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Horizontal sound localisation accuracy in individuals with conductive hearing loss:
effect of the bone conduction implant
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“Division of Signal Processing and Biomedical Engineering, Department of Electrical Engineering, Chalmers University of Technology,
Gothenburg, Sweden; PDivision of Ear, Nose and Throat Diseases, Department of Clinical Science, Intervention and Technology Karolinska
Institutet, Stockholm, Sweden

ABSTRACT

Objective: The objective of this study is to quantify the effect of the Bone Conduction Implant (BCl) on
sound localisation accuracy in subjects with conductive hearing loss (CHL).

Design: The subjects were tested in a horizontal sound localisation task in which localisation responses
were objectively obtained by eye-tracking, in a prospective, cross-sectional design. The tests were per-
formed unaided and unilaterally aided. The stimulus used had a spectrum similar to female speech and
was presented at 63 and 73dB SPL. The main outcome measure was the error index (El), ranging from
0 to 1 (perfect to random performance).

Study sample: Eleven subjects (aged 21-75 years, five females) with BCl participated in the study. Their
mixed/conductive hearing loss was either unilateral (n=5) or bilateral (n=#6).

Results: Three of five subjects (60%) with unilateral CHL, and four of six subjects (67%) with bilateral CHL
showed significantly improved sound localisation when using a unilateral BCl (p <.05). For the subjects
with bilateral CHL, a distinct linear relation between aided sound localisation and hearing thresholds in
the non-implant ear existed at 73 dB SPL (18% decrease in the El per 10 dB decrease in pure-tone average,
r=0.98, p <.001).

Conclusions: Individuals with mixed/conductive hearing loss may benefit from a unilateral BCI in sound
localisation.
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Abbreviations: AOI: area of interest; BAHA: bone anchored hearing aid; BC: bone conduction; BCD: bone
conduction device; BCl: bone conduction implant; bCHL: bilateral conductive hearing loss; CHL: conductive
hearing loss; El: error index; ILD: interaural level difference; ITD: interaural time difference; NH: normal
hearing; PTA,: average of pure tone thresholds at 0.5, 1, 2, and 4 kHz, PTT: pure tone thresholds; SLA:
sound localisation accuracy; TA: transcranial attenuation; uCHL: unilateral conductive hearing loss

Introduction is transmitted to the cochleae by vibrations of the skull bone,
effectively producing basilar membrane motion (Békésy 1932).
Taking interaural cues into consideration, one important aspect of

the bone conduction (BC) sound path is the transcranial attenu-

Sound localisation accuracy (SLA) refers to the ability of identify-
ing the direction of a sound. In the frontal horizontal plane, the

main cues used by the auditory system to compute the spatial
position of a sound are interaural differences in time and in
intensity (Middlebrooks and Green 1991). The interaural time
difference (ITD) has a dominant role in horizontal sound local-
isation (Wightman and Kistler 1992), and is based on the differ-
ence of a sound’s time of arrival at the two ears. The interaural
level difference (ILD) cue arises as a consequence of the acoustic
shadow of the head resulting in a more intense signal in the ear
closest to the sound-source. In addition to the processing of
these binaural cues, sound localisation is facilitated by loudness
cues and spectral cues, particularly in the vertical plane and to
avoid front-back confusions (Middlebrooks and Green 1991).
Individuals with conductive hearing loss (CHL), who are
unable to use conventional hearing aids, may benefit from inter-
vention with bone conduction devices (BCDs) by virtue of their
normal or near-normal inner ear function. With BCDs, the sound

ation (TA), which describes to what extent the sound is attenuated
contralateral to the stimulus position. TA is highly variable
between and within subjects depending on the method of meas-
urement (e.g. subjectively with pure-tones, Stenfelt 2012) or
objectively ~with  promontory acceleration measurements
(Hakansson et al. 2010) or ear-canal sound pressure (Reinfeldt,
Stenfelt, and Hakansson 2013), on the frequency, and on the
stimulation position (e.g. mastoid or Bone Anchored Hearing Aid
[BAHA] position). Arguably, the most relevant measure of TA is
provided by measuring subjective hearing thresholds with ipsilat-
eral and contralateral BC stimulation in individuals with unilateral
deafness. While this measure of TA shows great intra-study vari-
ability for the mastoid position in adults, the general trend is that
TA seems to be higher at high frequencies (up to 4 kHz was meas-
ured in all studies) than at low frequencies (Hurley and Berger
1970; Snyder 1973; Nolan and Lyon 1981; Stenfelt 2012).
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Moreover, according to Stenfelt (2012), the TA in the BAHA pos-
ition is 2-3 dB lower than in the mastoid position (Stenfelt 2012).

