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Objective: This study investigated the audiological and
tinnitus outcomes of cochlear implantation (CI) in adults
with single-sided deafness (SSD) and tinnitus.

Study Design: Multicentered prospective, non-randomized
intervention study.

Setting: Six French CI centers.

Patients: Twenty-six patients with SSD and incapacitating
tinnitus (Tinnitus Handicap Inventory [THI] >58) underwent
cochlear implantation.

Interventions: First, CIs delivered only masking white noise
stimulation for 1 month and then standard CI stimulation.
Main Outcome Measures: Before and after CI surgery,
patients completed the THI, Tinnitus Reaction Questionnaire
(TRQ), Subjective Tinnitus Severity Scale (STSS), and two
visual analogue scales quantifying tinnitus loudness and
annoyance. Speech perception in spatialized noise was tested
at 13 months.

Results: The first month of white noise stimulation triggered
a significant improvement in THI scores (72 +£9 to 55 £ 20,
p<0.05). No change was observed for the other measures.
After 1 year of standard CI stimulation, 23 patients (92%)
reported a significant improvement in tinnitus. This improve-
ment started 1 to 2 months after CI and exceeded 40%
improvement for 14 patients (54%). Average speech-in-noise
perception after 1 year significantly improved for the 23
patients who completed these measures.

Conclusions: CI is efficacious to reduce the handicap of
patient with SSD and incapacitating tinnitus, leading to a
decrease in reported tinnitus and partial restoration of
binaural hearing abilities. Key Words: Binaural hearing—
Cochlear implant—Tinnitus—Unilateral hearing loss—White
noise masking.

Otol Neurotol 41:458—-466, 2020.

Single-sided  deafness (SSD) describes hearing
impairment in one ear and normal hearing in the contralat-
eral ear. It is defined as pure-tone average (PTA) hearing

thresholds at 0.5, 1, 2, and 4 kHz more than or equal to 70 dB
HL in the poorer ear and less than or equal to 30 dB HL in the
better ear (1). SSD affects sound localization (2) and leads to
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effortful listening (3,4). Patients with SSD often experience
associated tinnitus, which can have a negative impact on
quality of life and lead to anxiety and depression. Tinnitus
treatment includes psychoactive drugs (e.g., antidepressants
or anxiolytics) and psychological therapy (5). For example,
cognitive behavioral therapy can be offered together with a
hearing aid and/or masking sound generator (e.g., (6)).
Current SSD treatment involves the provision of hearing
devices that transfer sounds from the deaf side to the
contralateral ear with contralateral routing of offside signal
(CROS) or bone conduction. They do not stimulate the
deprived auditory pathways of the impaired ear and there-
fore do not relieve tinnitus (1).

Cochlear implantation (CI) partially restores auditory
input with direct electrical stimulation of the auditory
nerve. In cases of bilateral severe-to-profound hearing
loss and tinnitus, it reduces tinnitus in 29 to 100% of cases
and eliminates tinnitus in 20 to 60% of cases (7—13).
Auditory pathway stimulation could trigger a decrease in
perceived tinnitus, without the need for further stimulation
with for example masking noise (14—16). In the first
published clinical study of CI for SSD patients with
ipsilateral incapacitating tinnitus, tinnitus loudness was
reduced in 20 ofthe 21 subjects and full effect was reported
as early as 1 month after CI activation (17). Many studies
have since reproduced tinnitus reduction from CI in SSD
patients (18—29). However, the samples included in these
studies were heterogeneous. Few studies had strict inclu-
sion criteria regarding hearing loss severity on the un-
implanted side (19,23) or reported their inclusion criteria
for tinnitus severity (22,23). Some patients had hearing
loss in their good ear and were within or close to the criteria
for CI; some patients had mild tinnitus. The results support
how CI stimulation improves tinnitus, but more evidence is
required to support CI as an efficacious tinnitus treatment
in patients with SSD. Furthermore, various scales and
questionnaires were used in these studies to evaluate
tinnitus and its impact. Thus, comparisons between studies
remain difficult. Several studies only used a visual ana-
logue scale (VAS) to investigate tinnitus intensity. Also,
the psychosocial impact of tinnitus pre- and post-CI is
important to measure. CIs could improve binaural hearing
abilities for SSD patients, including sound localization
(30—32) and speech-in-noise perception (19,29,32,33).

