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ABSTRACT

Objective: Adults typically receive only one cochlear implant (Cl) due to cost constraints, with a contralat-
eral hearing aid recommended when there is aidable hearing. Standard hearing aids differ from a Cl in
terms of processing strategy and function as a separate entity, requiring the user to integrate the dispar-
ate signals. Integrated bimodal technology has recently been introduced to address this challenge. The
aim of the study was to investigate the performance of unilateral Cl users with and without an integrated
bimodal fitting and determine whether binaural streaming technology offers additional benefit.

Study sample: Twenty-six Cl users using integrated bimodal technology.

Design: Repeated measures where outcomes and user experience were assessed using a functional test
battery more representative of real life listening (speech perception in noise tests, localisation test, track-
ing test) and the speech, spatial and qualities-of-hearing scale (SSQ).

Results: Bimodal outcomes were significantly better than for Cl alone. Speech perception in noise
improvements ranged from 1.4 dB to 3.5dB depending on the location of speech and noise. The localisa-
tion and tracking tests, and the SSQ also showed significant improvements. Binaural streaming offered
additional improvement (1.2 dB to 6.1 dB on the different speech tests).

Conclusions: Integrated bimodal and binaural streaming technology improved the performance of unilat-

ARTICLE HISTORY
Received 12 January 2023
Revised 2 April 2024
Accepted 5 April 2024

KEYWORDS

Cochlear implant; hearing
aid; integrated bimodal
technology; real-life tests

eral Cl users.

Introduction

Hearing with both ears (binaural hearing) is important for spatial
hearing in real-life listening environments, e.g. hearing in back-
ground noise and sound localisation. Providing the appropriate
intervention for listeners with bilateral hearing loss can help
restore some of the binaural functions of normal hearing.
Research has shown that hearing-impaired listeners with bilateral
hearing aid (HA) fittings have better binaural summation, bin-
aural squelch, and head-shadow effects for speech understanding
in noise (Bronkhorst and Plomp 1989) and superior localisation
performance compared to those who have unilateral fittings
(Byrne, Noble, and LePage 1992).

Adults with bilateral severe to profound hearing loss typically
receive a single cochlear implant (CI) due to cost constraints.
Bimodal hearing has become the standard care for adult unilat-
eral CI users having residual hearing in their non-implanted ear,
with the intention to restore some of the binaural hearing func-
tions. Binaural summation, head-shadow effect and access to
acoustic low-frequency information via the HA are primary
underlying mechanisms for the bimodal hearing benefits (Ching
et al. 2006; Berrettini et al. 2010; Veugen et al. 2016). However,
research comparing bimodal and Cl-alone performance has

shown mixed outcomes and user benefit reports (Ching, Incerti,
and Hill 2004; Dunn, Tyler, and Witt 2005; Berrettini et al. 2010;
Bouccara et al. 2016; Devocht et al. 2020). Factors influencing
bimodal benefit include loudness mismatch, differences in the
signal-processing strategies used by CI and HA, and separate fit-
ting of devices by different professionals at CI services and audi-
ology departments.

Standard HAs are not specifically designed to work together
with a CI. Consequently, bimodal technology users may experi-
ence temporal synchronisation difficulties and mismatch in
stimulation place between the two cochleae (van Hoesel 2012;
Francart and McDermott 2013). The HAs typically use multi-
channel fast-acting automatic gain control (AGC) whereas, the
CI processors typically employ a single-channel dual-loop AGC
system that incorporates both slow and fast-syllabic time-con-
stant circuits (Vaerenberg et al. 2014; Spirrov et al. 2020).
Veugen et al. (2016) assessed the effect of using a similar design
of AGC in both the CI sound processor and HA to improve
bimodal benefit. The parameters of CI AGC circuits were
unmodified. However, the HA was programmed to have dual-
action time constants approximating the dynamic properties of
the CI processor and compression channels were coupled to
mimic the signal-channel broadband compression in the CI
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processor. The results showed an improvement of speech percep-
tion in noise when the noise and speech were spatially separated,
particularly when the noise was presented on the HA side.

