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Abstract
Introduction: Cochlear implantation is a recent approach 
proposed to treat single-sided deafness (SSD) and asymmet-
ric hearing loss (AHL). Several cohort studies showed its ef-
fectiveness on tinnitus and variable results on binaural hear-
ing. The main objective of this study is to assess the out-
comes of cochlear implantation and other treatment options 
in SSD/AHL on quality of life. Methods: This prospective mul-
ticenter study was conducted in 7 tertiary university hospi-
tals and included an observational cohort study of SSD/AHL 
adult patients treated using contralateral routing of the sig-

nal (CROS) hearing aids or bone-anchored hearing systems 
(BAHSs) or who declined all treatments, and a randomized 
controlled trial in subjects treated by cochlear implantation, 
after failure of CROS and BAHS trials. In total, 155 subjects 
with SSD or AHL, with or without associated tinnitus, were 
enrolled. After 2 consecutive trials with CROS hearing aids 
and BAHSs on headband, all subjects chose any of the 4 
treatment options (abstention, CROS, BAHS, or cochlear im-
plant [CI]). The subjects who opted for a CI were randomized 
between 2 arms (CI vs. initial observation). Six months after 
the treatment choice, quality of life was assessed using both 
generic (EuroQoL-5D, EQ-5D) and auditory-specific quality-
of-life indices (Nijmegen Cochlear implant Questionnaire 
[NCIQ] and Visual Analogue Scale [VAS] for tinnitus severity). 
Performances for speech-in-noise recognition and localiza-
tion were measured as secondary outcomes. Results: CROS 
was chosen by 75 subjects, while 51 opted for cochlear im-
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plantation, 18 for BAHSs, and 11 for abstention. Six months 
after treatment, both EQ-5D VAS and auditory-specific qual-
ity-of-life indices were significantly better in the “CI” arm ver-
sus “observation” arm. The mean effect of the CI was particu-
larly significant in subjects with associated severe tinnitus 
(mean improvement of 20.7 points ± 19.7 on EQ-5D VAS, 20.4 
± 12.4 on NCIQ, and 51.4 ± 35.4 on tinnitus). No significant 
effect of the CI was found on binaural hearing results. Before/
after comparisons showed that the CROS and BAHS also im-
proved significantly NCIQ scores (for CROS: +7.7, 95% confi-
dence interval [95% CI] = [4.5; 10.8]; for the BAHS: +14.3, 95% 
CI = [7.9; 20.7]). Conclusion: Cochlear implantation leads to 
significant improvements in quality of life in SSD and AHL 
patients, particularly in subjects with associated severe tin-
nitus, who are thereby the best candidates to an extension 
of CI indications. © 2021 The Author(s). 

Published by S. Karger AG, Basel

Introduction

Single-sided deafness (SSD) affects approximately 1% 
of the adult population, with an estimated incidence of 
200 new cases per million per year [Baguley et al., 2006]. 
In a strict definition [Vincent et al., 2015; Van de Heyning 
et al., 2016], it refers to the condition where hearing is 
normal or near-normal in 1 ear, while the other ear pres-
ents severe to profound deafness. In asymmetric hearing 
loss (AHL), unaided hearing thresholds in the better ear 
are between 30 and 60 dB HL (decibel hearing level) and 
may be compensated by a conventional hearing aid. Both 
conditions lead to binaural deficits, with difficulties for 
localizing sound sources and for understanding speech in 
noise, which deteriorate global quality of life. The pres-
ence of an associated disabling tinnitus may further im-
pair the patients’ daily life and become their first com-
plaint [Van de Heyning et al., 2008].

Treatment of SSD/AHL may rely on the transfer of the 
sound coming to the poor ear to the better ear using 
whether Bluetooth technology in contralateral routing of 
the signal (CROS) hearing aids, whether bone conduction 
properties of the skull with a bone-anchored hearing sys-
tem (BAHS). These options may be tried before being ad-
opted, but a significant proportion of SSD/AHL subjects 
remain untreated after trial [Desmet et al., 2012; Saroul et 
al., 2014; Pennings et al., 2011].

Cochlear implantation is another approach where the 
poor ear is stimulated and binaural hearing might there-
by be restored. Further, the electrical stimulation by the 
cochlear implant (CI) has been shown to reduce the tin-

nitus when associated with profound deafness [(Baguley 
and Atlas, 2007); Quaranta et al., 2004]. First meta-anal-
yses and systematic reviews on that topic emphasized 
the effectiveness of the CI on tinnitus but pointed out 
the need for controlled trials to provide more robust ev-
idence of CI effects on binaural hearing and quality of 
life [Blasco and Redleaf, 2014; Vlastarakos et al., 2014; 
van Zon et al., 2015]. They also acknowledged the dif-
ficulty of conducting such studies because of the im-
portant intrinsic differences between the existing treat-
ments.