The present study evaluated the benefit of CI on
incapacitating tinnitus 1 year after surgery with two types
of stimulation: 1) white noise stimulation and 2) standard
stimulation. A homogenous group of patients with SSD
and incapacitating tinnitus with normal or near normal
contralateral hearing was included. Disability and annoy-
ance related to tinnitus were investigated as well as
speech-in-noise perception and binaural effects.

MATERIALS AND METHODS

Study Design
This multicentered prospective study was open and non-
randomized. Patients acted as their own controls. The study was
registered in the U.S. National Library of Medicine clinical trial

database (ID: NCT02966366). Data were collected in six
French cochlear implantation centers between August 2013
and May 2017. The study was approved by the French health
authorities (ANSM: 2012-A01453-40) and the Ile-de-France VI
(Paris, France) ethics committee (IRB: 2012-A01453-40).

Population Description

The inclusion criteria were:

- Adult (>18 years of age)

- SSD (PTA hearing thresholds at 0.5, 1, 2, and 4kHz
>70dB HL in the poorer ear and <35dB HL at 2kHz in
the better ear)

- Native French speaker

- Ipsilateral incapacitating tinnitus at enrolment:

o Tinnitus Handicap Inventory score (THI) more than 58
(scores could range from 0 to 100).

o VAS assessment of tinnitus annoyance more than or
equal to 8 (scores could range from 0 to 10).

o Duration more than or equal to 1 year.

o Attempted more than or equal to one form of tinnitus
treatment for more than or equal to 1 year without
satisfactory treatment effect.

- Normal vestibular function contralateral to the SSD.

Based on preoperative CT scans and additional evaluation,
patients were excluded if they presented middle ear pathology,
cochlear ossification, retro-cochlear pathology, documented
severe central auditory processing disorder, significant depres-
sion (Beck’s Depression Inventory score >16), or if a psychol-
ogist or psychiatrist recommended against CI.

Study Procedure

The patients were seen twice over the 2 months preceding
implantation surgery. All patients underwent standard CI sur-
gery with a 20-channel Digisonic SP system (Oticon Medical,
Vallauris, France) and received standard audiology and speech
therapy care.

For the first month after CI activation patients received white
noise stimulation: they did not receive any standard sound
stimulation. Thereafter, patients received standard stimulation.
Patients were instructed to use their CI more than or equal to
Shours per day and to log their daily CI usage in a diary. All
patients who completed the 7- and 13-month visits complied.
Average daily usage ranged from 1 to 8 hours during the first
month following CI activation (mean: 5 & 1.5, median: 5), and
from 5 to 15hours during the follow-up period (mean: 9 + 3,
median: 9). Data logging of CI usage was not available.

Tinnitus severity was assessed before implantation (pre-CI),
at activation, and at 1, 2, 4, 7, and 13 months post-activation
using two VAS (34) evaluating loudness and annoyance and
three questionnaires translated and validated in French (Fig. 1).

1) The THI (35,36) measures disability associated with
tinnitus. Its 25 items have three response options: no
(scored 0), sometimes (scored 2), and yes (scored 4).
Total scores range 0 to 100 and describe severity: slight
(0—16); mild (18—36); moderate (38—56); severe (58—
76), and; catastrophic (78—100).

2) The Tinnitus Reaction Questionnaire (TRQ; (37,38))
measures psychological distress associated with tinnitus.
Its 26 items target general distress, interference with
daily activities, severity of tinnitus, and avoidance, with
five response options: not at all (scored 0), a little of the
time (scored 1), some of the time (scored 2), a good deal

Otology & Neurotology, Vol. 41, No. 4, 2020
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EVALUATION T: Tinnitus Questionnaires
SA: Speech Audiometry
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Deafness i Noise ' Cl Stimulation
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FIG.1. Study design. Top bar (blue) represents the different visit for tinnitus (T) evaluation and speech audiometry (SA) test. The bottom
bar indicates the type of stimulation provided through CI (white noise or standard stimulation). Cl indicates cochlear implantation.

of the time (scored 3), and almost all of the time (scored
4). Total scores range 0 to 104. Scores more than 60
indicate significant psychological distress.