Integrated bimodal technology

Sonova has developed an integrated bimodal system known as
the Naida Link Bimodal system, which consists of the Advanced
Bionics’ Naida Q90 speech processor and Phonak Link UP HA.
The two devices provide matched compression algorithms and
time constants. This technology also uses a dedicated fitting for-
mula, adaptive Phonak digital bimodal (APDB), which aligns the
frequency response, loudness growth functions and AGC charac-
teristics between the two devices. The alignment of frequency
response is achieved by optimising low-frequency gain and band-
width. Low-frequency gain is optimised by applying the model
of effective audibility to ensure audibility of speech (55dB SPL)
in quiet environments (Advanced Bionics 2016). According to
the audiometric profile, the gain is increased for frequencies
below 1000Hz compared to traditional HA fitting formulae,
where the amplification is applied across the entire spectrum
particularly in the frequency region required for speech under-
standing (1000-4000Hz) (Cuda et al. 2019). Frequency band-
width is optimised by making bandwidth as wide as possible for
aidable frequencies (Neuman and Svirsky 2013), enhancing audi-
bility of frequencies between 250 and 750 Hz, while ensuring that
amplification does not extend into dead regions (Auletta et al.
2021). The loudness growth between the two devices is aligned
by implementing the input-output function of the CI sound pro-
cessors (compression knee point of 63dB SPL and ratio of 12:1)
in the HA. The AGC system is further aligned, in a dynamic
sense, by porting the Naida CI dual loop AGC into the HA
(Advanced Bionics 2016). The Naida CI processor has a single-
channel dual-loop AGC system which includes both slow and
fast attack-and-release time constants. To implement the latter
compression system in the AGC of the HA, (1) the compression
channels in the HA are coupled to mimic the single-channel
compression, and (2) slow and fast time constants are applied in
the HA (Vroegop et al. 2019).

Several studies (Vroegop et al. 2018; Cuda et al. 2019; Ernst
et al. 2019; Vroegop et al. 2019; Holtmann et al. 2020; Warren
et al. 2020; Auletta et al. 2021) assessed the benefits of integrated
bimodal technology (Naida Link Bimodal system) for speech per-
ception. Vroegop et al. (2018) measured the speech-reception
threshold (SRT) in noise in both static and dynamic settings.
The speech sentences were presented from the front loudspeaker
placed at 0° azimuth for static conditions and randomly from
either a loudspeaker at —45° or 45° for the dynamic condition.
Four uncorrelated babble-noise maskers were presented from the
loudspeakers placed at —45°, 45°, —135°, and 135°. There was no
significant difference between using the CI only and using the CI
with the Naida Link HA in static conditions. In contrast, there
was a significant improvement in the SRT of 3.1dB with inte-
grated bimodal listening compared to the CI only in dynamic
conditions. In a later study, Vroegop et al. (2019) found bimodal
benefits of 1.6dB and 2.5dB when the noise was presented from
the front, or the CI side respectively. There was no bimodal
benefit when the noise was presented from the HA side.
Similarly, Cuda et al. (2019) found a bimodal benefit of 3.9dB
for speech perception in noise when both the speech and noise
were presented from the front speaker. Warren et al. (2020) also
found a significant bimodal benefit of integrated fitting (approxi-
mately 19.2%) compared to using the CI only. However, the

amount of bimodal benefit was highly variable (inter-subject
variability), ranging from 1.5% to 61.4%. The results from these
studies indicated that integrated bimodal technology could
improve speech intelligibility in noise compared to using a CI
only. However, the amount of benefit seems highly dependent
on the location of the target speech and the noise masker.

Only one study has assessed the benefit of the integrated
bimodal technology on localisation tasks as well as self-reported
benefits using a subjective hearing-quality questionnaire
(Holtmann et al. 2020). Four loudspeakers were placed at 0, 90,
180, and 270 degrees to assess the localisation performance using
the Naida Link HA over the standard HA. There was no signifi-
cant difference between the two HAs in localisation tests. The
hearing implant sound quality index (HISQUI 19) showed a sig-
nificant improvement of sound quality only at the end of the
study (at 8-12 weeks after the Naida HA fitting). The Oldenburg
inventory did not show any statistically significant change arising
from use of the Naida Link HA.

Binaural streaming technology

Advanced Bionics’ Binaural VoiceStream Technology allows the
CI and HA to be linked wirelessly to stream full bandwidth
audio signals for both ears in real time with short transmission
delays. Different directional patterns and features are available
with this technology that aim to improve speech understanding
in different challenging listening situations, such as restaurants,
classrooms, or when using a phone in noisy situations. This
paper focuses on the most common features used for speech per-
ception in noise, namely StereoZoom and ZoomControl.

StereoZoom

StereoZoom is a directional beamforming system (binaural
beamformer) produced by wirelessly connecting the four omni-
directional microphones (two dual-microphone systems at each
side, a Naida CI processor and a Naida Link HA). This feature
can produce a much narrower fixed-target beam (+ 45°) than is
provided by a monoaural two-microphone first-order beam-
former. StereoZoom allows listeners to focus on a single speaker
standing directly in front of them while reducing interfering
noise from the sides and back, as well as from near to the front
(Advanced Bionics 2014).

Vroegop et al. (2018) assessed the benefit of using StereoZoom
on the SRTs for 18 bimodal participants. A significant improvement
of 4.7 dB on the SRT was found by using the StereoZoom compared
to using the general set-up of the integrated bimodal technology
(everyday map) in the static condition. However, the StereoZoom
did not provide any significant benefit in the dynamic condition.
This result indicated that the benefit of using StereoZoom is relevant
only when the target speech is presented from the front. It also indi-
cated that using the StereoZoom beamformer reduces the localisa-
tion performance as there was no improvement in the SRT in the
dynamic listening condition. Therefore, activating StereoZoom for
the more dynamic listening situations, such as in real-life listening
environments, would be a disadvantage.