In the present study, each treatment option (absten-
tion, CROS, BAHS, and CI) could be chosen after succes-
sive trials of CROS hearing aids and BAHSs on a head-
band. This prospective national multicenter study in-
cluded a randomized controlled trial (RCT) in the group 
of subjects who opted for cochlear implantation, aiming 
at assessing the outcomes of the CI in SSD/AHL on hear-
ing performances but also on quality of life, after failure 
of more conservative treatments. In addition, it describes 
and compares results obtained with the other options 
used to handle this condition, that is, CROS hearing aids, 
BAHSs, or abstention.

Methods

This national multicenter study was conducted in 7 tertiary re-
ferral centers in France, between 2014 and 2018, and was divided 
into 2 parts (see [Marx et al., 2019] for details). The first part is a 
prospective, descriptive observational cohort study, with a 
6-month follow-up for SSD/AHL adult subjects who chose to be 
treated by CROS hearing aids, or by BAHSs, or by CI and patients 
who declined all the options, after 2 consecutive trials of the CROS 
and BAHS. The second part is an open-label randomized con-
trolled clinical trial for subjects with SSD/AHL who chose to be 
treated by the CI after failure of both CROS and BAHS trials, in 2 
parallel arms: observation for 6 months versus cochlear implanta-
tion. The subjects randomized in the “observation” arm could ben-
efit from a cochlear implantation procedure once this 6-month 
observation initial period had ended. This research has been reg-
istered in ClinicalTrials.gov (http://www.clinicaltrials.gov/), 29 
July 2014, under no. NCT02204618.

Participants
Adults older than 18 years, affiliated to social security, were in-

cluded with SSD or AHL documented using pure-tone average 
(PTA) on pure-tone audiometry. Because all subjects had to be 
theoretical candidates to a CI, patients with SSD/AHL due to a 
vestibular schwannoma or to major modifications of cochlear 
anatomy were excluded. There was no eligibility criterion applied 
on the duration of deafness, or an associated tinnitus, to account 
for the heterogeneity of this population. PTA in the better ear was 
between 0 and 60 dB HL.
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Interventions
We defined 4 groups depending on the treatment option cho-

sen after the consecutive trials of CROS hearing aids and BAHSs: 
abstention, CROS, BAHS, and randomized for CI (RCI). The sub-
jects successively tried CROS hearing aids and BAHSs before 
choosing which treatment they opted for. This choice was mainly 
based on the subjective outcomes reported after the 2 trials but also 
guided by the auditory outcomes obtained with each device, the 
recommendations of the corresponding manufacturer, and the 
counselling of the physician.

In the group CROS, a Phonak CROS system was fitted by an 
experienced audiologist, using corresponding fitting software 
(Phonak® Target 3.0). The subjects with AHL were fitted with Bi-
CROS systems to correct hearing loss in the better ear. In the group 
BAHS, Baha 110® (Cochlear Ltd) and Ponto® (Oticon medical) 
were adapted on the abutment 3–5 weeks after the surgical proce-
dure and fitted by an audiologist according to the company’s 
guidelines. Both Cochlear Ltd and Oticon medical recommend the 
use of BAHSs in SSD, but not AHL. In the group RCI, patients were 
randomized to a 6-month “observation” arm or an immediate co-
chlear implantation “CI” arm. The CI, supporting 12–22 intra-
cochlear electrodes, was placed after the traditional surgical proce-
dure, including mastoidectomy, posterior tympanotomy, and 
round window insertion or cochleostomy. Four major companies 
were represented (Advanced Bionics®, Cochlear®, MedEl®, and 
Oticon Medical®).