3) The Subjective Tinnitus Severity Scale (STSS; (39,40))
measures tinnitus severity. Its 16 items correspond to
three sub-domains: intrusion, dominance, and distress
with two response options: no (scored 0, except for six
reverse-scoring items) and yes (scored 1, except for six
reverse-scoring items). Total scores range 0 to 16.

Speech perception and binaural hearing were evaluated at
13 months post-CI activation using a spatialized speech-in-noise
perception test. Stimuli included French monosyllabic words
(Fournier lists) with free-field stationary white noise in best
aided condition (i.e., with contralateral hearing aid for patients
wearing one). The percentage of words correctly identified was
measured at —3 and +5 dB signal-to-noise ratio (SNR) in three
different spatial configurations: signal and noise presented from
the front (SONO), signal presented from the front and noise
presented on the CI side (SONCI), and noise presented from
the front and signal presented on the CI side (SCINO). All hearing
tests were performed with CI turned off and then with CI on.

Binaural effects were evaluated through three effects: the
summation effect (difference CI on versus CI off in the SONO
spatial configuration), the squelch effect (difference CI on
versus CI off in the SONCI spatial configuration), and the head
shadow effect (difference SONCI spatial configuration and
SCINO spatial configuration; (33,41)).

Statistical Analyses

Statistica 10 (StatSoft, Maisons-Alfort, France) was used.
Shapiro-Wilk normality tests, with an alpha value at or above
0.0014, indicated a normal distribution of data: only STSS
scores on activation day was significant (W'=0.83,
p=0.00071), suggesting non-normal distribution for this subset
of the data. All residuals however followed a normal distribu-
tion (all ps>0.0014). Tinnitus questionnaires were analyzed
with repeated-measures analyses of variance (ANOVAs).
Speech perception scores were transformed into rationalized
arcsine units (RAU) (42) for ANOVAs where they were the
dependent variable. Although RAU values were used for sta-
tistical analyses, raw scores are reported. A level of p <0.05
was used to determine statistical significance.

RESULTS

Twenty-six patients were included. Of these, one
patient had a severe accident 1 week after the CI activa-
tion and was excluded from measures post-CI. Two

Otology & Neurotology, Vol. 41, No. 4, 2020

patients withdrew from the study after the 4-month visit:
one patient experienced an aggravation of the tinnitus and
one experienced no benefit from CI stimulation. All data
collected on these two patients up to and including the 4-
month visit were kept for analysis. Twenty-three patients
completed the 7-month visit and the final 13-month visit
when speech audiometry and binaural effects were mea-
sured. Missing data were kept as missing and no data
imputation took place.

The sample included 17 men and nine women, with a
mean age of 54.2 & 10 years [27—69]. Table 1 summarizes

TABLE 1. Tinnitus characteristics before cochlear implant
surgery (n=20)

n (%)
Tinnitus and hearing loss
Side
Right 8 (31%)
Left 18 (69%)
Etiology
Sensorineural hearing loss 9 (35%)
Trauma (noise, pressure, or cranial fracture) 5 (19%)
Middle ear surgery 4 (15%)
Unknown 8 (31%)
Tinnitus
Occurrence
Progressive 7 (27%)
Immediately with hearing loss 19 (73%)
Type
Constant 17 (85%)
Fluctuating (non pulsatile) 3 (15%)
THI
Severe handicap (58—76) 18 (69%)
Catastrophic handicap (78—100) 8 (31%)
Tinnitus treatment trialed before CI surgery
Medical treatment (antidepressants, 15 (58%)
anxiolytics, etc.)
Sound therapy (masking sound, hearing aids, 9 (35%)
CROS devices)
Cognitive behavioral therapy 4 (15%)
Alternative therapy (osteopathy, 5 (31%)
sophrology, acupuncture, magnetism)
>1 inefficacious therapy tested 15 (58%)

CI indicates cochlear implantation; CROS, contralateral routing of
offside signal; THI, Tinnitus Handicap Inventory.
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tinnitus characteristics before CI surgery. Tinnitus dura-
tionranged 1 to 21 years, with amean of 7.2 £ 5 years. The
contralateral ear had normal or near-normal hearing with
mean pure-tone thresholds of 18 £ 11, 18 +10, 23+ 11,
and 394+ 19dB HL, at 500, 1000, 2000, and 4000 Hz,
respectively.