Ernst et al. (2019) measured the benefit of using StereoZoom
over UltraZoom (monaural directional beamformer) and T-Mic
setting (omnidirectional microphone) for bimodal CI users. They
used two loudspeaker set-ups: (1) set-up A: speech fixed from
front loudspeaker (0°) and the noise from loudspeakers placed at
+ 60°, + 120°, & 180°, (2) set-up B: speech fixed from front
loudspeaker (0°) and the noise from loudspeakers placed at +



30° and + 60°. StereoZoom provided a significant benefit over
the T-Mic of 4.6dB and 2.6dB in test set-ups A and B respect-
ively. In addition, the StereoZoom provided an advantage of
1.3dB (set-up A) dB and 1.2dB (set up B) over UltraZoom. The
amount of benefit seems largely dependent on the direction of
the noise and the degree of separation between the target speech
and the noise masker. A larger benefit can be obtained when the
noise and speech are well separated.

ZoomControl

The ZoomControl feature allows the listeners to select a pre-
ferred direction that they want to listen to. They can select to
focus to the right, left or back, in situations where they cannot
see the speaker’s face, for example when in a car. ZoomControl
can switch the maximum sensitivity to the back when the listen-
ers want to focus on speech from behind them. If the listeners
want to focus on the right or left, the signal will be transmitted
from one side to the other side where 75% of the direct micro-
phone input in the non-attended side is suppressed to accommo-
date the transmitted signal (Advanced Bionics 2014). Holtmann
et al. (2020) assessed the benefits of using the ZoomControl over
the standard settings of the Naida Link HA when the speech was
presented at the HA and the noise on the CI side. A significant
improvement of 2.8dB was found when enabling ZoomControl.
Additionally, a considerable significant benefit (3.9dB) was
obtained when using ZoomControl compared to using a stand-
ard HA in the same test set-up. This finding indicates that
ZoomControl can enhance speech understanding when the signal
of interest is on the poorer hearing side and can help to over-
come the effect of head shadow.

Rationale for present study

The benefits of integrated bimodal technology have been mainly
assessed for speech perception with fixed speech presented from
the front. There is a need to assess the benefits of this technology
with test set-ups that are more representative for real-life listen-
ing situations, including roving speech in noise and speech and
noise from opposite sides. Further research is also needed to
determine the benefit of integrated bimodal technology for local-
isation and tracking. Finally, the potential benefit of using bin-
aural streaming technology compared to the standard settings of
the integrated bimodal technology has not been widely assessed
and warrants further investigation.

Method

Ethics approval was granted by the University of Southampton
Ethics Board (ERGO: 45969).

Participants

26 unilateral CI users with a Naida Q90 speech processor and
Naida Link UP hearing aid in the non-implanted ear were
recruited from University of Southampton Auditory Implant
Service (see supplement for demographic information). The
APDB fitting prescription was used to fit the Naida Link UP
hearing aids and settings were checked ahead, within three weeks
of the data collection. Participants ranged in age from 19 to
87 years (group mean age = 62 years, SD=20years). The inclu-
sion criteria were: (1) > 18 years, (2) > 6 months CI use, (3) >
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three months of integrated bimodal user experience with
StereoZoom and ZoomControl, (4) BKB score in quiet of >
50%, and (5) no cognitive or learning difficulties (as documented
in the participant/CI user’s records at the multi-disciplinary CI
service). The participants’ hearing thresholds in the non-
implanted ears (tested ahead, within three weeks of the data col-
lection) are presented in Figure 1.

Test protocol

1. Speech-in-noise tests:

e SrN * 60° (roving speech that was randomly presented
from one of nine different loudspeakers arranged in a
180-degree arc to the front of the listener while uncor-
related multi-talker babble noise was played simultan-
eously from two of the loudspeakers placed at 60° to
the left and right sides). This test simulates a group
conversation in a noisy background.

e S0°N=*60° (fixed speech presented from the front in
the presence of uncorrelated multi-talker babble pre-
sented simultaneously from two loudspeakers placed at
60° to the left and right sides). This test simulates a
one-to-one conversation in a noisy background.

e SuaNaI (fixed speech at HA side at 90° and multi-talker
babble noise at the CI side at 90°). This test simulates
having a conversation with a person sat on the HA side
of the CI user while there is competing noise on the CI
side.

