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ABSTRACT

ARTICLE HISTORY

Objective: Despite the positive effect of a cochlear implant (Cl) on tinnitus in many patients, tinnitus
remains a problem for a significant proportion of Cl users. We investigated the acceptability and effect of
sound therapy (a combination of natural background sounds and one concise tinnitus counselling ses-
sion) on tinnitus and speech perception in Cl users who still experienced tinnitus during Cl use.

Design and study sample: Thirty-two Cl users (32-78 years) participated in phase 1: a test at the clinic
to evaluate six background sounds provided by the sound processor. Eighteen out of the 32 Cl users par-
ticipated in phase 2: an optional take-home evaluation of 2 weeks without sound therapy, followed by 5
weeks with sound therapy, ending with an evaluation visit.

Results: Thirty subjects (93.8%) found at least one background sound acceptable. In phase 2, a small
improvement with sound therapy was found for tinnitus loudness, annoyance, and intrusiveness. 50% of
the subjects subjectively reported benefit of sound therapy. Especially the sense of control on their tin-
nitus was highly appreciated. No detrimental effect on speech perception was observed.

Conclusion: The background sounds were acceptable and provided tinnitus relief in some Cl users with
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tinnitus during Cl use.

Introduction

Subjective tinnitus is the perception of a sound without an
acoustic stimulus, generally perceived as a ringing or buzzing
sound (Baguley, McFerran, and Hall 2013). Prevalence estimates
in studies vary widely due to the use of different tinnitus defini-
tions and populations (McCormack et al. 2016). Most studies
report a prevalence of 10-15% in adults (Baguley, McFerran, and
Hall 2013; Henry, Dennis, and Schechter 2005). In about 1-3%
the experienced tinnitus is severe, which can lead to a significant
decrease in quality of life (Chari and Limb 2018; Davis and El
Refaie 2000).

Treatment options for tinnitus

So far, no evidence based curative treatment has been found for
tinnitus. Tinnitus relief and improvement of quality of life is the
highest achievable goal for most tinnitus patients with current
treatment modalities (Chari and Limb 2018; Hoare et al. 2011).
Many treatments options are based on a psychological approach,
such as counselling, psychoeducation, and cognitive behavioural
therapy (CBT) (Chari and Limb 2018; Cima et al. 2012; Hoare
et al. 2011; Martinez-Devesa et al. 2010).

Another treatment option is auditory stimulation with hearing
aids or sound therapy (Hoare et al. 2014; Sherlock and Eisenman
2020; Tunkel et al, 2014). Sound therapy is well established in
tinnitus patients with any (aided or unaided) degree of hearing
loss. Used strategies and stimuli vary widely, from background
noises and relaxation sounds, to broadband or narrowband stim-
uli for total or partial masking of the tinnitus (Hobson,
Chisholm, and El Refaie 2012; Sereda, Davies, and Hall 2017;
Sherlock and Eisenman 2020). Also more tailored forms such as
notched sound therapy (with the frequency of tinnitus removed
from the sound stimulus) or sound therapy in combination with
extensive long-term counselling in tinnitus retraining therapy
have been used (Chari and Limb 2018; Jastreboff and Hazell
2004; Phillips and McFerran 2010).

Auditory stimulation can also be electrically provided by a
cochlear implant (CI). So far, the benefit of a CI on tinnitus is
mainly studied in patients receiving their implant because of
severe to profound hearing loss (Ketterer et al. 2020; Peter et al.
2019; Ramakers et al. 2015, 2017). In these studies, a decrease in
tinnitus burden or even complete suppression of tinnitus has
been demonstrated, with only a minimal risk of inducing tin-
nitus (Peter et al. 2019; Ramakers et al. 2015). Nevertheless, over
50% of CI users are still aware of their tinnitus (Arts et al. 2015;
Gomersall, Baguley, and Carlyon 2019; Pierzycki et al. 2016), and
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about 25% of CI users experience troublesome tinnitus (Baguley
2010). Interestingly, it is reported that a substantial amount of
unilaterally implanted patients with bilateral hearing loss
reported their tinnitus to be their primary concern after implant-
ation (Gomersall, Baguley, and Carlyon 2019). Besides this, the
presence of tinnitus during CI use can complicate the CI pro-
gramming: patients can confuse their tinnitus with CI stimula-
tion or are afraid of tinnitus worsening by “loud” CI stimulation.
(Pierzycki et al. 2019).

Sound therapy for Cl users with tinnitus

Those CI recipients who still experience tinnitus during CI use
may benefit from sound therapy. Vernon (2000) was the first to
describe the use of background stimuli in a CI user with persist-
ent tinnitus. Seven different noise bands, developed for tinnitus
masking, were acoustically presented to the microphone of the
sound processor. One background noise completely masked the
tinnitus of the patient in the CI ear (Vernon 2000).

More recently, Tyler et al. (2015) performed a trial in seven
CI users with mixed background stimuli installed on a sound
device (MP3 player), connected to the CI via a cable.
Accordingly, in a study with 16 CI users, various tinnitus therapy
sounds were streamed to the CI with the ReSound Relief applica-
tion (version 3.0, GN ReSound, Bloomington, MN, USA), devel-
oped for individuals with acoustic hearing (Tyler et al. 2018). In
both studies, the results showed that the use of tinnitus therapy
sounds was acceptable for CI users and provided relief for some
tinnitus sufferers (Tyler et al. 2015, 2018). No subject reported a
decrement in speech perception, but the authors mentioned this
should be tested in future research (Tyler et al. 2015).
Potentially, the background stimuli could mask the environmen-
tal sounds and speech, leading to decreased hearing benefits of
the CI. Therefore, new sound therapy strategies specifically for
CI users have to be developed, without interfering with hearing
capabilities as primary goal.