Tinnitus appeared with hearing loss for 19 patients
(73%) and after hearing loss for the remaining seven
patients (27%). Seventeen patients (85%) had a constant
tinnitus and three patients described a tinnitus fluctuating
in intensity, but not pulsatile. All patients had trialed
tinnitus treatment without significant relief.

Tinnitus Handicap Inventory Scores

Eighteen patients (69%) had a severe handicap and
eight patients (31%) had a catastrophic handicap
(Fig. 2A). The mean score before surgery was 7249
and decreased progressively to 26 +20 at 13 months
post-CI (£]6, 132]=27, p < 0.05). At study completion,
nine patients had a slight or no handicap, seven had mild
handicap, six had moderate handicap, one had severe
handicap, and none had catastrophic handicap (Fig. 2B).
THI scores were unchanged at CI activation (62 £ 18;
post hoc Bonferroni corrected test, p = 0.34) but started
to significantly improve 1 month later to 55420, i.e.,
after 1 month of white noise stimulation (all subsequently
corrected ps < 0.05).

Tinnitus Reaction Questionnaire Scores
The mean TRQ score was 51.6 + 18 before CI surgery.
Psychological distress was noticeable with a TRQ

Scan

Score 116
'

Be W T — £
L el . 1

score more than or equal to 60 for 12 patients (48%).
TRQ scores significantly decreased at 2 months post-
activation compared with pre-CI scores and further
decreased to 19.54+19 at 13 months post-activation
(F(6,132)=18.5, p < 0.05). After 1 year of conventional
CI stimulation, only one patient continued to experience
tinnitus with a score more than 60. Eight patients (34.8%)
had no further psychological distress (scores <10)
(Fig. 2C).

Subjective Tinnitus Severity Scale Scores

Before CI surgery, mean STSS scores were 12.5 £2,
with scores more than 12 (severe tinnitus) for 69% of
patients. All other patients scored between 8 and 12
(intermediate tinnitus) (Fig. 2D). STSS scores were
significantly reduced at 4 months compared with pre-
Cl scores and reached an average of 7.6 =4 at 13 months,
corresponding to mild tinnitus (F (6, 132)=15,
p <0.05). Individual scores indicated that at 13 months
post-activation, two patients continued having STSS
scores more than 12 (8.7%). Eight had scores between
8 and 12, and 13 were less than 8 (56.5%).

Tinnitus Loudness and Annoyance on VAS

The VAS means of tinnitus loudness and annoyance
were 8.0£1 and 8.1 £ 1, respectively, before surgery
(Fig. 2E). Both VAS triggered similar ratings: Pearson’s
correlation coefficient between both VAS scores was
significant at each session, with 7(173)=0.89,
p <0.05, corresponding to a coefficient of determination
R*=0.79. Therefore, scores were averaged on one scale