2. Spatial listening tests:

e Localisation test using five loudspeakers with 30° separ-
ation. The stimulus is a phrase: “Hello, what’s this?”,
spoken by one of five different talkers presented at lev-
els between 65 and 75dB SPL with 11 roving intensity
levels, and 0-10dB of attenuation applied in 1dB steps.
Attenuation was chosen at random from trial to trial.

e Tracking of moving sound test. Six movement trajecto-
ries of a horse galloping sound presented in a stepped
manner at 65dB SPL from an array of nine loud-
speakers arranged in a 180-degree arc in front of the

= averaged over all participants

Hearing threshold (dB HL)

T T Y T T
250 500 1000 2000 4000 8000

Frequency (Hz)

Figure 1. The unaided hearing thresholds of the individual participants for the
non-implanted ear. The dashed red line displays the group mean threshold. For
calculating the average, in case of “no response,” the reading was given a value
of 130dB HL based on (BSA (British Society of Audiology) 2018).
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listener: left-centre-right, right-centre-left, left-centre-
left, right-centre-right, centre-right-centre and centre-
left-centre. Each trajectory was repeated twice in a
pseudo-random order.
3. The speech, spatial and qualities-of-hearing scale (SSQ) ver-
sion 3.1.1 (Gatehouse and Noble 2004, Noble and
Gatehouse 2004).

Apparatus

The AB-York Crescent of Sound which was developed by
Kitterick et al. (2011) was used to administer the speech in noise,
localisation and tracking tests. The AB-York Crescent of Sound
consists of nine audio-visual stands (Plus XS.2, Canton loud-
speakers) arranged in a semi-circular array with a radius of
1.45m. Loudspeakers are placed at + 90°, + 60°, + 30°, £ 15°,
and 0° azimuth, where 0° is straight ahead of the listener. The
axis of each loudspeaker is suspended at the height of 1.1m. A
15” visual display unit (VDU) is placed below each loudspeaker
from — 60° through to + 60°. The VDU was used to show the
number of corresponding loudspeakers in the localisation test.
Figure 2 shows the AB-York Crescent of Sound at the University
of Southampton Auditory Implant Service.

Procedure

The testing was completed in a single session that lasted on aver-
age three hours, including short breaks of 10 min. The SSQ ques-
tionnaire was sent ahead of the time to allow participants time to
think about the questions. The participants were seated on a chair
in the centre of the Crescent of Sound loudspeaker array, one

metre away from and facing the frontal loudspeaker which was
placed at 0 degrees azimuth. A summary of listening conditions
and main procedure for each test is given in Table 1. To minimise
any possible order effects, the following steps were taken:

1. The order of the first two test categories (Table 1; speech-
in-noise tests and spatial-listening tests) were firstly counter-
balanced across participants with the SSQ always completed
as the final category. In other words, the test session for half
of the participants started with speech-in-noise tests, then
spatial-listening tests. For other half of the participants, the
test session started with spatial-listening tests followed by
speech-in-noise tests

2. Within these two categories, the order of the listening con-
ditions (device configuration) was counterbalanced using
either a 3 x 3 or 2 x 2 Latin square design depending on the
number of device configurations. For instance, the test ses-
sion for some participants started testing them in the listen-
ing condition of using the CI only, while others started
testing them when they use the CI with Naida HA or use
the CI with Naida HA and binaural streaming technology
(StereoZoom/ZoomControl)

3. Then the order of the sub-tests was also counterbalanced
across participant for each device configuration using either
a 3 x 3 or 2 x2 Latin square design depending on the num-
ber of sub-tests (Table 1)

For the SSQ questionnaire, participants were asked to answer
each question based on their experience when using: (1) the CI
only, (2) the CI + their old (standard) HA, and (3) the CI + their
Naida Link HA. For the latter listening condition, the

Figure 2. The AB-York Crescent of Sound at the University of Southampton Auditory Implant Service.
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Table 1. Summary of the main procedures and the listening conditions for Cl participants using the Naida Link HA.

Test category Sub-test

Listening conditions

Head movement

Speech-in-noise tests SrN + 60° Cl only

S0°N £ 60° Cl only

SHANCI Cl only

Spatial-listening tests Localisation Cl only

Tracking Cl only

Cl user experience SSQ questionnaire Cl only

NN wNWwNN=N =

w

Allowed

Cl+ Naida Link HA

Fixed facing the front loudspeaker

Cl + Naida Link HA
Cl + Naida Link HA + StereoZoom

Fixed facing the front loudspeaker

Cl + Naida Link HA
Cl + Naida Link HA 4+ ZoomControl

Fixed facing the front loudspeaker

Cl+ Naida Link HA

Allowed

Cl + Naida Link HA

Cl + standard HA
Cl + Naida Link HA

Cl: cochlear implant; HA: hearing aid; N: noise; r: roving; S: speech; SSQ: speech; spatial and qualities-of-hearing scale.

participants were asked to answer the questions based on their
overall experience with the integrated bimodal technology, with-
out any relation to specific settings or features (ie.
ZoomControl, StereoZoom, etc).