These findings have implications for binaural processing of
signals presented in the sound field in individuals with CHL
using BCDs, since the interaural separation of those signals is
affected. Specifically, sound localisation could be compromised
because ILD and ITD cues are likely to be distorted by the BC
sound pathway. Besides the within- and between-subject variabil-
ity in TA, its effect on the binaural cues likely varies depending
on (1) if an individual is unilaterally or bilaterally fitted with
BCDs, (2) if the CHL is unilateral (uCHL) or bilateral (bCHL),
and (3) on the position of the transducer(s).

In addition to the alleged effect of TA on sound localisation,
animal studies suggest that binaural cues are distorted by con-
ductive hearing loss, as both ILD and ITD in chinchillas are
altered by simulated middle ear effusion (Thornton et al. 2012).

The results of previous studies on horizontal sound localisa-
tion in individuals with CHL (data collected using the BAHA)
suggest that listeners with uCHL may obtain a sound localisation
benefit from a unilateral BCD, but that this benefit is variable
and not universal (Kunst et al. 2008; Agterberg et al. 2011, 2012).
In individuals with bCHL, bilateral BCD conditions increase SLA
as compared to either left or right unilateral BCD conditions on
average (Bosman et al. 2001; Priwin et al. 2004). The benefit of a
unilateral BCD in bCHL is unknown to the authors’ knowledge.
Despite bilateral hearing loss, a unilateral fitting of a BCD (or a
conventional hearing aid) may theoretically improve performance
in tasks that require binaural processing of a sound, since the
hearing loss may be asymmetric and audibility quite different
between the ears.

The present study was partly motivated by the relatively small
numbers of studies evaluating the benefit of a unilateral BCD for
conductive hearing losses in horizontal sound localisation tasks.
Primarily, however, the goal of the study was to quantify any
benefit subjects may receive in sound localisation using the Bone
Conduction Implant (BCI). The BCI is a novel BCD introduced
as an alternative to the BAHA (Hakansson et al. 2010; Eeg-
Olofsson et al. 2014; Reinfeldt et al. 2015; Taghavi et al. 2015).
Briefly, the BCI utilises a tuned inductive link for the transmis-
sion of the sound from an external audio processor to an
implanted transducer, thereby removing the need for a skin pen-
etrating screw as in BAHAs and leaving the skin intact. The
implanted transducer is placed in a shallow (4-5mm) drilled
recess in the mastoid of the temporal bone. The placement of the

transducer together with the technical design of the BCI compen-
sate for the loss of gain introduced by the inductive link, result-
ing in very similar audiological outcomes in matched BCI and
BAHA patients (Rigato et al. 2016). Spatial hearing with the BCI,
for example sound localisation, has so far not been studied. Since
the TA is higher when the transducer is placed in the BCI pos-
ition than for the classic BAHA position, as found measuring the
vibration velocity of the cochlear promontory with a Laser
Doppler vibrometer in cadaver heads (Hakansson et al. 2010),
spatial hearing could theoretically be facilitated. However, TA
was not measured in the present study.

Aim of study

The aim of the present study was to quantify the effect of a uni-
lateral BCI on sound localisation accuracy in subjects with unilat-
eral and bilateral CHL.

Subjects and methods
Study design

Individuals with uCHL and bCHL were tested in sound-field in an
objective sound localisation task, shown to be reliable in children
and adults (Asp, Olofsson, and Berninger 2016) as well as sensitive
to sound localisation deficits for mild-to-moderate unilateral hear-
ing losses (Asp, Jakobsson, and Berninger 2018). Tests were per-
formed in unaided and unilaterally aided conditions, using a
continuous stimulus with a spectrum similar to female speech pre-
sented at two different levels (63 dB SPL (A) and 73 dB SPL (A)).
In total, thus, four tests per subject were performed. The test order
(aided/unaided) was randomised within uCHL and bCHL groups
so that a specific test order had approximately equal probability of
occurring. SLA at 63 dB SPL was always tested before 73 dB SPL.
The main outcome measure was the error index (EI) (e.g. Gardner
and Gardner 1973; Asp, Olofsson, and Berninger 2016), which is
an overall quantification of SLA, ranging from 0 (perfect perform-
ance) to 1 (random performance).