Primary and Secondary Outcomes
First, the present article reports the results of CI in SSD/AHL 

compared to observation in terms of quality of life after a 6-month 
follow-up, both from a generic (EuroQoL-5D, EQ-5D) and an au-
ditory-specific perspective (Nijmegen Cochlear Implant Ques-
tionnaire, NCIQ; Visual Analogue Scale [VAS] for tinnitus sever-
ity), as in previous national multicenter studies [Molinier et al., 
2009]. The EQ-5D [EuroQol Group, 1990] is recommended by a 
national French agency (Haute Autorité de Santé) for generic eval-
uation of quality of life [Haute Autorité de la Santé (HAS), 2014; 
Haute Autorité de Santé (HAS), 2016]. It is a self-administered, 
generic, and multidimensional questionnaire including a descrip-
tive component and a VAS (EQ-VAS). The descriptive component 
is composed of 5 dimensions (mobility, autonomy, daily life ac-
tivities, pain, and anxiety/depression) described by 3 levels. The 
NCIQ [Hinderink et al., 2000] contains 60 questions exploring 6 
areas concerned with the quality of auditory perception (basic per-
ception, complex perception, speech production, self-esteem, so-
cial activities, and interactions). The VAS used to assess tinnitus 
severity is a 17-cm plastic ruler with a vertical arrow on one side 
and a graduated scale on the other side (0–10 cm), and discomfort 
related to tinnitus is thus self-determined by the patient, quoted 
between 0 and 100 points.

Second, hearing outcomes were assessed after a 6-month fol-
low-up using a test for speech recognition in noise (FraMatrix) and 
a horizontal localization test. The FraMatrix test (Jansen et al., 
2012] relies on an adaptive procedure using 3 loudspeakers sur-
rounding the subject (−60°, 0°, and +60°). The speech signal was 
presented at a fixed level of 65 dB SPL, and the level of the compet-
ing noise was progressively adapted to obtain the signal-to-noise 
ratio in decibels for 50% correct word recognition (SNR50). The 
subjects were tested in 3 different spatial conditions: with speech 
presented to the poor ear and noise to the better ear (SpeNbe), with 

speech and noise collocated and presented from the loudspeaker 
in front of the subject, and with noise presented to the poor ear and 
speech to the better ear (SbeNpe). Horizontal localization was as-
sessed using an array of 7 loudspeakers located at 30° intervals 
from −90° to +90°, in a frontal semicircle diameter of 1.2 m at the 
subject’s head level [Slattery, and Middlebrooks, 1994; Vannson et 
al., 2017]. The stimuli consisted in two 150-ms white noises, sepa-
rated by a 50-ms interval, and presented 63 times. After each pre-
sentation, a 2-s period allowed the subject to indicate orally the 
loudspeaker identified as the sound source. Root mean square er-
ror (RMSE) was the main measurement for localization perfor-
mance.

Sample Size Calculation
In order to detect an improvement of 0.8 standard deviation on 

quality of life, with a two-sided 5% significance level and a power 
of 80%, 25 patients per arm were necessary in the group RCI. The 
total number of subjects, including the observational part of the 
study, was estimated based on the expected rate of trial failures re-
ported in the literature (up to 45% for BAHSs in [Desmet et al., 
2012]). Altogether, at least 150 subjects needed to be included.

Randomization Procedure
Randomization of CI versus initial observation was based on a 

1:1 ratio and was stratified per center. The allocation sequence was 
randomly and automatically generated (Stata SE 11.2, ralloc pro-
cedure). There was no blinding procedure in this open-label trial, 
but the allocation sequence was unknown to all investigators.

Statistical Analysis
We applied an intention-to-treat analysis on the nonmissing 

values at the 6-month follow-up. Quantitative variables were de-
scribed as mean ± standard deviation. We compared primary and 
secondary outcomes at 6 months of the follow-up between the 2 
randomized arms using Wilcoxon rank-sum tests. Then, we ap-
plied linear regressions adjusted for baseline values of the out-
comes and robust estimators of variance to compare the 2 random-
ized arms and test interactions terms between the intervention and 
deafness duration or PTA in the better ear. Finally, linear regres-
sions adjusted for baseline values (and robust estimators of vari-
ance) were used to estimate the mean evolutions from baseline to 
the 6-month follow-up and to compare these evolutions among 
the 5 groups (abstention, CROS, BAHS, “observation” in the RCI 
group, and CI in the RCI group).

Results

Patients Characteristics
Overall, 155 subjects were included in this study. PTA 

was 105.4 (±22.9) dB HL in the poor ear and 27.1 (±19) 
dB HL in the better ear, with 104 SSD (67.1%) and 51 AHL 
subjects (32.9%). After the 2 trials for CROS and BAHSs, 
75 subjects opted for CROS hearing aids (group CROS), 
18 for BAHSs (group BAHS), and 51 were randomized 
for a CI (group RCI). In the latter, 25 participants were 
randomized in the “CI” arm and 26 in the “observation” 
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arm. Eleven subjects declined all options (group absten-
tion). Baseline characteristics are described in Table  1, 
and the flowchart study is illustrated on Figure 1.