Results
Speech in noise tests

Figure 3 shows the SRTs of the integrated bimodal participants
in the three speech in noise tests for different listening condi-
tions (Cl alone, CI+ Naida Link HA, and CI+ Naida Link
HA + binaural streaming feature).

A paired-samples t-test was used (no Bonferroni correction
was applied) to determine whether there was a statistically sig-
nificant mean difference between the two listening conditions
(CI only vs. CI+Naida Link HA) in the SrN+60° test. The
SRT was lower (better) in the listening condition of using
CI+ Naida HA (8.1dB SNR * 2.9) as opposed to when using
the CI only (9.4 dB SNR + 3.1). The results showed a statistically
significantly difference: #(25)=2.7, p < 0.05, d =0.5.

For the SO°N £60° and SHANCI tests, a one-way repeated meas-
ures ANOVA test was carried out for each test separately to deter-
mine whether there was an overall effect of listening conditions: (1)
Cl only, (2) CI+Naida Link HA, and (3) CI+ Naida Link
HA + binaural Streaming technology (StereoZoom/ZoomControl).
For all ANOVAs undertaken, Greenhouse-Geisser corrections were
applied where assumptions of sphericity were violated.

In the SO°N +60° test, there was a significant overall effect of
listening condition: F(2, 50)=17.1, p < 0.01. Post hoc analysis
indicated that all three conditions were statistically significantly
different from each other. For the SHANcI test, there was an
overall effect of listening condition, F(1.6,40.8)=62.6, p < 0.001.
Post hoc analysis indicated that all three conditions were statis-
tically significantly different from each other. The mean differ-
ence and the 95% confidence intervals between the different
listening conditions for each test are shown in Table 2, which
shows an improvement with the integrated bimodal and binaural
streaming technology.

Spatial-listening tests

The mean performance on the sound-localisation test (30° separ-
ation) for the integrated bimodal participants in the two listening
conditions, (1) CI only and (2) CI+ Naida Link HA, is shown in
Figure 4 (left panel). The chance range for randomly guessing

SrN+60° S0°N+60° SuaNa
25
204
2 StereoZoom
s . -
w
g —
°
; 104 [ | ZoomControl
v
7 L
7 4‘
\
0
Clonly
CI+ Naida Link HA

%,C1 + Naida Link HA + Binaural streaming technology

Figure 3. Box plots representing the SRTs in dB SNR for the three listening con-
ditions: (1) Cl only, (2) Cl+ Naida Link HA + binaural streaming technology OFF,
and (3) Cl+ Naida Link HA+ binaural streaming technology ON in SrN+60°
(left), SO°N£60° (middle), and SHaNcl (right) tests. The boxes represent the two
middle quartiles. The solid horizontal lines within each box indicate the median;
the cross inside the box shows the mean. The outliers are plotted as solid circles.
Lower SRTs indicate better performance could add. N = 26.

was calculated using the “Monte-Carlo” simulation method in
the MATLAB (version R2019a) software indicating the mean
percentage correct of the chance range of random guessing is
20%. Performance when using the CI only was close to chance
(mean = 21.4%, SD =7.8). However, the performance was higher
than chance in the integrated bimodal condition (mean = 33.7%,
SD =10.1). Paired-sample t-tests showed that localisation accur-
acy was significantly higher in the bimodal condition by 12.3%
(95% confidence interval, 7.6-17) compared to using the CI-only
condition (¢ (25)=5.4, p < 0.001).

The right panel in Figure 4 shows mean performance on track-
ing moving sounds in the two listening conditions, (1) CI only
and (2) CI+ Naida Link HA. The chance range was calculated
using binomial distribution with n=12 trials, each with a chance
success rate of 0.167 indicating the mean percentage correct of the
chance range of random guessing is 16%. Mean performance
when using the CI only was within the chance range (mean =
17.9%, SD=15.4). Although there was considerable variability in
the performance among the participants when using the Naida
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Table 2. Mean difference (95% confidence intervals) between the listening conditions for the SrN +60°, SO°N +60° and SHaNc tests.

Test Mean difference (95 % confidence interval)
SN + 60° (Cl+ Naida Link HA) - Cl only=-1.4 db (—2.4 to 0.3)
SO0°N % 60° (Cl 4 Naida Link HA) - CI only= — 1.7dB (—2.8 to —0.6)
(CI + Naida Link HA + StereoZoom) — (Cl + Naida Link HA) = —1.2dB (—2.3 to —0.2)
SHANCI (Cl 4 Naida Link HA) - Cl only=-3.5dB (-5.5 to —1.5)
(

Cl + Naida Link HA 4+ ZoomControl) - (Cl 4 Naida Link HA) = — 6.1dB (—7.5 to —4.8)

Cl: cochlear implant; HA: hearing aid; N: noise; r: roving; S: speech.