In this study we applied a sound therapy strategy with natural
background sounds produced directly within the sound processor
of the CI, using the ‘Cochlear™ Active Relief from Tinnitus’
(CART) algorithm, and one concise tinnitus counselling session.
Our aim was to investigate the acceptability and the effect of this
sound therapy on tinnitus and speech perception in adult CI
users who still experience tinnitus during CI use.

Materials and methods

Two Dutch CI centres, the Maastricht University Medical
Centre+ (MUMC+) and the University Medical Centre Utrecht
(UMCU), participated in the study. This two-centre clinical trial
was approved by the Ethics Committee of the academic hospital
Maastricht/Maastricht University (approval No. NL58657.068.17)
and was performed in accordance with the Declaration of
Helsinki (version 2013, Fortaleza) and the Medical Research
Involving Human Subjects Act (WMO). The study was registered
on ClinicalTrials.gov with registration number NCT03026829
and is reported according to the STROBE statement for cohort
studies (von Elm et al. 2007). All subjects gave written informed
consent before participation.
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Study population

The aim was to explore the use of sound therapy in daily life in
20 subjects. We anticipated that about 40% of the enrolled sub-
jects would choose to participate in the take-home evaluation
and therefore we aimed to include a total of 50 subjects. Subjects
who previously reported tinnitus during CI use at a visit to one
of the participating centres were recruited between 3 October
2017 and 24 January 2019.

Subjects could participate in the study if they were (1) adults
(>18years old) with (2) self-reported tinnitus for at least one
month during CI use and (3) at least three months of use of a
Cochlear™ implant driven by a Nucleus® 6 sound processor at
the time of participation. In the case of bilateral use, the most
recently activated CI had to be used for at least three months.
Exclusion criteria were (1) pulsatile or diagnosed objective tin-
nitus, (2) comorbidities that would prevent participation in eval-
uations, (3) a history of psychiatric disorders or depression, and
(4) unrealistic expectations as identified by the clinician on the
part of the subject regarding the possible benefits, risks, and lim-
itations that are inherent to the study.

Study design

The study was conducted as a prospective, single-arm clinical
trial including within-subject repeated measures in which each
subject served as his/her own control. Blinding towards the
sound therapy was not feasible as it included counselling and fit-
ting of the experimental sounds. These background sounds were
perceived by the participants. The study consisted of two phases
(with a maximum of three visits) with a total duration of seven
to eight weeks (Figure 1). The scope of phase 1 was to identify
acceptability and short-term tinnitus reduction for six natural
background sounds: ‘Shoreline’, ‘Beach Surf, ‘Breaking Waves’,
‘Calming Waves’, ‘Ocean’, and ‘Water Creek’. These sounds were
derived from real recordings of water-based scenes. They were
selected based on typical background sounds commonly used for
tinnitus relief via acoustic stimulation, and patient feedback, as
reported in literature (e.g., Tyler et al. 2015, 2018). The scope of
phase 2 (which was optional for participants) was to investigate
the efficacy of sound therapy in providing tinnitus relief in daily
life. The tinnitus relieving effects were tested against a baseline
period without sound therapy to control for potential fluctua-
tions over time. Subjects participating in phase 2 were asked to
stop any other tinnitus intervention at least one week prior to
and during the trial to avoid potential confounding.

Sound therapy

The sound therapy provided in phase 2 was a combination of
the natural background sounds and one concise tinnitus counsel-
ling session. Tinnitus counselling was provided by the clinician
in approximately 10 min at the first visit in phase 2. It included
an explanation on the pathophysiology of tinnitus, tinnitus cop-
ing strategies, and the provided sound therapy. Subsequently,
experimental firmware with the CART algorithm was installed
on the commercially available Nucleus® 6 sound processor and
CR230 remote control of the participants, which allowed for
background stimulation simultaneous with standard CI use,
without the need for any streaming device. The background
sounds were introduced into the sound processing path, subse-
quent to a group of pre-processing steps including noise reduc-
tion, signal enhancement, and gain adjustment. This CART
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Figure 1. Flowchart of the study. Phase 2 was optional and included a baseline period (without sound therapy) of at least 2 weeks with a maximum duration of 3 weeks,
followed by a take-home evaluation (with sound therapy) of at least 5weeks with a maximum duration of 6 weeks. CART: Cochlear™ Active Relief from Tinnitus.

algorithm assured accurate and undistorted sound processing of
the background sound and kept the electrical stimuli within the
electrode map levels set by the audiologist during fitting of the
CI system, when the participant adjusted the volume of the back-
ground sound.

Study procedures

Phase 1: At visit 1, subject demographics and tinnitus character-
istics (including the effect of wearing the CI on tinnitus loudness
and annoyance) were collected using a custom tinnitus question-
naire. Detection thresholds, minimum tinnitus masking levels,
comfortable levels for continuous daily use, and maximum com-
fortable levels were identified for the six background sounds.
Subjects were asked to describe the nature of the background
sounds, which was not disclosed during the test. After this test,
subjects were asked whether they were willing to continue par-
ticipation in an evaluation of sound therapy in daily life (phase
2). If they decided not to participate in phase 2, their participa-
tion in the study ended.