Score 1104

sssstasssi

VAS

FIG.2. Results on questionnaires and VAS. A, Evolution of the THI score during follow-up. Box and whisker plots are minimum values, 1st
quartile, median (horizontal bar), mean (cross), 3rd quartile, and maximal values. The different color-shaded areas indicate the different
grades of THI: grade 1 (0—16, green), grade 2 (18—36, blue), grade 3 (38—56, yellow), grade 4 (58—76, orange), and grade 5 (78—100, red).
B, Evolution of the THI grades during follow-up. Proportion of tested patients in different tinnitus handicap grades from THI. C, Evolution of
the TRQ scores during follow-up. Noticeable psychological distress is in the red shaded area (scores >60). Box and whisker plots show
minimum values, the 1st quartile, median (horizontal bar), mean (cross), 3" quartile, and maximal value. D, Evolution of the STSS scores
during follow-up. The grades are indicated by color-shaded areas: scores <8 = mild—yellow, 8 < scores < 12 = intermediate—orange, and
scores >12=severe—red. Box and whiskers plots show the minimum value, 1st quartile, median (horizontal bar), mean (cross), 3rd
quartile, and maximal value. E, VAS loudness and annoyance outcomes during follow-up. Results are expressed as mean with standard
deviation. Positive judgments are in the green area (not intense/not annoying) and negative ratings are in the red area (intense/annoying).
STSS indicates Subjective Tinnitus Severity Scale; THI, Tinnitus Handicap Inventory; TRQ, Tinnitus Reaction Questionnaire; VAS, visual
analogue scale.
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Tinnitus scores evolution re. pre-Cl at 7 and 13 months
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FIG.3. Inter-individual evolution of tinnitus questionnaires and VAS improvement between 7 months (light gray) and 13 months (dark gray).
Aggregate mean normalized scores, compared with the Pre-Cl score, considered as 100 (a 50% decrease corresponds to scores being
divided by two, compared with Pre-Cl scores, a 100% decrease corresponds to scores going from any pre-Cl score to 0). Cl indicates

cochlear implantation; VAS, visual analogue scale.

for each patient. A one-way ANOVA with factor Ses-
sions showed a significant main effect (F(6, 132) =27.3,
p <0.05), and a Bonferroni corrected post hoc evaluation
indicated that scores improved compared with pre-CI
(8.14+0.9) at 2 months post-activation (6.0+2.3) and
further to 3.8 £2.5 at 13 months (ps < 0.05).

Tinnitus Evaluations: Individual Observations and
Individual Variability

To summarize scores at 7 and13 months post-activa-
tion, they were normalized into a percent scale relative to
the pre-CI score for each patient. At 13 months, scores
from the different tests correlated significantly with each
other (r(23) =0.72, ps < 0.05). Therefore, an aggregate
score averaged the scores of the four tinnitus question-
naires at 7 and 13 months post-activation (Fig. 3). Tinni-
tus significantly improved between 7 and 13 months
post-activation (F(1, 22)=10.9, p <0.05). The mean
tinnitus improvement was 40.5% 427 at 7 months
post-CI (range, 0.12—99.0%) and increased further to
54.0% £ 27 at 13 months (range, 13.6—100.0%). Scores
were stable for six patients and improved for 17 patients.
Four patients had a slow improvement of the tinnitus
outcomes less than 10% at 7 months but reached more
than 10% at 13 months. Lastly, one patient exhibited a
decreased in benefit between the 7 and the 13 months
visit (from 57 to 30% improvement). All 23 patients

Otology & Neurotology, Vol. 41, No. 4, 2020

attending the 13-month visit reported improvement of
their tinnitus on more than or equal to two of the
four questionnaires.

Speech Perception and Binaural Effects
CI stimulation improved speech perception at +5 dB
SNR in all configurations tested (23 patients, Figure 4,
F(1, 22)=6.5, p<0.05; SNR: F(1, 22)=2623,
p < 0.05; Configuration F(2,44)=12.8, p < 0.05). More-
over, in binaural conditions, the combined head-shadow
and squelch effect in the SCINO configuration was
improved (p <0.05). However, the summation effect

and the squelch effect did not reach significance.

DISCUSSION

The present study assessed prospectively the benefit of
CI stimulation on incapacitating tinnitus associated with
SSD. Tinnitus was monitored using three validated ques-
tionnaires (THI, TRQ, and STSS) and two VAS.

Treatment Effect
Restoring the sound input to the deaf ear of SSD
patients reduced tinnitus, with 23 of the 25 patients
(92%) responding to CI treatment. Two patients with-
drew because of limited benefits. This is in line with a
review showing that among 30 patients included in five
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studies, 87% exhibited improvement, 13% showed no
improvement, and no patient experienced worsening
symptoms (24).