Subjects

Eleven subjects (five females), aged 21-75 years, with CHL par-
ticipated in the study. Subject characteristics and audiometric

Table 1. Demographics and characteristics of the participating subjects with conductive (CHL) or mixed hearing loss. Five subjects had a unilateral CHL (uCHL) or
mixed hearing loss and six subjects had a bilateral CHL (bCHL) or mixed hearing loss. Congenital and acquired hearing losses occurred in both groups. PTA, is the
average of thresholds at 0.5, 1, 2 and 4 kHz. Aided PTA, is the average of the frequency-modulated thresholds at 0.5, 1, 2 and 4 kHz recorded in sound-field with
the non-implant ear plugged and with the Bone Conduction Implant active (Eeg-Olofsson et al. 2014; Reinfeldt et al. 2015).

Compression

AC PTA4; Non- AC PTA, AC Aided PTA, BC PTA, Non- BC PTA,4 used in
BCHL/ Type of Congenital/ implant ear Implant ear Implant ear implant ear Implant ear sound
Study ID Age  UCHL (side) hearing loss acquired (dB HL) (dB HL) (dB HL) (dB HL) (dB HL) processor
2 52 bCHL Mixed Acquired 73 56 29 30 25° Yes
3 23 uCHL (R) Conductive Congenital 3 39 21 3 5 Yes
5 51 bCHL Mixed Acquired 61 81 27 31 30 Yes
6 52 bCHL Conductive Acquired 39 78 25 13 16 Yes
7 22 uCHL (L) Conductive Acquired 5 53 13 3 1 No
8 50 bCHL Mixed Acquired 63 70 30 16 23 No
9 21 uCHL (L) Conductive Congenital 21 90 34 16 21 No
10 22 bCHL Conductive Acquired 45 61 30 14 13 No
201 45 uCHL (R) Mixed Congenital 9 50 24 Not measured 24 Yes
202 29 uCHL (R) Conductive Congenital 25 76 28 20 21 No
204 75 bCHL Mixed Acquired 46 53 34 24 19 Yes

AC: air conduction; BC: bone conduction.

This value represents the BC threshold at 3 kHz. BC thresholds for the remaining frequencies were not obtained due to issues related to masking.



data are summarised in Table 1. Five subjects had an uCHL (air
conduction [AC] pure-tone average [0.5, 1, 2 and 4kHz] <25dB
HL and air-bone gap <10dB at each of the frequencies 0.5, 1, 2
and 4kHz in the non-affected ear). One of the subjects with
uCHL had a sensorineural component (BC thresholds >25dB
HL at any of the frequencies 0.5, 1, 2 or 4kHz). Six subjects had
a bCHL, and four of these subjects had a sensorineural compo-
nent. Prior to the start of the study, they were all unilaterally
implanted with the active transcutaneous BCI in a clinical trial
investigating the audiometric and quality of life benefits (Eeg-
Olofsson et al. 2014; Reinfeldt et al. 2015). The BCI was indi-
vidually fitted based on patient feedback. All subjects used omni-
directional microphone settings. Aided hearing thresholds using
the BCI were measured as a part of the clinical trial and are also
shown in Table 1. For subjects with uCHL, the median interaural
asymmetry using the BCI was 13 dB, calculated as the difference
in pure-tone average (0.5, 1, 2 and 4kHz; PTA,) between the
non-implant ear and the aided thresholds in the implanted ear.
Subjects living far from the measurement site were reimbursed
for expenses related to travel and accommodation. The study was
approved by the regional ethical committee in Gothenburg,
Sweden. The subjects received oral and written information
about the study before enrolment and written informed consent
was obtained for all the participants.

Sound localisation accuracy (SLA)

The setup, stimulus and procedure used for SLA measurements
have previously been described in Asp et al. (2016).