Phase 2: For subjects that decided to continue their participa-
tion, a control condition of two weeks without sound therapy
followed. During these two weeks, baseline measurements were
collected on tinnitus loudness and annoyance, and the effect of

tinnitus on daily life, using a paper diary. A Visual Analogue
Scale (VAS, Figueiredo, De Azevedo, and Oliveira 2009) on tin-
nitus loudness and annoyance (scored from 0 (‘not at all’) to 10
(‘extremely’)) was completed once a day before going to sleep.
Secondly, the Tinnitus Functional Index (TFI) questionnaire was
completed after the first and second week. The TFI questionnaire
contains 25 questions for eight domains: intrusiveness, reduced
sense of control, cognitive interference, sleep disturbance, audi-
tory difficulties attributed to tinnitus, interference with relax-
ation, reduced quality of life, and emotional distress (Meikle
et al, 2012; Rabau, Wouters, and Van de Heyning 2014). An
overall TFI score of 0to100 can be calculated, where a total
score higher than 53 indicates severe tinnitus burden. A clinically
relevant reduction is characterised by a decrease of 13 points or
more (Meikle et al., 2012).

The baseline period (without sound therapy for two to three
weeks) was followed by the intervention period (with sound
therapy for five to six weeks), starting with visit 2. During this
visit, tinnitus characteristics were scored with a custom tinnitus
questionnaire including tinnitus pitch, duration, and intrusive-
ness in different sound environments. Subsequently, the partici-
pant received the concise, one-session tinnitus counselling. Next,
the clinician installed the experimental CART firmware on the
participant’s sound processor and remote control. One to four



background sounds were installed for take-home evaluation,
based on the outcomes of the test at visit 1 and in agreement
with participant’s preference. Training on the use of the CART
application was provided by the clinician at the end of the visit.

The participant tested each installed background sound for
three days, keeping that specific sound active for the whole day.
If multiple background sounds were chosen, the participant was
asked to alternate on a daily basis the chosen sounds. The sub-
ject was free to adjust the volume of the sound to a comfortable
level, from 0 (minimal audible level) to 20 (maximum level),
with a linear distribution of the sound level amongst the CI
user’s electrical Dynamic Range. No instructions were provided
regarding partial or total masking of the tinnitus. When each
selected background sound had been evaluated for three days,
the participant could choose freely whether to use the installed
background sounds or not until the third visit. Participants
received a paper diary and were asked to complete the VAS on
tinnitus annoyance and tinnitus loudness on a daily basis (before
going to sleep) and the TFI questionnaire on a weekly basis.

After five weeks, the final (i.e. evaluation) visit took place.
The electronic datalogs were extracted from the sound processor
and remote control, containing information on the participant’s
general CI and sound therapy use. Tinnitus characteristics were
scored again with the custom tinnitus questionnaire, including
participant’s subjective benefit of sound therapy. The usability of
the CART user interface was assessed with a usability question-
naire. Speech perception in quiet at 65 and 50 dB SPL was tested
with the background sound off and on at the participant’s pre-
ferred volume level (Table 2). For this, an open-set Dutch con-
sonant-vowel-consonant (CVC) monosyllabic words (Bosman
and Smoorenburg 1995) in a free-field-condition was used in a
sound-treated booth. At the end of this visit, the experimental
CART firmware was removed from the sound processor and
remote control, which subsequently were reset to the conven-
tional mode of the participant. If participants liked the sound
therapy, we advised them to use an app on their smartphone for
streaming background sounds to their CL

During the study and at all visits, adverse event interrogation
was performed.

Outcome measures

Main outcome measures were (1) VAS on tinnitus loudness and
annoyance without sound therapy (i.e. baseline period in phase
2) and with sound therapy (i.e. intervention period in phase 2),
(2) the TFI overall score without sound therapy and with sound
therapy, (3) duration of CI and background sound use, extracted
from the electronic datalogs, and (4) demographic data.

Secondary outcome measures were (1) subjects’ ratings on the
acceptability of the background sounds (preferred volume setting
and VAS score on acceptability), (2) speech perception scores (%
correctly repeated phonemes) in quiet at 65 and 50dB SPL with
the most preferred background sound off and on, (3) reported
(serious) adverse events during the study, and (4) subjects’ feed-
back on usability of the CART user interface including a 5-point
Likert-scale ranging from ‘strongly disagree’ to ‘strongly agree’
(Likert 1932).

Statistical analysis

Data was checked on normal distribution with the Shapiro-Wilk
test and Q-Q plots. Since none of the outcome variables were
normally distributed, non-parametric tests were used. Subjects
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that withdrew from the study were considered as failure of the
sound therapy and were excluded from the analysis if no data
was recorded for the baseline period (without sound therapy)
and/or the intervention period (with sound therapy) in phase 2.
Subjects with incomplete data sets for either daily VAS scores or
weekly TFI scores were included, with the mean score taken of
the available data (missing data in the analysis of the baseline
period: VAS 0.5%, TFI 0.7%; in the intervention period: VAS
3.5%, TFI 3.2%).