Loss to Follow-Up and Missing Data
One participant was excluded before inclusion be-

cause a vestibular schwannoma was found in the poor ear. 
At the 6-month follow-up visit, in the group CROS, 2 sub-
jects were lost to follow-up and 5 withdrew their consent 
for personal reasons. In the group BAHS, 1 subject was 
explanted, 1 was lost to follow-up, and 1 was excluded by 
the local investigator. In the group RCI, that is, the “CI” 
arm, 1 subject was lost to follow-up and 3 were excluded 
due to medical reasons. One subject was diagnosed with 
dementia, and 2 subjects presented postoperative local in-
fections requiring extra visits and treatments. One of 
these 2 subjects was finally explanted and reimplanted, 
and the infection resolved in the other one. In the group 
RCI, that is, the “observation” arm, 3 subjects were ex-
cluded from the analyses: 1 for a major protocol violation, 
1 withdrew his consent, and 1 was lately diagnosed with 
a small vestibular schwannoma. Two subjects withdrew 
their consent, and 2 were lost to follow-up in group ab-
stention.

CI versus Observation in SSD/AHL at 6-Month 
Follow-Up
Quality-of-Life Measurements
There was no significant difference between the 2 arms 

(CI vs. observation) for the scores of EQ-5D on the 
 descriptive component (77.6 ± 27.3 in the “CI” arm vs. 
77.7 ± 18.1 in the “observation” arm). In contrast and as 
shown in Figure 2, EQ-VAS evaluation was significantly 
higher in the “CI” (81.6 ± 19.4) than the “observation” 
arm (71.8 ± 16.7). Likewise, the NCIQ score was signifi-
cantly higher in “CI” (68.7 ± 16) than the “observation” 
arm (55.1 ± 15.8), with a trend for an interaction between 
NCIQ improvement and poor PTA in the better ear (p = 
0.06).

The VAS for tinnitus severity also showed better re-
sults in the “CI” arm, with a mean reduction of 30.5 
(±36.5) points, whereas the mean score remained stable 
in the “observation” arm (−0.8 ± 24.9). These results per-
sisted after baseline adjustment, with a mean effect of the 
CI versus initial observation of +11.27 points on EQ-VAS 
(p = 0.01), of +12.4 points on the NCIQ (p = 0.006) and a 
reduction of 20.02 points on tinnitus severity (p = 0.02). 
Effects were particularly significant for subjects with in-
capacitating tinnitus (VAS ≥60). These cases (n = 20) ac-

Table 1. Demographic characteristics per group

Abstention 
(n = 11)

CROS 
(n = 75)

BAHS 
(n = 18)

CI 
(n = 51)

Sex 8 M/3 F 35 M/40 F 7 M/11 F 21 M/30 F
Age, mean±SD, years 53.1±20.2 51.9±13.8 49.7±14.5 55.1±11.4
Deafness side 4 R/7 L 39 R/36 L 9 R/9 L 30 R/21 L
Etiology

Idiopathic SSNHL 1 24 7 23
Meniere’s disease 1 8 2
Labyrinthine trauma 9 1 3
Labyrinthitis 4 4 3
Other 9 30 6 20

Deafness duration
<3 years 2 33 9 25

Between 3 and 5 years 1 6 2 2
Between 5 and 10 years 1 8 1 6
Between 10 and 30 years 6 15 2 13

>30 years 1 12 4 5
Missing data 1

PTA better ear dB HL (mean ± SD) 27.5±22.2 26.8±20.2 21.8±16.7 29.2±17.5
PTA poor ear dB HL (mean ± SD) 106.8±19 106.9±26.1 110.9±17.2 101.3±20.6

M, male; F, female; SD, standard deviation; R, right; L, left; SSNHL, sudden sensorineural hearing loss; PTA, 
pure-tone average; dB HL, decibel hearing level; BAHS, bone-anchored hearing system; CI, cochlear implant; 
95% CI, 95% confidence interval; CROS, contralateral routing of the signal.
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counted for the major part of EQ-VAS improvement 
(+20.7 points ± 19.7 in the “CI” arm vs. +3.9 points ±14.1 
in the “observation” arm) and of tinnitus relief with a 
mean reduction of 51 (±35.4) points in the “CI” arm ver-
sus 11.8 (±22.4) points in the “observation” arm (see 
Fig. 2d).