Time Course of Treatment Effect

Significant improvement was observed on the tinnitus
measures in the months following implantation: 1 month
for THI, 2 months for VAS and TRQ, and 4 months for
STSS. Progressive tinnitus reduction was observed until
last follow-up without any plateau. Another study
observed a maximum decrease of tinnitus severity
1 month after CI activation (17). Such decrease was
not observed in the present study after 1 month of white
noise stimulation, suggesting that unmeaningful stimula-
tion was partially efficient to reduce severe tinnitus,
either through a masking effect or re-activation of the
peripheral pathways. In a previous study, various unmea-
ningful stimuli such as noise, sine waves, music, and
environmental sounds delivered through a CI efficiently
suppressed tinnitus (43). The characteristics of the white
noise stimulation used could explain its limited effect.
Indeed, studies showed a positive effect of unmeaningful
stimulation when the stimulation electrodes, frequency,
and levels were personalized for every CI user (14,15).
Results of white noise stimulation could have been

additionally affected by the specific inclusion criteria.
The Van de Heyning et al. (17) participants were not
selected according to their tinnitus severity: the rapid
relief noticed could be due to less disabling tinnitus at the
time of inclusion.

Tinnitus Measures

To date, the THI has seldom been used to monitor
tinnitus handicap after CI in SSD patients. One exception
is the report of a decrease in THI scores in 12 SSD
patients already after 1 month of standard CI stimulation
(44). The homogeneous population in terms of tinnitus
severity could explain this benefit shortly after activa-
tion. Nevertheless, other studies with patients experienc-
ing various severities of tinnitus reported stable ratings
after a few months of CI use (17,27).

CI treatment had a positive impact on the psychologi-
cal distress associated with tinnitus (TRQ), with the
effect observed 2 months post-activation. Only one
patient still noted a score more than 60, indicating
significant psychological distress, despite consistent CI
usage. Similar results of reduction on psychological
distress have been shown previously (29).

The STSS, reporting tinnitus severity, showed the
highest variability in answers and a slower improvement

Otology & Neurotology, Vol. 41, No. 4, 2020
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in scores, reaching significance 4 months post-activation.
At 13 months, over half of the patients had STSS scores
less than 8, indicating mild tinnitus. The slow improve-
ment in scores may result from the questionnaire format.
Indeed, the STSS was the only questionnaire where
response options were binary (yes/no). Patients who
experienced tinnitus improvement but still perceived
some tinnitus when removing their CI processor could
have rated their tinnitus as unchanged. In its current form,
the STSS seems to be of limited value to assess CI
treatment effect. The STSS could be more valid if
respondents were asked to answer according to when
wearing their CI processor.

Tinnitus loudness and annoyance were significantly
improved 2 months after activation, corresponding to
1 month of standard CI stimulation. Similarly, a signifi-
cant tinnitus reduction 1 month after CI surgery which
remained stable after 3 months has been observed previ-
ously (27). However, tinnitus relief may disappear once
the CI processor is turned off (17,27): in one study, 65%
of subjects reported that tinnitus relief had disappeared
1 minute after CI processor switch off (27).

All tinnitus measures were correlated and when com-
paring their responsiveness, THI showed the largest
range of both individual responses and changes over
time. THI offers a wide continuous scoring of tinnitus
disability from 0 to 100 and the categories describing
scores from slight to catastrophic are useful. Present
results suggest THI as a valid and responsive measure
of tinnitus treatment effect.

Binaural Hearing

Speech-in-noise perception at —3 and +5dB SNR
improved 13 months post-CI. Perception scores were
better in all tested spatial configurations when the CI
processor was turned on versus off. A significant com-
bined squelch and head-shadow effect was observed
(p=0.02). This observation is coherent with former
work showing at least partial restoration of binaural
hearing abilities in SSD patients, with an improvement
of speech-in-noise perception (19,29,33). The mecha-
nisms, however, are still unknown. No significant
“‘pure’’ squelch effect was observed. This is in line with
previous work reporting a significant squelch effect only
for patients using a hearing aid on the contralateral ear
(19,26,33). Because Cls translate sounds into electrical
pulse trains delivered at a fixed stimulation rate, they
poorly restore temporal fine structure information. CIs
cannot transfer low-frequency information associated
with fine temporal structure coding. Conversely, they
reproduce level differences occurring between the two
ears, which are more relevant for high-frequency sounds.