For the VAS on tinnitus annoyance and loudness, individual
scores were averaged across days for the baseline and interven-
tion period separately. Individual TFI scores were averaged
across weeks in a similar way. Individual benefit of sound ther-
apy was defined as an improvement in the VAS and/or TFI score
between the baseline and intervention period. Averaged VAS and
TFI scores of the baseline period (without sound therapy) and
intervention period (with sound therapy) in phase 2 were com-
pared using the Wilcoxon signed-rank test. A Spearman’s correl-
ation coefficient was computed for correlations between TFI and
VAS scores without and with sound therapy. Demographic fac-
tors including tinnitus characteristics, the effect of wearing the
CI on tinnitus loudness and annoyance, and CI performance
(CVC scores in quiet at 65dB SPL) were collected to investigate
subpopulations, for which we used logistic regression analysis
and a chi-square test.

Descriptive statistics were used for the secondary outcome
measures. For speech perception, scores with the background
sound off and on were compared with the Wilcoxon signed-rank
test. A statistically significant result was defined as a p-value <
0.05. The Bonferroni correction was applied for multiple testing.
Statistical analyses were performed using SPSS software (version
25, IBM Corp., Armonk, NY, USA).

Results
Subject demographics

A total of 32 subjects (16 at each study site) consented to take
part in phase 1 of the study (Figure 1). See Table 1 for subject
demographics. Nineteen men and 13 women participated with a
mean age of 62years (SD=13, range 32-78years). Mean onset
of hearing loss was 24years (SD=20, range 0-64years) and
mean duration of CI experience was 8years (SD=6,
range 1-21 years).

29 out of 32 subjects (90.6%) reported having tinnitus prior
to receiving a CI. In agreement with the inclusion criteria, all
subjects reported to have tinnitus when wearing the CI in the
month prior to participation. Though, the effect of wearing the
CI on tinnitus could fluctuate in participants over time.
Regarding the subjective overall effect, ten subjects (31.3%)
reported that tinnitus became less loud when wearing the CI,
and disappeared most of the time in two subjects (6.3%). In 16
subjects (50.0%) there was no change in tinnitus loudness, and
in four subjects (12.5%) tinnitus was louder while wearing the
CI. Regarding tinnitus annoyance, five subjects (15.6%) reported
no annoyance at all when wearing the CI. Twelve subjects
(37.5%) were more comfortable when wearing the CI, and ten
subjects (31.3%) experienced no effect on tinnitus annoyance.
Five subjects (15.6%) reported more tinnitus annoyance when
wearing the CI.
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Table 1. Subject demographics.

Tinnitus at visit 1 (Cl on)

Age Tinnitus Implanted Cl use Tinnitus Completed

Subject Sex (years) before Cl side (years) side VAS-L VAS-A TFI phase 2
U-01 M 65 Yes Left 1 | 37 3.8 18 No
U-02 M 67 Yes Left 13 B 6.2 6.9 20 Yes
U-03 M 33 Yes Left 14 B 7.3 55 52 No
U-04 F 44 Yes Right 14 B 5.0 5.0 57 Yes
U-05 F 62 Yes Right 21 B 9.1 9.1 59 Yes
U-06 M 56 Yes Right 16 C 22 3.1 18 No
U-07 M 55 Yes Right 16 C 5.7 2.6 23 Yes
U-08 F 59 Yes Right 8 B 5.7 39 39 Yes
U-09 M 78 Yes Left 1 | 6.1 6.0 61 No
U-10 F 58 Yes Right 13 C 6.9 5.5 20 No
U-1 F 44 Yes Left 1 B 6.5 55 56 No
U-12 F 50 Yes Right 3 C 6.6 29 58 Yes
U-13 F 52 Yes Right 15 B 7.7 5.1 17 Yes
U-14 M 40 Yes Right 3 B 8.9 83 45 No
U-15 M 74 Yes Left 13 B 8.6 37 8 No
U-16 F 70 Yes Right 3 B 6.4 36 66 No
M-01 F 62 Yes Left 6 | 49 53 24 Yes
M-02 M 66 No Left 12 C 4.2 4.0 40 Yes
M-03 M 73 Yes Left 2 B 7.8 6.3 54 Yes
M-04 F 69 Yes Right 6 B 8.7 8.5 61 Yes
M-05 M 66 Yes Left 1 B 7.5 7.8 14 No
M-06 M 71 Yes Right 1Al B 5.6 51 35 Yes
M-07 M 70 Yes Right 2 | 1.0 0.8 12 No
M-08* M 78 Yes Left 14 | 0.0 0.0 8 No
M-09 M 70 Yes Left 7 B 0.2 0.2 10 No
M-10 F 68 Yes Right 8 B 8.0 7.0 42 Yes
m-11% F 62 Yes Left 1 | 03 0.2 0 No
M-127 M 74 No Right 6 I 0.0 0.0 0 No
M-13 F 73 Yes Left 6 B 59 5.7 46 No
M-14 M 72 Yes Right 6 C 1.5 1.6 29 No
M-15 M 66 Yes Right 5 B 55 48 40 Yes
M-16 M 32 No Right 2 | 6.7 5.6 60 No
n/mean (SD) 19:13 (M:F) 62 (13) 29:3 (y:n) 14:18 (lr) 8 (6) 18:6:8 (B:C:l) 53 (2.8) 4.5 (2.5) 34.2 (20.6) 14:18 (y:n)

Note: *Participant only experienced tinnitus in his car. tParticipant reported that tinnitus only appeared sporadically and did not experience tinnitus for the last 3
weeks. $Participant did not experience tinnitus in the week before visit 1 due to reconfiguration of the Cl. B: bilateral; C: contralateral; Cl: cochlear implant; I: ipsilat-
eral; M-: Maastricht University Medical Center+; U- = University Medical Center Utrecht; TFI: Tinnitus Functional Index; VAS-A: Visual Analogue Scale for tinnitus

annoyance; VAS-L: Visual Analogue Scale for tinnitus loudness.

