental characteristics allows amore relevant
detection of objects and events, leading to an accurate ori-
entation behaviour [33]. Indeed, recent studies showed that
multisensory cues were more effective at capturing spatial
attention than unimodal cues under conditions of concurrent
perceptual tasks [34, 35]. The recovery of auditory function
in environmental perception and orientation references after
cochlear implantation could initiate motor learning and, in
this way, allow the implementation of new neural networks,
leading to new sensorimotor and behavioral strategies.These
new sensorimotor and behavioral strategies could explain
the improvement of postural control efficiency observed
here, especially in the more complex postural situations. CI
patients displayed new balance abilities.This could be related
to the recovery of auditory information, which may par-
ticipate in spatial orientation through interactions with the
visual signals [36, 37]. On the other hand, cochlear implan-
tation is known to induce an improvement in the quality of
life (QoL). A multiple stepwise regression analysis showed
that, after implantation, improvements in communication
abilities, reduced psychological problems, and improvements
of daily life abilities were key determinants to QoL improve-
ments for CI patients [1, 38]. The QoL increase reaches a
plateau at about 1.5 to 3 years after implantation [39]. The
recovery of hearing may therefore reduce isolation, depres-
sive state, restriction of activity, and the breakdownof familial
or other social occupational activities. These factors could
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influence vestibular and postural compensations. Therefore,
CI patients may interact more with the environment which
may lead to enhanced sensory-motor stimulations.

The minor remaining perturbations of postural control
observed one year after surgery in CI patients indicate that
postural compensation is close to be completed and could
justify a longer follow-up. Indeed, balance performances still
improved one year after unilateral vestibular deafferentation
and this improvement could be related to a reinforcement of
the newly elaborated sensorimotor and behavioral strategies
due to daily life activities [19]. Thus, postural performances
might needmore than one year to reach age-matched control
level in CI patients, who have to perform simultaneously
several learning processes, such as auditory rehabilitation
with speech recognition learning, vestibular compensation
after vestibular function degradation related to the intro-
duction of the electrode array in the cochlea, and finally
new orienting behaviour learning process after recovery of
auditory perception of dynamic environment.

The main limitation of this study is the possible postural
learning effect that could be observed between the two
measurements in the CI group. The learning effect has been
observed to last at least three months [40, 41]. However, this
hypothesis is not convincing according to the sensorimotor
modifications induced by surgical approach and the delay
(one year) between the two posturographic evaluations.
Therefore, the learning effect is probably limited. In addition,
the test-retest reliability of the composite and equilibrium
scores has been shown to be fairly good [42]. Another
limitation of this study is the sound from the engines and
from the movements of the screen or the platform during the
sway-referenced conditions. It cannot be excluded that the CI
patients have used these sounds to limit their movements. In
addition, the EquiTest used the most extreme data samples to
evaluate the postural control; this is therefore flawed as it is
not fully representative of the average stability. However, this
device is fairly convenient to use in a clinical setting. Finally,
the study did not investigate the orientation ability of the CI
patients. The results of this study should be interpreted in
light of these limitations and further prospective studies are
needed especially with the standardization of the CI patients
according to the origin of the hearing loss and the recovery
of hearing after cochlear implantation.

5. Conclusions

Unilateral cochlear implantation is not harmful for postural
performances. Conversely, postural stability improves within
one year after the cochlear implantation. This improvement
could be an indirect consequence of the recovery of auditory
information. Indeed, patients may be less dependent and
move more, strengthening postural control. The increase of
postural control performances could also take an important
part in the improvement of the quality of life observed in CI
patients. Vestibular and postural evaluations are important in
the follow-up of the cochlear implantation.Thevestibular and

postural improvements should be taken into account in the
decision-making process of the cochlear implantation.
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