Localisation

100
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Figure 4. Results of the localisation (left-hand panel) and tracking test (right-hand panel) for the adult Cl participants in the listening condition of using the CI only
(yellow box plots) and in the listening condition of Cl+ Naida Link HA (blue box plots). The boxes represent the two middle quartiles. The solid horizontal lines within
each box indicate the median; the cross inside the box shows the mean. The dashed horizontal line shows the level of performance expected by chance, with the
grey shaded area showing the 5th and 95th percentiles of the chance range. The outliers are plotted as solid circles. N = 26.

Link HA with CI, the mean performance was higher than chance
(mean = 34.3%, SD = 15.6). Paired-sample ¢-tests showed that the
difference between the two listening conditions was statistically
significantly different (#(25) = 4.5, p < 0.001). The tracking of mov-
ing sounds was better in the bimodal condition than when using
one CI by 16.4% (95% confidence interval, 8.9-23.9).

55Q

Only complete questionnaires for the three listening conditions
were included in the analysis (n=20; 77%). Figure 5 shows the
self-rated scores on the overall SSQ and each of the three sub-
scales for the integrated bimodal participants in the three listen-
ing conditions.

A two-way repeated measures ANOVA test was performed,
with the listening condition and type of subscale as the independ-
ent variables. The main effect of listening condition was statistic-
ally significant (F(2,38)=19.6, p < 0.001). Post hoc tests revealed
that scores were statistically significantly higher when using CI
with a Naida Link HA compared to using CI alone (p <0.001)
and to CI with the standard HA (p < 0.001). The tests also showed

that there was no statistically significant difference in the scores of
the listening conditions of using CI with the standard HA and
using CI alone (p=0.3). The main effect of the type of subscale
was statistically significant (F(2,38)=22.4, p<.001). Post hoc tests
revealed that the scores for spatial subscales were significantly
lower than that for the speech (p=0.001) and qualities subscale
(p<0.001). The tests also showed that the scores for qualities of
hearing were significantly higher than that for the speech
(p=0.021) and spatial subscale (p < 0.001) scores. The interaction
between listening condition and subscale was not statistically sig-
nificant, F(2.9, 54.9)=1.2, p=0.3.

Correlation between unaided hearing thresholds of the non-
implanted ear and integrated bimodal technology

The relationship between the unaided hearing thresholds of the
non-implanted ear and the performance scores of the partici-
pants when using the Naida Link HA was examined, based on
the hypothesis that residual hearing acuity might account for
inter-subject variance in bimodal benefit. The data of all 26 par-
ticipants were included in the correlation analysis, except for the
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Figure 5. Scores on the overall SSQ and each of the three subscales: speech, spatial and qualities of the listening conditions: (1) the Cl alone (yellow box plots), (2)
Cl+ previous standard HA (grey box plots), and (3) Cl+ Naida Link HA (blue box plots). The boxes represent the two middle quartiles. The solid horizontal lines within
each box indicate the median; the cross inside the box shows the mean. The outliers are plotted as solid circles. N = 20.

SSQ, where data on 24 participants who completed the question-
naire for the listening condition of CI+ Naida Link HA were
included. Pearson correlation analysis was used, with different
combinations of hearing thresholds applied as predictor variables
(250Hz, 500Hz, 1000Hz, 250-500Hz average, or 500-1000-
2000 Hz average of the non-implanted ear); however, this failed
to show any significant associations between hearing thresholds
and results of any of the performance tests using the CI+ Naida
Link condition, or SSQ questionnaire (as shown in Table 3). It
should be noted that the scores of the performance tests included
in the analysis were presented as:

1. Average scores of the three speech-in-noise tests on the best-
aided condition. The average scores of the speech-in-noise tests
were calculated by taking the average scores of the three tests:
(1) SrN + 60° in CI+ Naida Link HA condition, (2) SO°N +60°
in CI+ Naida Link HA + StereoZoom condition and (3)
SHANCI in CI+ Naida Link HA + ZoomControl condition.

2. Average performance scores of the spatial-hearing tests
(localisation and tracking).
3. Rating scores of the overall SSQ.

Discussion

The first aim of this study was to compare the outcomes of the
integrated bimodal technology (Naida Q90CI processor and
Phonak Link UP HA) to using the CI alone using a test battery
with tests that are more representative for real-life listening sit-
uations as opposed to only using standard speech tests. The
results showed a significant bimodal benefit on improving speech
perception with the integrated bimodal technology. Mixed out-
comes of the standard bimodal technology have been reported in
the literature. Some studies reported a significant benefit with
bimodal hearing (as in Flynn and Schmidtke 2004; Ching et al.
2006; Gifford et al. 2007; Dorman et al. 2008; Berrettini et al.
2010, Devocht et al. 2017), while other studies showed non-
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Table 3. Results of correlation analyses, r values (95% confidence interval), between the unaided thresholds of non-implanted and the performances scores when

using the CI with the Naida Link HA (*¥n =24).

