
Training of sound localization in adult cochlear implant
users with single-sided deafness

Richtungshörtraining bei einseitig ertaubten erwachsenen
Cochlea-Implantat-Trägern

Abstract
In this paper, we present the results of a pilot study investigating the
feasibility of a training of sound localization abilities in cochlear implant
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7 loudspeakers placed on the azimuth in steps of 30 degrees. The Rainer Martin1

present data clearly showed an improvement in localization skills, mainly
Christiane Völter2for acoustic sources placed in the frontal directions. Further studies

are necessary to confirm the benefits of localization training in a larger
sample including a control group, with the aim to establish localization
training as a regular part in CI rehabilitation settings.
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Zusammenfassung
In diesem Artikel stellen wir die Ergebnisse einer Pilotstudie vor, in der
ein Richtungshörtraining bei Cochlea-Implantat-Trägern (CI-Trägern) mit
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einseitiger Taubheit (SSD) untersucht wurde. Das Trainingsprogramm for Integrated Circuits,
Erlangen, Germanyerfolgte über einen Zeitraum von vier Wochen bei einer Gruppe von

20 erwachsenen postlingual ertaubten SSD-CI-Trägern. Die Trainings-
anordnung bestand aus 7 Lautsprechern, die in 30-Grad-Schritten auf
dem Azimut angeordnet waren. Die vorliegenden Daten zeigen, dass
sich die Lokalisationsfähigkeit von SSD-Trägern insbesondere bei
Schallquellen in frontaler Richtung deutlich verbessert. Von diesen Er-
gebnissen ausgehend sind jedoch noch weitere Studien zum Lokalisa-
tionstrainingmit größeren Teilnehmergruppen und einer Kontrollgruppe
erforderlich, um das Richtungshörtraining künftig als festen Bestandteil
der Standard-CI-Rehabilitation zu etablieren.

1 Introduction
Binaural hearing relies on the brain’s ability to accurately
compare timing and intensity differences between the
two ears [4] and is an important skill in everyday life for
orientation and speech comprehension in complex
acoustic situations. Cochlear implantation (CI) is the
treatment of choice in single-sided deafness (SSD) in
adults as well as in children [1], [3], as it allows the res-
toration of bilateral input to the auditory system and
possibly also binaural hearing.
Although CI improves sound localization in SSD CI users
[5], [19], SSD CI users do not perform as well as normal-
hearing individuals in directional hearing [6], [12], [21].
However, postoperative rehabilitation after cochlear im-
plantation strongly focuses on the improvement in speech

understanding. Localization training has rarely been in-
cluded so far, but it might be an option to improve also
these skills in SSD CI users.
Up to now, spatial training has been explored mostly in
studies in hearing-impaired subjects [10], in unaided SSD
[7] or in unilateral CI users [17]. To the best of our
knowledge, there is only one study analyzing localization
training in SSD CI users in a virtual acoustics setup with
individualized head-related transfer functions, but neg-
lecting natural headmovements [16]. Therefore, the aim
of the present study was to analyze the feasibility of a
standardized and compact four-week training program
using a simple physical loudspeaker setup.
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Table 1: RMSE und MAE in degree of pre-tests, post-tests and follow-up testing (after 12 weeks) of the cohort of 20 SSD CI users

2 Materials and methods

2.1 Participants

This study examined 20 adult SSD CI users (10 female,
10 male). The mean age at the time of the study was
53.8 years (SD: 13.3 years), and the duration of deafness
averaged 120.8 months (SD: 178.4 months). Sudden
hearing loss was the most frequently reported cause of
deafness (in 65% of cases). No participant suffered from
severe psychological, cognitive or physiological impair-
ments. All but one participants used MED-EL implants
(MED-EL GmbH, Innsbruck, Austria), with either FSP (two
participants) or FS4 (17 participants) coding strategies,
and one participant used a cochlear implant (Cochlear
Ltd., Sydney, Australia) and the ACE coding strategy. The
mean CI experience was 19.6months (SD: 19.4months).

2.2 Training procedure

All participants received a four-week localization training
with sessions of about 30minutes twice per week. Seven
loudspeakers were arranged in a semicircle at the posi-
tions –90° (position to the left-hand side of the listener),
–60°, –30°, 0°, 30°, 60°, and 90°, according to Van
de Heyning et al. [18]. Five different real-world sounds
were presented in a randomized order: a classic tele-
phone ring, a doorbell, a car horn, and the Germanwords
“eins” and “da” (corresponding to “one” and “there”),
spoken by a female voice. Stimuli were presented with a
nominal duration of one second and delivered with a
sound pressure level of 65 dB SPL ±3 dB. Subjects were
instructed to keep their heads directed toward the 0°
direction. In each training session, 50 stimuli were played.
Feedback was given immediately after the listener’s an-
swer and in case of an incorrect answer the stimulus was
repeated. The first session of the eight training sessions
implemented a simple lateralization training, using only
the –90°, 0°, 90° and the –60°, 0°, 60° loudspeakers.

2.3 Testing procedure

Localization ability was assessed using the loudspeaker
setup described in the consensus paper [18]. Two stimuli
were generated by filtering one-second CCITT noise sig-
nals using the head-related transfer functions of the left
and right ears of the KEMAR head-and-torso simulator
[15]. The spectral shape was modified to limit the use of
monaural HRTF cues and force the subjects to focus on
interaural cues. These signals were presented at three
different volumes (60, 65, and 70 dB SPL), resulting in

six unique stimuli. These stimuli were played in random
order through the seven loudspeakers of the same system
used for training. This resulted in 42 stimuli for the test.
The assessment was conducted before training (“pre”)
and after training (“post”). A final (follow-up) test was
performed 3months after the completion of the training.
For the objective assessment of directional hearing, the
root mean-squared error (RMSE) and the mean absolute
error (MAE) between the true and predicted angles of
sound incidence were used.