Hearing Outcomes
As illustrated in Table 2, there was no difference be-

tween the 2 randomized arms for speech recognition  
in noise or horizontal localization at 6 months, even af- 
ter baseline adjustment. In fact, the slight SNR50 differ-
ence between the 2 arms observed in the SpeNbe condi-

Single sided-deafness/asymmetric hearing loss 

Eligibility
n = 156

Exclusion
n = 1  

No

Yes

Informed consent
n = 155

Baseline visit, n = 155
Questionnaires and

auditory tests

CROS trial
During 3 weeks

Questionnaires and
auditory tests

BAHS trial
During 3 weeks

Questionnaires and
auditory tests 

Choice of treatment
n = 155

Abstention
n = 11

BAHS
n = 18

CROS
n = 75

Description and comparison at 6-month follow-up:
QoL questionnaires and auditory tests

Cochlear implant:
randomization, n = 51 

Arm 1, n = 25
Cochlear

implantation (CI)

Arm 2*, n = 26
Observation during

6 months

Comparison at 6-month follow-up
QoL questionnaires and auditory tests

CROS Contralateral Routing Of Signal
BAHS Bone conduction system on headband (Baha® (Cochlear) or Ponto® (Oticon))
Arm 2*: Cochear implantation is performed after 6 months observation
QoL: quality of life

Fig. 1. Flowchart of the study. Number of subjects included, allocated to intervention, lost during follow-up with 
explanation for the dropouts, and number included in the statistical analysis. SSD, single-sided deafness; AHL, 
asymmetric hearing loss; CROS, contralateral routing of the signal; BAHS, bone-anchored hearing system; CI, 
cochlear implant.
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tion (−1 ± 8 in the “CI” arm vs. 2.2 ± 7.9 in the “observa-
tion” arm, p = 0.05) did not persist after baseline adjust-
ments. In the “CI” arm, no significant interaction was 
found between the SNR50 value evolution, whatever the 
condition, and deafness duration, or PTA in the better ear 
(p > 0.2).

Results with Different Options (Abstention, CROS, 
BAHS, and CI)
Mean intraindividual evolutions between baseline and 

6-month follow-up visit were estimated within each treat-
ment group (see Table 3). Regarding EQ-5D, the largest 
change from baseline was observed for the VAS scale in 
the “CI” arm of the group RCI (mean increase of +11.72, 
95% confidence interval [95% CI] = [4.70; 18.73]). NCIQ 
scores were mostly improved in groups CROS (+7.7, 95% 
CI = [4.5; 10.8]), BAHS (+14.3, 95% CI = [7.9; 20.7]), and 
in the “CI” arm in the group RCI (+15.2, 95% CI = [8.8; 
21.6]). NCIQ score evolution was smaller in the group 
abstention (+1.9, 95% CI = [−8.0; 11.8]) and the “observa-
tion” arm of the group RCI (+2.6, 95% CI = [−2.9; 8.1]). 
Tinnitus severity was clearly reduced in the “CI” arm of 
the group RCI (−25.8, 95% CI = [−36.2; −15.4]). Tinnitus 
severity was also decreased in the group BAHS by −23.4, 
95% CI = [−35.8; −11.1]. Mean SNR50 improved between 
baseline measurements and 6-month follow-up visit in 
CROS and the 2 arms in the group RCI, whatever the con-

dition (except from SbeNpe in the group CROS). Local-
ization performance measured by root mean square error 
was reduced in the group CROS (+7.72°, 95% CI = [2.71°; 
12.73°]) but tended to be improved in the group BAHS 
and the 2 randomized groups.

The primary and secondary outcomes at 6-month fol-
low-up in each group (abstention, CROS, BAHS, and 
“observation” arm of the RCI group) were then compared 
to the outcomes in the “CI” arm of the RCI group (serv-
ing as the reference), after baseline adjustment (see Ta-
ble 3). The subjects in the group CROS reported poorer 
EQ-VAS scores (−12.7 points; 95% CI = [−20.9; −4.5],  
p = 0.003). Groups CROS and abstention showed poorer 
scores for NCIQ (for CROS: −7.5 points; 95% CI = [−14.6; 
−0.4], p = 0.04; for abstention: −13.3 points, 95% CI = 
[−25.1; −1.5], p = 0.03). The group CROS showed poorer 
results for the FraMatrix test in the SbeNpe condition 
with higher SNR50 values (+2.62 dB; 95% CI = [0.16; 
5.09]; p = 0.04) and for horizontal localization (+16.56°; 
95% CI = [6.12°; 27.00°]; p = 0.002).