Setup

SLA was measured in quasi-free sound field in an audiometric test
room (4.1 mx3.3 mx2.1 m) with low ambient sound level
(mean =25dB (A) obtained during 15s measurement), and short
reverberation time (T3,=0.11s at 500 Hz), as recorded with a
B&K 2238 Mediator and a B&K 2260 Investigator (Briiel & Kjaer,
Naerum, Denmark), respectively. Twelve active loudspeakers
(ARGON 7340A, Argon Audio, Sweden) were placed equidistantly
spacing spanning a 110-degree arc in the frontal horizontal plane,
resulting in loudspeaker positions at+55, +45,+35,+25,+15 and
15 degrees azimuth with respect to the subject. The approximate
distance from the head of the subject to the loudspeakers was 1.2
m. The loudspeakers were at approximate ear level, vertically
adjusted to accommodate different heights of the sitting subjects.
Seven-inch video-displays were mounted below each loudspeaker,
resulting in twelve loudspeaker/display-pairs (LD-pairs). The
video-displays were visible, while the loudspeakers and the loud-
speaker-stand were covered in black cloth.

An eye tracking system (Smart Eye Pro, Smart Eye AB,
Gothenburg, Sweden) was used to record the gaze of the subjects
in relation to the LD-pairs (see Asp, Olofsson, and Berninger
2016 for details). The coordinates of the video-displays and loud-
speakers were defined in three dimensions in the eye-tracking
system, resulting in 12 Areas of Interest (AOI) (Gredeback,
Johnson, and von Hofsten 2010; Asp, Olofsson, and Berninger
2016). Each AOI had width 0.17 m and height 0.55 m, and in
total they constituted a continuous array of AOIs in a 3D-model,
corresponding to the physical LD-pairs.

INTERNATIONAL JOURNAL OF AUDIOLOGY 659

Stimulus

An ongoing auditory-visual stimulus (a colourful cartoon movie
playing a continuous melody) was used for sound localisation meas-
urements. The stimulus had a long-term frequency spectrum similar
the spectrum of a female voice. The rationale for using this stimulus
was to allow comparison between the results from the current study
with sound localisation results from individuals with normal hearing
(Asp, Olofsson, and Berninger 2016), and with simulated unilateral
hearing loss (Asp, Jakobsson, and Berninger 2018).

Test procedure

Immediately prior to the test, a calibration of the subject’s gaze rela-
tive to the LD-pairs was performed (for a detailed description of
the calibration procedure, see Asp, Olofsson, and Berninger 2016).

The test then started by presenting the auditory-visual stimu-
lus from the loudspeaker at —5 degrees azimuth, just to the left
of frontal incidence. After an average time interval of 7s, the vis-
ual stimulus was stopped and the sound was instantaneously
shifted to a randomised loudspeaker. The visual stimulus was
automatically reintroduced after a sound-only period of 1.6s to
allow sustained acquisition of gaze towards the video-screens.
During the 1.6s sound-only period, the subjects were guided by
audition only as to where the active sound-source was located.
The auditory and visual shifts were repeated 24 times to ran-
domly selected LD-pairs with the constraint that no LD-pair pre-
sented the stimuli a second time before each of the 12 LD-pairs
had presented once. The subjects were instructed to watch and
follow the auditory — visual stimulus and that sound-only periods
would occur, and informed that they were allowed to move their
heads freely. Beyond the natural amplitude fluctuations in the
signal, no roving of the sound level was applied after azimuthal
shifts, i.e. level cues were not deliberately minimised.

Subjects’ pupil positions relative to the LD-pairs were sampled
at 20Hz. The resulting gaze/AOI intersections (sample space:-
+55,£45,+35,+25,+15 and +5 degrees azimuth) were derived from
the output of the eye-tracker and stored as a function of time,
time-locked with the auditory and visual events. The perceived
auditory azimuth was defined as the median of the final 10 gaze/
AOI intersection samples of the 1.6s sound-only period, ie. a
500 ms sampling period. Medians were calculated if at least three
samples were collected. SLA was quantified by the EI (see for
example Gardner and Gardner 1973; Asp, Eskilsson, and Berninger
2011; Asp, Olofsson, and Berninger 2016) which was calculated as