Cl is currently the only hearing rehabilitation that both
improves tinnitus severity and binaural hearing in SSD
patients. There seems to be an interaction between
tinnitus severity and audiological outcomes in SSD
patients. It has already been shown that tinnitus in one
ear could interfere with speech-in-noise perception in the
non-tinnitus ear (25). Long-term outcomes over 10 years

Otology & Neurotology, Vol. 41, No. 4, 2020

of CI with patients with SSD or asymmetric hearing loss
have showed that SSD patients rate tinnitus reduction as
the primary benefit of CI while the latter group of patients
rate hearing improvement as the primary benefit of CI
(27). This highlights the need for clinical guidelines for
CI patients with SSD, focusing on tinnitus over the first
months and progressively moving to binaural hearing
once tinnitus is reduced.

Neural Plasticity

The fact that SSD patients have normal or near-normal
contralateral hearing could slow or limit both tinnitus
reduction and the acquisition of binaural hearing abili-
ties. The sudden loss of auditory input in one side triggers
central auditory plasticity, including a progressive reor-
ganization of auditory pathways and auditory brain areas
potentially associated with phantom sensations in the
ipsilateral ear (45—48). Restoration of auditory input via
CI elicits reversed plasticity likely to affect tinnitus
perception (49). Brain plasticity that started when restor-
ing hearing input would continue over years. It is likely
that SSD patients experience difficulties to adapt to CI
stimulation because of sound comparison with their
normal-hearing ear. Patients may observe a benefit only
when they accept a stimulation level than can mask, at
least partly, the tinnitus (15,50).

While masking could fail to reduce tinnitus in some
patients, electrical stimulation with precise location,
time, and intensity could suppress the neurophysiological
responses associated with tinnitus (14). In the present
study, white noise stimulation during the first month after
surgery somewhat reduced tinnitus, suggesting that ener-
getic masking or re-activation of the auditory pathways
through electrical stimulation may alleviate tinnitus with-
out eliciting an immediate maximal reduction. The diffi-
culty to adapt to CI stimulation may also explain the
relatively low audiological benefit that SSD patients
experience (51). Even if improvements in speech-in-
noise and spatial localization abilities can be observed
long-term, tinnitus relief started early (significant
between 1 and 3 months post-activation) and reached
levels of improvement that makes CI an interesting
treatment option (52,53).

It could be that duration of hearing loss and tinnitus
influences the time course of CI outcomes in adults with
SSD. Interestingly, several previous studies report posi-
tive hearing and tinnitus outcomes in patient samples that
include people with longstanding hearing loss of over
10 years (17,28,33,49).

Strengths and Limitations

The present study benefited from clear inclusion cri-
teria and from a thorough longitudinal evaluation of
outcomes. However, it is well known that placebo effects
can occur in tinnitus treatment trials (54), and such
effects could have partly influenced the results observed
in the present study. During the informed consent pro-
cedure, careful care was taken to inform patients of
expected CI outcomes, and not to speculate on expected
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CI outcomes for the two types of stimulation tested in the
study. This was done to minimize potential bias in patient
report of tinnitus treatment outcomes. While four differ-
ent patient reported outcome measures of tinnitus were
used and were found to be correlated, the Tinnitus
Functional Index is another measure of tinnitus, and it
was especially designed to be responsive to treatment and
would be relevant to use in future similar studies (55).
Future research should shed light on the effect of duration
of hearing loss and tinnitus on CI outcomes in SSD
patients and therefore inform candidacy indicators for
CI in this population. Similarly, it would be interesting to
investigate optimal CI settings, including thresholds and
comfortable loudness levels, to best alleviate tinnitus in
SSD patients.

CONCLUSION

After 1 year of follow-up, 92% of SSD patients with CI
displayed reduced handicap linked to their incapacitating
tinnitus starting at 13 months post-activation. Hearing
abilities progressively developed after tinnitus relief,
which lead to significant improvement in speech-in-noise
perception at 1 year after activation, suggesting partial
restoration of binaural hearing abilities. Further research
should investigate long term socio-economic benefit
such as workplace participation and health care utiliza-
tion to quantify the cost-utility of CI in adults with SSD
and tinnitus.
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