Discussion

To our knowledge, our study reports one of the first 
RCTs demonstrating efficacy of the CI in SSD/AHL on 
generic and auditory-specific quality of life. Results on 

Table 2. Hearing outcomes at 6-month follow-up in the group RCI

Arm CI 
(N = 21)
(mean ± SD)

Arm  
observation 
(N = 23)
(mean ± SD)

p value* CI versus “observation” mean difference  
adjusted for baseline value, estimations at  
6-month follow-up†

mean difference 95% CI p value

Speech-in-noise recognition (SNR50 in dB at baseline)
SpeNbe 3.7±9.7 5.6±9.6
S0N0 1.4±8.2 1.7±3.8
SbeNpe −0.6±10 2.2±11.1

Speech-in-noise recognition (SNR50 in dB at 6-month follow-up)
SpeNbe −1.0±8 2.2±7.9 0.05 −2.35 (−6.59; 1.89) 0.27
S0N0 −0.9±4.3 0±3.2 0.19 −1.17 (−3.14; 0.80) 0.24
SbeNpe −3.8±4.5 −3.1±6 0.64 −0.31 (−3.22; 2.61) 0.83

Localization (RMSE in ° at baseline) 73.2±20.7 76.6±20
Localization (RMSE in ° at 6-month follow-up) 63.3±23.4 63.8±19.3 0.80 0.22 (−14.63; 15.07) 0.98

Data are presented as mean ± SD. N, intention-to-treat sample size with 6-month follow-up. CI, cochlear implant; SD, standard 
deviation; 95% CI, 95% confidence interval; SpeNbe, speech presented to the poor ear and noise to the better ear; SbeNpe, noise presented 
to the poor ear and speech to the better ear; RCI, randomized for CI; SNR50, signal-to-noise ratio for 50% correct word recognition; 
S0N0, speech and noise collocated and presented from the loudspeaker in front of the subject; RMSE, root mean square error. * Wilcoxon 
rank-sum test. † Estimations are obtained from linear regressions adjusted for the baseline value of the outcome, with a robust estimator 
of the variance.
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Table 3. Comparisons of the different treatment groups with the arm CI in group RCI as reference

Evolution from baseline* Difference versus RCI arm CI*
mean 95% CI mean 95% CI p value

EUROQOL EQ-5D
Abstention 6.33 (−4.75; 17.40) 0.54 (−14.10; 15.18) 0.94
CROS 2.42 (−2.84; 7.69) −3.36 (−14.66; 7.94) 0.56
BAHS 3.87 (−12.05; 19.78) −1.92 (−20.64; 16.80) 0.84
RCI arm “observation” 1.62 (−3.89; 7.13) −4.17 (−15.53; 7.20) 0.47
RCI arm CI 5.79 (−4.05; 15.63)

EQ-5D VAS
Abstention 4.67 (−4.21; 13.54) −7.05 (−18.47; 4.38) 0.23
CROS −0.98 (−5.22; 3.26) −12.70 (−20.91; −4.48) 0.003
BAHS 4.77 (−2.85; 12.39) −6.95 (−17.07; 3.17) 0.18
RCI arm “observation” 0.46 (−4.20; 5.12) −11.26 (–19.81; –2.70) 0.01
RCI arm CI 11.72 (4.70; 18.73)

NCIQ
Abstention 1.9 (−8.0; 11.8) −13.29 (–25.08; –1.49) 0.03
CROS 7.7 (4.5; 10.8) −7.51 (–14.62; –0.41) 0.04
BAHS 14.3 (7.9; 20.7) −0.87 (–9.89; 8.15) 0.85
RCI arm “observation” 2.6 (–2.9; 8.1) −12.57 (–21.00; –4.14) 0.004
RCI arm CI 15.2 (8.8; 21.6)

VAS tinnitus severity
Abstention −8.6 (–26.1; 8.9) 17.17 (–3.33; 37.68) 0.10
CROS −8.9 (–14.5; –3.4) 16.85 (5.10; 28.60) 0.005
BAHS −23.4 (–35.8; –11.1) 2.35 (–13.87; 18.57) 0.78
RCI arm “observation” −4.3 (–14.0; 5.4) 21.48 (7.19; 35.77) 0.004
RCI arm CI −25.8 (–36.2; –15.4)

SNR50 SpeNbe (dB)
Abstention −2.03 (–5.66; 1.61) 3.47 (–1.29; 8.22) 0.15
CROS −6.43 (–9.00; –3.85) −0.93 (–4.62; 2.75) 0.62
BAHS −1.25 (–8.49; 5.98) 4.24 (–3.09; 11.57) 0.26
RCI arm “observation” −3.27 (–5.95; –0.59) 2.22 (–1.83; 6.28) 0.28
RCI arm CI −5.49 (–8.51; –2.47)