Main outcome measures

Acceptability  of sounds and  take-
home evaluation

In phase 1 of the study, 30 out of the 32 subjects (93.8%) found
at least one background sound acceptable at their preferred vol-
ume (VAS >5.0 on a scale of 0 to 10). Nineteen (58.4%) subjects
found all six background sounds acceptable. Eighteen out of the
32 subjects (56.3%) proceeded to phase 2. Most subjects who
chose not to proceed with phase 2 expected that sound therapy
would not have an effect on their tinnitus in daily life or that
further participation would be too burdensome.

In phase 2, four out of 18 subjects withdrew from the study
or did not complete the required measures with sound therapy
in the take-home evaluation (for reasons see Figure 1). So, 14
subjects fully completed phase 2 and were included in the ana-
lysis. The background sound ‘Water Creek’ was most frequently
used (Table 2). Median duration of CI use per day was 15.1h
(range 5.5-17.0h) with a median duration of background sound
use of 6.9h (range 1.3-12.8h). Seven subjects out of 14 used
sound therapy for more than 50% of the time when wearing the
CIL. Preferred volume levels were highly variable amongst the
subjects (Table 2). Individual electronic datalogs showed no large
deviations from the preferred volume level during the take-home
evaluation (sometimes one or two volume levels above or below

the preferred one).

background

VAS on tinnitus annoyance and loudness

We found a statistically significant improvement in the VAS
scores for tinnitus annoyance between the baseline period with-
out sound therapy (Mdn=3.8) and intervention period with
sound therapy (Mdn=2.2) (Wilcoxon signed-rank test, Z =
—1.98, p=0.049). There was also a small but significant
improvement in the VAS scores for tinnitus loudness between
baseline (Mdn=6.3) and intervention (Mdn=>5.8) (Wilcoxon
signed-rank test, Z = —2.42, p=0.013).

Individual data showed that VAS scores for annoyance and
loudness were reduced for 11 out of 14 subjects (78.6%, Figure
2). Three subjects showed an increase in annoyance (U-05, U-12
and M-06), which was very large for subject U-05 (from 2.5 to
7.3). Two of these subjects also showed an increase in VAS
scores for loudness (U-05 and M-06). Noteworthy, the electronic
datalogs revealed that subject U-05 did not use the background
sounds at all in the intervention period. Subject M-04 experi-
enced no change in tinnitus loudness, and subject U-08 had a
large reduction in loudness (from 6.1 to 2.3).

Tinnitus functional index (TFl)

We found no statistically significant improvement in the total
TFI scores between the baseline period without sound therapy
(Mdn=41) and intervention period with sound therapy
(Mdn=37) (Wilcoxon signed-rank test, Z = —1.92, p=10.058).



Table 2. Background sound use in phase 2.
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Most frequently Average
used Average Cl background Background
background use per sound use per sound use / Cl Preferred

Subject sound day (hours) day (hours) use (%) volume level*
U-02 ‘Beach Surf’ 15.6 3.1 20 4
U-04 ‘Water Creek’ 8.4 13 15 3
U-05 Electronic datalogs

showed

non-use of background

sounds

during intervention period
u-07 ‘Water Creek’ 15.2 9.7 64 9
U-08 ‘Ocean’ 11.2 7.6 68 6
U-12 ‘Water Creek’ 15.4 10.5 68 12
U-13 ‘Calming Waves' 5.5 5.5 100 5
M-01 Electronic datalogs

missing due to a

technical issue
M-02 ‘Breaking Waves' 14.9 12.0 81 1
M-03 ‘Shoreline’ 13.9 85 61 8
M-04 ‘Breaking Waves' 14.8 4.0 27 5
M-06 ‘Water Creek’ 16.2 4.8 30 6
M-10 ‘Water Creek’ 17.0 12.8 75 5
M-15 ‘Water Creek’ 17.0" 6.1 36 12
Median (range) 15.1 (5.5-17.0) 6.9 (1.3-12.8) 62 (15-100) 6 (3-12)

Note: Data on the subject’s CI and background sound use were extracted from the electronic datalogs of the sound processor and remote control. *The volume of
the background sound could be adjusted by the subject from 0 (minimal audible level) to 20 (maximum level), with a linear distribution of the electrical Dynamic

Range. tEstimated from previous electronic datalogs, due to a technical issue.
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Figure 2. VAS on tinnitus annoyance and loudness. Baseline =individual scores averaged across 2 weeks without use of sound therapy; Intervention = individual
scores averaged across five weeks with use of sound therapy. *p < 0.05, *Participant withdrew from the study and did not complete phase 2 (no data of baseline
and/or intervention period), *Calculated for the 14 participants that completed phase 2. VAS: Visual Analogue Scale.

Figure 3 shows for each individual the averaged TFI scores in
the baseline and intervention period. Ten out of 14 subjects
(71.4%) had reduced TFI scores in the intervention period with
sound therapy compared to baseline. For two subjects this reduc-
tion was clinically meaningful (>13 points; U-08: 29 points and
M-02: 19 points). One subject (M-15) reported the same total
TFI scores for baseline and intervention. The other three subjects
showed increased total TFI scores, including the two subjects
that reported increased VAS scores for loudness and annoyance
in the intervention period with sound therapy. This increase was
clinically meaningful for one subject (U-05: 15 points), but the
electronic datalogs revealed that this subject did not use the
background sounds in the intervention period.