2.4 Statistical analysis

The Welch-variant of the t-test was used to analyze and
assess whether there were statistically significant
changes in the RMSE values at the various test time
points. The same test procedure was also used to analyze
the pre- and post-directional hearing tests with and
without a CI, respectively. For the individual evaluation
of the angular errors made in each directional hearing
test, we used the nonparametric Wilcoxon signed-rank
test [8], as the data were not normally distributed. The
significance levels for all tests were *=p<0.05,
**=p<0.01, and ***=p<0.001.
To examine the learning process, the data of the training
sessions 2–8 were used to optimize generalized linear
mixed models using the BOBYQA algorithm [2]. The aim
was to verify the training effect and to identify influencing
factors, thereby enabling the prediction of improvements
in directional hearing based on the characteristics of SSD
CI probands. In this analysis, the first training session
was omitted because it implemented an easier task as
only 3 loudspeakers were used.

3 Results

3.1 Improvement of directional hearing

Table 1 summarizes the mean, median, and SD of the
RMSE and MAE of the 20 participants. As a result of the
training sessions, both the RMSE and the MAE indicated
an improvement in localization, and a comparable per-
formance in the follow-up test.
The RMSE per presented direction is shown for the pre-
test and post-test in Figure 1. Cochlear implant users
benefitted most from the training on the implanted side.
Significant improvements occurred at the frontal angles
of 0° (p<0.05) and of 30° (p<0.01). This improvement
was still measurable 12 weeks after the post-test without
a significant deterioration (p=0.68).
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Figure 1: RMSE for each presented direction, before training (Pre-test) and after training (Post-test). Directions were normalized
such that negative angles correspond to the acoustic-hearing side for all participants. Means (green-dashed) and t-test significance

levels: *=p<0.05; **=p<0.01; ***=p<0.001

Figure 2: Direction-specific learning trajectories (sessions 2–8). Center direction (0°) shows robust learning, lateral positions
show slower improvement.

3.2 Analysis of learning progress

The longitudinal analysis of training sessions confirmed
highly significant improvements (p<0.001) of the locali-
zation ability of the participants. The training sessions
showed a linear improvement, with the training effect
becoming apparent primarily for frontal stimuli (especially
0°; see Figure 2), and slower learning curves for the
other directions.
The reaction time also significantly declined (p=0.002)
over the course of the training (see Figure 3), and some
subjects were able to localize the incident sounds cor-
rectly within 3 seconds in about 75% of the trials.
Probands who performed better in the pre-test also per-
formed significantly better during the training and at the

end of the training (p=0.011). Older participants per-
formed significantly worse during the training than
younger patients but age did not affect learning rate
(p<0.001). A longer duration of deafness led to signifi-
cantly worse performance (p=0.03). It is also noteworthy
to mention that strong tinnitus (in 3 out of the 20 parti-
cipants) had a negative impact on localization ability only
at the beginning of training.

4 Discussion
In this work, we presented a pilot study for training spatial
localization in adult SSD CI users. Hereby, we employed
the training setup and method developed in [11], [18],
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Figure 3: Relationship between reaction time and accuracy across Sessions 2–8. The figure shows reaction time improvements
over training.

and extended our previous study to a larger number of
participants.
Tomake the trainingmore relevant and thusmore accept-
able to the participants we used real-world sounds and
a physical loudspeaker setup during the training sessions.
All participants completed the training program without
gaps. On average, the training resulted in an improve-
ment, especially in the frontal direction. Thus, the training
benefits go hand-in-hand with the improved sound local-
ization on the side of the CI in SSD users, e.g., [20]. Fur-
thermore, the improvements in directional hearing re-
mained significant even 12 weeks after the post-test.
The use of filtered noise signals for testing shows that
the participants’ improved localization ability is not linked
to the type of stimulus. This observation opens the door
for the introduction of more ecological and thus more
motivating training setups that could be explored in future
works. However, the use of real-world stimuli also limits
a direct comparison with other localization studies which
used different speaker setups and stimuli, as summa-
rized, e.g., in [11].
Unlike in [14], we were able to show that even patients
who had a low pre-test localization performance or a low
training success improved to the extent that they did no
longer localize exclusively on the normal-hearing side in
the post-test.
Age and duration of deafness had a negative impact on
directional hearing in younger participants and parti-
cipants with a shorter duration of deafness demonstrated
significantly better localization abilities during all stages
of the training. Older participants, however, learned at
similar rates.

Furthermore, even in SSD patients with pronounced tin-
nitus, a training effect was detected and directional
hearing ability improved sufficiently, such that there were
no significant differences compared to individuals with
less pronounced tinnitus. Consistent with this, studies
conducted in [13] found that tinnitus negatively affects
directional hearing only in response to pure-tone stimuli.
Thus, the training scheme is suitable for older CI users
as well as those with strong tinnitus.

5 Conclusion and outlook
In this work we confirmed the feasibility and the benefit
of a training scheme for directional hearing. However,
the missing control group is a limitation of the study and
should be considered in future projects in a larger cohort
of CI users.
Due to the use of real-world stimuli in the proposed
training scheme, we were not able to analyse the locali-
zation improvements in terms of interaural level and time
differences, which would require stimuli with explicit low-
pass or high-pass characteristics. This question as well
as the effects of a prolonged or a more intensive training
period warrant further evaluation.
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Notes

Conference presentation

This contribution was presented at the 28th Annual Con-
ference of the German Society of Audiology and published
as an abstract [9].
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