SNR50 S0N0 (dB)
Abstention −6.04 (–16.57; 4.50) −3.00 (–13.87; 7.87) 0.59
CROS −1.80 (–3.02; –0.58) 1.23 (–1.36; 3.83) 0.35
BAHS 0.95 (–3.96; 5.85) 3.98 (–1.47; 9.44) 0.15
RCI arm “observation” −1.99 (–3.04; –0.94) 1.04 (–1.60; 3.68) 0.44
RCI arm CI −3.04 (–5.46; –0.61)

SNR50 SbeNpe (dB)
Abstention −0.02 (–2.66; 2.61) 2.94 (–0.39; 6.27) 0.08
CROS −0.34 (–1.71; 1.03) 2.62 (0.16; 5.09) 0.04
BAHS 0.79 (–6.07; 7.65) 3.75 (–3.61; 11.12) 0.32
RCI arm “observation” −2.97 (–5.28; –0.67) −0.01 (–3.05; 3.03) 1.00
RCI arm CI −2.96 (–4.95; –0.97)

Horizontal localization – RMSE (°)
Abstention −2.66 (–18.92; 13.60) 6.17 (–12.44; 24.79) 0.51
CROS 7.72 (2.71; 12.73) 16.56 (6.12; 27.00) 0.002
BAHS −10.10 (–20.24; 0.04) −1.27 (–14.84; 12.31) 0.85
RCI arm “observation” −9.58 (–18.44; –0.72) −0.75 (–13.40; 11.91) 0.91
RCI arm CI −8.84 (–17.94; 0.27)

SpeNbe, speech presented to the poor ear and noise to the better ear; SbeNpe, noise presented to the poor ear and speech to the better 
ear; 95 CI, 95% confidence interval; BAHS, bone-anchored hearing system; CI, cochlear implant; EQ-5D, EuroQoL-5D; NCIQ, Nijmegen 
Cochlear implant Questionnaire; VAS, Visual Analogue Scale; CROS, contralateral routing of the signal; RCI, randomized for CI; SNR50, 
signal-to-noise ratio for 50% correct word recognition; S0N0, speech and noise collocated and presented from the loudspeaker in front 
of the subject; RMSE, root mean square error. * Mean differences, 95% CIs, and p values are estimated using linear regressions adjusted 
for the baseline value of the outcome, with a robust estimator of variance. Significant differences are indicated in bold.
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tinnitus severity were expected based on pioneering work 
of Van de Heyning [Van de Heyning et al., 2008], fol-
lowed by several teams [Buechner et al., 2010; Arts et al., 
2015; Arts et al., 2016], who showed an important and 
consistent relief from tinnitus in severely impaired SSD 
subjects. Whether peripheral or central, the processes un-
derlying this effect remain unclear, but its consistency ap-
proximates 60–80% of SSD/AHL cases treated by the CI. 
It was also the case in our study, and this explains why 
recent meta-analyses identified it as the most plausible 
benefit of the CI in this indication.

The assessment of quality of life is recommended in 
consensus articles on SSD/AHL and should associate ge-
neric and disease-specific questionnaires [Vincent et al., 
2015; Van de Heyning et al., 2016]. Health Utility Index-
III and Speech, Spatial and hearing qualities Question-
naire are the most often recommended scales in this line 
[Kitterick et al., 2015; Kitterick et al., 2016; Ramakers et 
al., 2016]. The first one is more likely to reflect changes in 
quality of life after a treatment for hearing or vision than 
other generic questionnaires. The second one provides a 
subjective evaluation of binaural hearing abilities, where-
as the NCIQ rather explores the global hearing quality. 
Here, the decision to opt here for EQ-5D and NCIQ was 
mainly driven by guidelines from national authority 
[Haute Autorité de la Santé (HAS), 2014; Haute Autorité 
de Santé (HAS), 2016). Although EQ-5D is less sensitive 
than Health Utility Index-III to hearing changes, in our 
study, its VAS component was significantly improved in 
the “CI” arm compared to the “observation” arm, espe-
cially in subjects with tinnitus severity ≥60/100. Altogeth-
er, our results emphasize the remarkable effects of the CI 
on quality of life of SSD/AHL subjects with associated 
incapacitating tinnitus.