PTA PTA
Performance test (500-1000-2000 Hz) (250-500 Hz) 1000 Hz 500 Hz 250 Hz
Average speech tests with best aided condition —0.1 -0.1 -0.1 -0.1 -0.1
(—0.4 to 0.3) (—0.5 to 0.3) (—0.5 to 0.3) (—0.5 to 0.3) (—0.5 to 0.3)
Average spatial tests —0.1 0.2 -0.2 0.1 0.3
(—0.5 to 0.3) (—0.2 to 0.5) (—0.5 to 0.2) (—0.3 to 0.4) (—0.1 to 0.6)
SSQ overall* 0.1 04 0.1 04 03
(—0.3 to 0.5) (—=0.1 to 0.7) (—0.3 to 0.5) (—0.01 to 0.7) (—0.1 to 0.6)

Cl: cochlear implant; HA: hearing aid; PTA: pure tone average; SSQ: speech, spatial and qualities-of-hearing scale.

significant benefits or a decrement in the performance compared
to CI alone (as in Tyler et al. 2002; Dunn, Tyler, and Witt 2005;
Morera et al. 2005, Mok et al. 2006; Pyschny et al. 2011;
Bouccara et al. 2016).

The largest benefit of the integrated bimodal technology in
the current study was 3.5dB, found when the noise was pre-
sented on the CI side and the speech on the HA side. This is
similar to the findings of Vroegop et al. (2019) who reported
their largest bimodal benefit (2.5dB) when using the Naida Link
HA with the noise presented at the CI and the speech from the
front compared to other test set-ups in their study. Likewise,
Spirrov et al. (2020) found their largest bimodal benefit of 4.4 dB
with the matched AGC between the CI and HA when the noise
was on the CI side compared to when the noise was presented
from the front, or on the HA side. It should be noted that
Spirrov et al. (2020) used a Nucleus 6 processor from Cochlear
(Sydney, Australia) and an Enzo 3D HA from GN hearing
(Copenhagen, Denmark) in their study.

In the test condition using fixed speech from the front and
diffuse noise from the two loudspeakers placed at + 60°, the
bimodal benefit was 1.7dB which is comparable to the 1.6dB
benefit found by Vroegop et al. (2019), when the speech and
noise were presented from the front. Cuda et al. (2019) also
reported a significant bimodal benefit when the speech and noise
were presented from the front; however the amount of the bene-
fit (3.9dB) was larger than those found in the current study and
in the one by Vroegop et al. (2019). The finding in the current
study is in line with Warren et al. (2020) who found a significant
improvement in the speech perception with using the CI and
Naida Link HA compared to using the CI only when the speech
and noise were presented from the front.

The smallest significant bimodal benefit in the present study
was 1.4dB, found in the test of roving speech in uncorrelated
multi-talker noise presented from the two loudspeakers at 60°.
This study used roving speech that can be presented randomly
from an array of nine loudspeakers placed at + 90°, + 60°, +
30°, £ 15°, and 0° azimuth. This test set-up simulates one of the
common listening situations in real life where the listener is sit-
ting around a table with a group of people with background
noise present. However, this set-up might have been challenging
to the CI users as they needed first to locate where the speech
was coming from and then spontaneously turn their heads and
focus on the target sentence. Although the participants were not
asked to identify the direction of the speech during the test trial,
it was challenging for them to adapt to speech that was not pre-
sented from a fixed location. This could explain the smallest
bimodal benefit found for this test set-up. Few studies have pre-
viously used roving target speech set-ups with adult CI users
who were using the integrated bimodal technology. Vroegop
et al. (2018) used speech randomly presented from two loud-
speakers placed at + 45° and — 45°, with a babble noise pre-
sented from four loudspeakers placed at + 45° and + 135°. They

found a bimodal benefit of 3.1 dB using the Naida Link HA, bet-
ter than the benefit found with roving speech in the current
study. The discrepancy might be related to the number of loud-
speakers used to present the speech in the Vroegop et al. (2018)
study with only two loudspeakers, as against nine loudspeakers
been used in the current study.

The findings from the present study show that using inte-
grated bimodal technology significantly improved the speech per-
ception in noise. However, the amount of bimodal benefit seems
largely dependent on the direction of the noise and speech as the
improvement in the SRT in dB SNR ranged from 1.4dB to
3.5dB depending on the test set-up. This is likely to be as a
result of the better-ear effect particularly when the speech target
is at the CI side.