Total TFI scores were significantly correlated with the VAS
scores for loudness and annoyance, both at baseline (respectively:
Spearman’s r = .55, p=10.026, and r = .75, p=0.001) and after
intervention (respectively: Spearman’s r = .69, p=0.007, and r
= .80, p=0.001).

Regarding the subscales of the TFI, we found a decrease in
median scores between baseline and intervention for intrusive-
ness (15-point difference), reduced sense of control (8-point dif-
ference), and cognitive interference (10-point difference)
(respectively: Wilcoxon signed-rank test, Z = —3.08, p =0.002; Z
= —1.98, p=0.048; Z = —2.45, p=0.014). For the other sub-
scales (sleep disturbance, auditory interference due to tinnitus,
interference with relaxation, impact on quality of life, and
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emotional distress) median scores were also lower with sound
therapy than without, however, these differences were not statis-
tically significant (respectively: Wilcoxon signed-rank test, Z =
—0.16, p=0.875; Z = —1.89, p=0.059; Z = —1.82, p=0.069; Z
= —0.97, p=0.330; Z = —0.28, p=0.783). After Bonferroni cor-
rection for multiple testing of the eight subscales, only the reduc-
tion for intrusiveness showed to be statistically significant. Note
that the small sample size of 14 subjects probably effected the
statistical power required for the correction. Comparing individ-
ual results across subjects showed some variation in the results
on the TFI subscales at baseline and intervention, particularly for
the quality of life and emotional distress subscales. Again, results
for subject U-05 stood out and were contrary to the results for
the rest of the subjects. In the intervention period, scores on the
subscales cognitive interference, interference with relaxation, and
quality of life were much worse for this subject. As reported
before, electronic datalogs of this subject revealed non-use of
background sounds during the intervention period.

TFI

100

+‘,
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2200000
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Figure 3. Tinnitus Functional Index (TFl). Baseline =individual scores averaged
across two weeks without use of sound therapy; Intervention = individual scores
averaged across five weeks with use of sound therapy. 'Participant withdrew
from the study and did not complete phase 2 (no data of baseline and/or inter-
vention period), *Calculated for the 14 participants that completed phase 2.

Demographic factors and success of sound therapy

No statistically significant relationship could be found using
logistic regression analysis or a chi-square test between the sub-
jectively reported success of sound therapy and any of the demo-
graphic factors or tinnitus characteristics in this study. Factors
included were age at visit 1, gender, duration of hearing loss,
duration of CI use, tinnitus location (ipsilateral, contralateral,
bilateral), presence of tinnitus before CI, subjectively reported
effect of CI on tinnitus loudness and annoyance, total TFI score,
tinnitus pitch fluctuations, and CI performance.

Secondary outcome measures

Speech perception

Figure 4 shows for each individual the speech perception scores
in quiet with the background sound off and on. At 65dB SPL,
the median phoneme score was 85.8% with the background
sound off, and 86.0% with participant’s most preferred back-
ground sound on. At 50 dB SPL, the median phoneme score was
60.5% with the background sound off, and 58.8% with the back-
ground sound on. The small differences between the scores with
the background sound off and on were not statistically signifi-
cant at 65dB SPL (Wilcoxon signed-rank test, Z = —0.32,
p=0.770) or at 50dB SPL (Z = —0.43, p = 0.693).

Safety analysis

Four device deficiencies were reported: a reduced battery lifetime
when using background sounds (n=1), an unintended reset of
the sound processor by the clinician during a visit (n=2), and
an occasion were the clinician was unable to unlock the CR230
remote control (n=1). One adverse event at visit 1 was
recorded, which was related to the background sound ‘Beach
Surf (subject U-13). The sound induced an unpleasant sensation,
whereas the other five background sounds did not. The unpleas-
ant sensation disappeared immediately after turning off the back-
ground sound.

Interface usability and individual feedback

At visit 1, most subjects were not able to recognise the nature of
the background sounds and described it as a murmurous, rhyth-
mic sound, like the sound from a vacuum cleaner or car engine.
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Figure 4. Speech perception in quiet was tested at 65 and 50dB SPL with participant’s most preferred background sound off and on, using open-set Dutch conson-
ant-vowel-consonant (CVC) monosyllabic words in a free-field-condition in a sound-treated booth.



Only a few participants recognised natural sounds, like running
water from a stream, the shoreline, or the wind blowing through
the trees.

At visit 3, subjects were asked to rate how easy it was to use
the CART user interface, installed on the remote control, using a
5-point Likert scale (‘strongly disagree’ to ‘strongly agree’). Ten
out of 14 subjects (strongly) agreed that the CART user interface
was easy to use. Three subjects scored neutral, and one subject
found it difficult to switch between the installed background
sounds and to turn a background sound on or off.

50% (7/14) of the subjects who completed the take-home
evaluation subjectively reported benefit on their tinnitus by the
sound therapy (a combination of natural background sounds and
one concise tinnitus counselling session). At least two subjects
(U-01 and M-04) did not want the CART firmware to be unin-
stalled after study completion, which was required because it had
no CE-mark.

Discussion

Despite the positive previously reported effect of a CI on tinnitus
in a large group of hearing impaired patients (Ketterer et al.
2020; Peter et al. 2019; Ramakers et al. 2015, 2017), tinnitus
remains a problem for a significant proportion of CI users
(Gomersall, Baguley, and Carlyon 2019). Therefore, the aim of
this study was to investigate the acceptability and the effect of
sound therapy on tinnitus and speech perception in CI users
who still experience tinnitus during CI use.