Effects of CI on binaural abilities of SSD/AHL subjects 
remain controversial. In our study, there was no signifi-
cant evolution of binaural performance after cochlear im-
plantation. Intragroup comparisons showed an improve-
ment of SNR50 in SpeNbe and SbeNpe conditions be-
tween the inclusion and the 6-month follow-up in the 
“CI” arm. But such improvement was also demonstrated 
in the “observation” arm (see Table 3), which emphasizes 
the existence of learning effects after repeated exposition 
to the speech material used for speech in noise recogni-
tion tests. The absence of a significant auditory effect in 
the “CI” arm, for localization accuracy and speech recog-
nition in noise, might be related to the short follow-up of 
6 months after cochlear implantation, and/or to the deaf-
ness duration, which exceeded 10 years in more than one-
third of the subjects in the RCI group. Indeed, several 

valuable reports concluded that both localization accu-
racy and speech in noise recognition improved with CI 
experience [Arndt et al., 2011; Távora-Vieira et al., 2015]. 
In fact, recent studies focused on SSD/AHL subjects with 
a deafness duration usually <10 years and suggested a 
progressive improvement, though variable, of both skills 
during the first 3 years following CI [Mertens et al., 2015; 
Sullivan et al., 2019], which may be delayed even after 5 
years [Sullivan et al., 2019]. Restoration of interaural lev-
el differences after CI might play a key role when localiza-
tion is shown to improve [Távora-Vieira et al., 2015; 
Dirks et al., 2019]. The influence of CI on binaural effects 
is still under debate. Most reports demonstrate an in-
crease in the head shadow effect when speech is presented 
to the poor ear, also possibly related to the improved per-
ception of interaural-level differences [Vermeire and Van 
de Heyning, 2009; Arndt et al., 2011; Mertens et al., 2015], 
but the evolution of the summation effect and binaural 
unmasking seems more uncertain. Sullivan et al. (2019) 
did not find any modification of these 2 latter effects, even 
after long CI experience, whereas Mertens’ study report-
ed significant improvement [Mertens et al., 2015], espe-
cially in subjects with AHL. The integration of both elec-
tric and acoustic hearing modalities might be facilitated 
in AHL because of the degraded acoustic sound coming 
to the better ear, usefully completed by the CI. In our 
study, the number of AHL subjects in the RCI group was 
too limited to allow robust comparisons between the 2 
arms, excluding the tinnitus severity factor.

To date, only one study compared CROS, BAHS, and 
CI successively used to treat the same SSD subjects [Arndt 
et al., 2011]. This study demonstrated the plausible supe-
riority of CI for localization and speech in noise when 
speech is presented to the poor ear. Our observational 
cohort study does not show such effects on binaural per-
formance but showed consistently poorer results ob-
tained in the group CROS in reference to the arm “CI.” 
Surprisingly, in our study, the group BAHS showed an 
improvement of tinnitus at the 6-month follow-up. This 
effect was mainly driven by 3 subjects with significant air-
bone gap in the poor or the better ear. CROS or BAHS 
was not included as randomization arms in our RCT be-
cause they are not recommended as SSD/AHL standard 
of care in France and because consensus articles identify 
them as first-line treatments which should be tried before 
considering cochlear implantation. However, much ro-
bust evidence is expected from an RCT conducted by Pe-
ters [Peters et al., 2015] where a “CI” arm is compared to 
both CROS and BAHS, and from a longitudinal study led 
by Kitterick [Kitterick et al., 2014].
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Strengths and Limitations
This study comprises an RCT examining the effects of CI 

on quality of life of SSD/AHL subjects. The evidence in cas-
es of associated incapacitating tinnitus is therefore robust. It 
also comprises a cohort study which provides an overview 
of this heterogeneous condition and analyzes the same out-
comes obtained with the other potential treatments.

However, the sample size included in the RCT remains 
relatively small and might have limited the differences exist-
ing between the 2 arms, especially for speech recognition in 
noise. In addition, the 6-month follow-up was probably in-
sufficient to show effects of CI on binaural abilities, which 
require experience to settle. The follow-up of this population 
is planned to provide information regarding long-term hear-
ing outcomes after CI. Likewise, long-term retention and us-
age of all treatments chosen in this study should carefully be 
looked at to provide additional evidence of their impact.

Conclusions

The observational part of this study suggested that 
CROS hearing aids, though more often chosen, provided 
poorer results than CI to treat SSD/AHL. Our RCT dem-
onstrated that CI significantly improved quality of life, 
particularly in subjects with severe tinnitus associated 
with profound hearing loss, when CROS and BAHS trials 
are ineffective. The improvement was shown both on ge-
neric and auditory-specific indices. Therefore, this popu-
lation might be the main target of expanded indications 
for cochlear implantation.
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