The localisation and tracking tests showed significant
improvement when using integrated bimodal technology com-
pared to using the CI only. Although the improvement was stat-
istically significant, more than half of the participants still
performed close to or within the chance range. The single pub-
lished study assessed the performance of CI users when using a
Naida Link HA compared to the standard HA (Holtmann et al.
2020). The test set-up consisted of four loudspeakers placed at
0°, = 90°, and 180°. Their results did not show a significant dif-
ference between the Naida Link HA and the standard HA in the
localisation test. These findings suggest that benefits of integrated
bimodal technology in the domain of localisation have not been
established as clearly as for speech perception in noise.

The self-rated scores on the SSQ were significantly higher
when using the integrated bimodal technology compared to
using the CI only and also to using the CI with the participants’
previous standard HA. The mean rating of the overall SSQ score
using the Naida Link HA was about 5.1 points which is at the
mid-range scoring scale suggesting an improvement in the hear-
ing skills needed for everyday functions; however, difficulties can
remain. This finding was in line with Vroegop et al. (2018) who
found an overall rating score of the SSQ of about 5.2 and 5.4
points for using the Naida Link HA when programmed with the
APDB and NAL-NL2 formulae respectively. A similar finding
was reported by Holtmann et al. (2020) where there was a sig-
nificant improvement in the hearing implant sound quality index
(HISQUI) — 19 at the 8-12week assessment post-fitting when
using the Naida Link HA over the standard HA. However,
apparent benefit of integrated bimodal technology over the
standard HA should be treated with caution as the validity of
rated scores for the listening condition of using the standard HA
might be affected by the participants’ memory, e.g. some partici-
pants always use the Naida link HA which makes it hard for
them to remember what the standard HA was like in the past.

The second aim of this study was to assess whether using bin-
aural streaming technology would add a further improvement
compared to the standard settings of integrated bimodal technol-
ogy. Additional benefit of 1.2 and 6.1 dB were found by enabling



the StereoZoom and ZoomControl features respectively. The sig-
nificant benefit of the StereoZoom in this study was smaller than
the benefit found in previous studies. Vroegop et al. (2018)
found a benefit of 4.7dB when the speech was presented from
the front and the noise from the loudspeakers was at + 45° and
+ 135°. Similarly, StereoZoom benefits of 4.6 and 2.6 dB over the
standard settings (using T mic) were found by Ernst et al. (2019)
in test set-ups A (S0° N+60°, + 120°, & 180°) and B
(SO°N £30° & * 60°) respectively. These studies used similar and
narrower degrees of separation between the noise and the target
speech compared to the current study. The reason for this dis-
crepancy is unclear. However, it could be attributed to a random
error given the 95% confidence interval estimate reported in
Table 2.

To the best of the researchers’ knowledge, there is only one
recent published study that assessed the benefit of ZoomControl
for CI users with integrated bimodal technology (Holtmann
et al. 2020). They found a significant improvement when first
enabling ZoomControl. They also found a further improvement
following 12 weeks of acclimatisation: median SRTs at + 0.97 dB
with the standard settings of a Naida Link HA compared
—1.8 dB with ZoomControl activated. Although they used a simi-
lar test set-up (SHANCI), the ZoomControl benefit found in the
present study is relatively larger than the benefit found by
Holtmann et al. (2020). The SRTs for all the participants in the
current study improved by at least 1.3dB, with the largest
improvement being 12.3 dB. The benefit of ZoomControl for the
participants in this study probably resulted from the head-
shadow effect that results in a level difference between the two
ears (Veugen et al. 2017) and the better ear effect, particularly
when the speech is at the CI side as a result of the dominance of
the CI in speech understanding. Another reason is the 12dB
reduction at the microphone of the CI sound processor when
ZoomControl is activated.

For future work, it would be useful to compare the integrated
bimodal technology to bilateral CI. Conducting such a compari-
son would provide a better understanding of whether the inte-
grated bimodal technology can offer comparable benefits to
bilateral CI, particularly in spatial listening as a result of match-
ing signal processing between devices. Future research using a
test battery that includes more representative real-life tests is
advised. Lastly, it is recommended that this research be extended
to look at CI user outcomes with the newer and recently
launched Naida Link Marvel integrated bimodal and bilateral
technology. The Marvel CI sound processor’s technology, com-
prises an automated operating system that adapts to the listener’s
surroundings, blending multiple features to create distinct set-
tings for the user’s unique listening environment.

Conclusion

Integrated bimodal technology outcomes were significantly better
than for the CI alone, as shown in improved performance on a
test battery that integrated tasks that are more representative of
real-life listening, particularly for speech understanding in noise
where the target speech and noise masker were spatially sepa-
rated. Improved performance was also found for localisation and
tracking, despite considerable variation noted among the users.
Finally, binaural streaming technology can provide an additional
improvement for speech understanding in noise above that
offered by integrated bimodal technology. Further research com-
paring integrated bimodal and bilateral CI fitting outcomes on a
real-life test battery is recommended.
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