Acceptability of background sounds

Our results showed that the sound therapy we provided (a com-
bination of natural background sounds and one concise tinnitus
counselling session), was safe and easy to use. Almost all subjects
(93.8%) found at least one out of the six background sounds
acceptable to listen to at their preferred volume. In the take-
home evaluation, the background sound ‘Water Creek’ was most
frequently used, and median duration of sound therapy use was
6.9h per day (62% of the median duration of daily CI use).

Acceptability of the sound is a key factor in establishing an
effective sound therapy (Sereda, Davies, and Hall 2017). Tyler
et al. (2015) assessed acceptability of various mixed background
stimuli (noise, sine waves, music, and natural sounds) in seven
CI users. In line with our results, they found that preferences
and acceptability of different sounds were highly variable
between subjects. In another study, sounds perceived as rain,
music, and waves were rated as most acceptable (Tyler et al.
2018). We also used natural sounds in our study, but most sub-
jects did not recognise the nature of the sounds, which is in line
with generally poor environmental sound discrimination with CI
(Reed and Delhorne 2005). This is probably due to processing
strategies of the sound processor and CI rehabilitation optimised
for speech perception (Altieri 2017; Shafiro et al. 2015).

Effectiveness of sound therapy

Eighteen out of the 32 study participants proceeded to phase 2
of the study. The sound therapy was effective in reducing tin-
nitus for seven out of 14 subjects who completed the take-home
evaluation. All the tinnitus outcomes (VAS on tinnitus loudness,
VAS on tinnitus annoyance, and TFI) showed lower median
scores when sound therapy was used. However, the median
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decreases were small and only statistically significant for the
VAS on tinnitus annoyance (difference: 1.6) and tinnitus loud-
ness (difference: 0.5), and the intrusiveness subscale of the TFI
(difference: 15). In a recent study, Tyler et al. (2018) also
reported that sound therapy (without tinnitus counselling) pro-
vided relief for tinnitus sufferers with a CI. Thirteen subjects
tested background sounds in a 2-week home trial’ using the
ReSound Relief application (version 3.0) streamed from an
Apple™ iPod to the CI (using a Cochlear™ Wireless Mini
Microphone 2+). In all subjects, the post-trial tinnitus loudness
rating was lower than the pre-trial rating (Tyler et al. 2018).

As expected, we found a wide variability in effectiveness
between subjects, marked by individual differences in tinnitus
outcomes. A clinically meaningful decrease in total TFI score
was found in two out of 14 subjects in phase 2. One subject (U-
05) stood out in all tinnitus outcomes and showed an increase in
VAS on tinnitus loudness and tinnitus annoyance, and in TFI
scores. However, after study completion, the analysis of the elec-
tronic datalogs of this subject revealed non-use of background
sounds during the intervention period. Unfortunately, we could
not find an explanation for this non-use, neither did the subject
report any problems at the final study visit.

The goal of using sound therapy was not to suppress tinnitus,
but rather to provide tinnitus relief. 34% (11/32) of the subjects
went on to use sound therapy in daily life and benefit from it
(defined as an improvement in VAS and/or TFI score). Recently,
benefit from sound therapy (without counselling) was seen in
33% of the participants in a study with adults without hearing
amplification with chronic, subjective tinnitus (Tyler et al. 2020).
50% of our subjects who completed the take-home evaluation
subjectively reported benefit on their tinnitus by the sound ther-
apy. Two subjects were not happy that they had to stop using
the background sounds after study participation (because the
CART firmware had no CE-mark). Based on individual feedback
and results on the TFI subscales, we noted that some CI users
with tinnitus highly appreciated the sense of control they experi-
enced with sound therapy, even though decreases in VAS and
TFI scores were not always clinically meaningful. In the study of
Sereda, Davies, and Hall (2017), participants with aided hearing
impairment also reported that choice of tinnitus masking pro-
grams gave them a sense of control over their tinnitus. Because
tinnitus patients usually do not have control over their tinnitus,
this sense of control is an important aspect in providing tin-
nitus relief.

Sound therapy does not benefit all patients and it is not clear
why some of them report that background noise makes their tin-
nitus worse, whereas others report that background noise makes
their tinnitus better (Pan et al. 2015). Subjects with a flat audio-
gram configuration (rather than a gently or steeply high-fre-
quency sloping audiogram), younger age, and higher tinnitus
handicap inventory (THI) scores before sound therapy were
found to have higher odds of having a positive treatment effect
in one study (Cai et al. 2017). Unfortunately, we were not able
to provide insight into the characteristics of responders to sound
therapy due to the relatively small study sample.

Speech perception

In this study we found no detrimental effect of sound therapy
provided by the sound processor of the CI on speech perception.
By the lack of similar studies we were not able to compare these
results to the literature. Though, the outcome is of upmost
importance given the fact that CI users do need to rely on the
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primary function of the CI, which is to provide (improved) hear-
ing. We measured speech perception at conversational speech
levels in quiet (65 and 50 dB SPL) with the preferred background
sound on and off. Even though quite high volume levels of 11
and 12 (on a scale of 0 to 20 with a linear distribution of the
sound level amongst the electrical Dynamic Range) of back-
ground sounds were used by some subjects, it did not deteriorate
speech perception scores. Also in previous studies, patients did
not complain about reduced speech perception due to the sound
therapy (Tyler et al. 2015). One CI user with tinnitus even expe-
rienced improved speech perception when using background
noise (Vernon 2000). Furthermore, it has been shown that tin-
nitus reduction can improve speech perception (Mertens et al.
2013), but we did not find this phenomenon in our study.
Tinnitus itself seems to have a relationship with speech percep-
tion, but whether it improves or deteriorates speech perception
is still unclear (Ivansic et al. 2017; Jagoda et al. 2018; Oosterloo,
Homans, and Goedegebure 2020; Zeng, Richardson, and
Turner 2020).

Strengths of the study

To improve generalizability of the results, our in- and exclusion
criteria did not comprise any tinnitus characteristics. So, we were
able to examine the effect of sound therapy on tinnitus and
speech perception in a heterogeneous group of CI users with tin-
nitus, even when tinnitus loudness or annoyance was low. This
could, however, have an impact on the effect size.

The CART firmware was easy to install and to use in a clin-
ical setting. The whole procedure of concise tinnitus counselling
and testing of background sounds could be completed within
one hour at visit 1. The firmware with the background sounds
could be installed on the subject’s sound processor and con-
trolled with the existing remote control, so no additional device
for streaming was needed. We also used a single-subject design:
each subject could choose its preferred sound(s) for take-home
evaluation. Each sound had to be tested for three days (adjusting
volume was allowed), but after that period, subjects were com-
pletely free to switch the background sounds on or off during
the day for a few weeks, depending on their preferences. This
allowed them to test sound therapy in specific situations, for
example before going to sleep, and provided the highly appreci-
ated individual control to the patient (Sereda, Davies, and Hall
2017; Tyler et al. 2015, 2018).

Limitations of the study

Several limitations of the study must be mentioned. There was
no control group so the possibility that any benefits observed
were due to the placebo effect cannot be ruled out. Blinding
towards sound therapy was not feasible as it included counselling
and fitting of the experimental background sounds which were
perceived by the patients. Therefore, a baseline condition of two
weeks without sound therapy was included in the study design
to reduce potential bias. Due to the combination of counselling
(provided in one session) and the use of background sounds, it
was impossible to extract the effect of these components indi-
vidually. However, this combination is clinically more applicable
than providing background sounds alone. The phased nature of
the study introduced a selection bias at the start of phase 2, as
probably only subjects who liked background sounds agreed to
proceed with the take-home evaluation. Lastly, the sample size
(n=36) was smaller than originally planned (n=50) due to

slower than expected recruitment. This reduced the power of the
statistical analysis.

In retrospect, we conclude that our selected tinnitus outcomes
measures were suboptimal for clinical use. One subject (M-09)
reported worsening of tinnitus, due to the daily use of the tin-
nitus diary. A daily tinnitus diary forces subjects to pay attention
to their tinnitus and it seems this could have a negative effect on
providing tinnitus relief (Cima et al. 2019). Furthermore, we
think that averaged VAS and TFI scores were not precise enough
to measure the effect of sound therapy during the weeks of free
background sound use (median duration of use was 6.9h per
day). For example, subject M-04 did not want to stop using
sound therapy at the end of the study, because the subject per-
ceived the background sounds as more pleasant than the tinnitus
perception. However, this positive effect was not reflected in the
VAS and TFI scores, as this subject had in general only a modest
reduction in the VAS score on tinnitus annoyance and a small
improvement on the TFIL. Moreover, the VAS and TFI did not
examine tinnitus in specific situations, for example before going
to sleep or while reading a book (for which we obtained anec-
dotal evidence of sound therapy benefit). Hence, individual dur-
ation of sound therapy use (at specific situations) and subjective
feedback remain important outcome measures.

Clinical implications and future research

This study investigated sound therapy in CI users and provided
insight in sound selection, volume settings, and its use in differ-
ent sound environments. The results are valuable for guidance in
future trials or clinical use of any commercial application that
can be used as an ‘add-on therapy for CI users with tinnitus,
where the CI itself does not provide enough tinnitus reduction.
Our results from CI users with tinnitus are comparable to other
populations with tinnitus (e.g. hearing-impaired patients) and
show that treatment for tinnitus relief is very individual and
sound therapy is not effective for all. Currently, there is insuffi-
cient evidence for the effectiveness of sound therapy in con-
trolled clinical trials to either support or refute the use of sound
therapy for the treatment of tinnitus (Chari and Limb 2018;
Hobson, Chisholm, and El Refaie 2012; Sereda, Davies, and Hall
2017; Sheppard et al. 2020). However, providing sound therapy
has been classified as optional in a clinical guideline for tinnitus
(Tunkel et al., 2014).

Sound therapy did provide significant benefit for some CI
users with tinnitus and has a role to play in tinnitus treatment.
It is important to understand that sound therapy can potentially
be valuable in specific situations (e.g. before going to sleep, while
reading a book, etc.) for which our measures were not sensitive
enough to capture this. The possibility to use background sounds
in specific situations potentially gives CI users with tinnitus a
sense of control that helps them to get relief from tinnitus
(Sereda, Davies, and Hall 2017), which may positively affect their
quality of life.

Conclusion

Sound therapy for CI users with tinnitus is safe and easy to use.
The background sounds were acceptable and provided tinnitus
relief in some subjects. No detrimental effect on speech percep-
tion in quiet was observed. Individualised sound therapy designs
are preferred as there is a high variability between subjects in
effectiveness and acceptability of background sounds.
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