P

> lip — kol
El = P"Zl (1)
(ZZip —jl> /n

p=1j=1

where P is the number of presentations with a valid response
(P<24 in the current test paradigm), i, is the presenting loud-
speaker (1-12) and k, is the perceived loudspeaker (1-12) at the
pth presentation, and #» is the number of loudspeakers (12). An
EI=0 corresponds to perfect performance. An EI=1 corre-
sponds to average random performance. A Monte Carlo simula-
tion showed that the 95% confidence interval for random
performance using the current procedure was [0.72, 1.28].
Furthermore, the data from the SLA test was analysed as per-
ceived versus presented sound-source azimuth.
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Figure 1. Unaided versus aided individual sound localisation accuracy (SLA) at 63dB SPL (left panel) and 73 dB SPL (right panel), quantified as an error index (El).
Open squares denote subjects with bilateral conductive hearing loss (bCHL) and open circles denote subjects with unilateral conductive hearing loss (uCHL). Markers
above the solid diagonal line represent subjects with higher SLA in the aided versus the unaided condition, i.e. an aided benefit. All markers outside the grey area sur-
rounding the diagonal indicates statistically significant within-subject differences >0.054 (aided versus unaided; p <.05), based on a test-retest reliability analysis in
previous work (Asp, Olofsson, and Berninger 2016). The lower limits of the 95% confidence intervals for random SLA are drawn as dashed straight lines at El=0.72,
dividing the figure into four quadrants. Each quadrant provides boundaries for the interpretation of SLA in each subject. Thus, subjects in the lower left quadrant
reveal SLA better than random performance in both the aided and the unaided condition, subjects in the upper left quadrant can only localise in the aided condition,
subjects in the lower right quadrant can only localise in the unaided condition, while subjects in the upper right quadrant cannot localise neither in the aided nor in
the unaided condition. The mean El from normal-hearing (NH) subjects (n =8, mean El =0.054) at 63 dB SPL is provided in the left panel (solid diamond) to facilitate
interpretation of data from subjects with CHL (Asp, Olofsson, and Berninger 2016). The x-coordinate for the solid diamond reflects the mean El in normal binaural con-
ditions for NH subjects. The y-coordinate for the solid diamond reflects the mean El for NH subjects in a simulated unilateral hearing loss condition, and the solid line

denote the standard deviation (Asp, Jakobsson, and Berninger 2018).

Analyses

Non-parametric tests (aided versus unaided, 63 versus 73 dB SPL,
and uCHL versus bCHL) were used for group comparisons and
differences were considered statistically significant at p <.05.
Within-subject differences (aided versus unaided conditions, and
63 dB SPL versus 73 dB SPL) were considered statistically signifi-
cant (p <.05) if the difference in the EI was >0.054, based on a
test-retest analysis of data from normal hearing subjects (Asp,
Olofsson, and Berninger 2016).

Results
Unilateral conductive hearing loss

The median Els in the subjects with uCHL was 0.49 (unaided)
and 0.33 (aided) at 63dB SPL. No significant difference existed
between aided and unaided conditions (p>.05, Wilcoxon
Matched Pairs).

All subjects (n=5) demonstrated unaided and aided localisa-
tion accuracy that was better than chance performance at 63 dB
SPL (see individual EIs in the lower left quadrant in Figure 1).
Three of five subjects (60%) showed a significant and relatively
large BCI-benefit at 63 dB SPL (subjects 3, 7 and 202), while the
remaining two subjects demonstrated comparable SLA across lis-
tening conditions.

Individual perceived versus presented azimuths are presented
in Figure 2 to visualise the difference in sound localisation
response variability between aided and unaided conditions at
63 dB SPL. In this figure, responses at the line of equality reflect
correct responses. Visual inspection of the localisation responses
for the subjects who demonstrated an aided benefit (see panels
marked with an Asterisks (*) in the left column in Figure 2)

revealed that subjects 3 and 202, who both had a uCHL in the
right ear, achieved decreasing response variability in the right
hemisphere in the aided compared to the unaided condition,
while responses in the left hemisphere appeared similar between
listening conditions. For subject 7 (left ear uCHL), responses
appeared less scattered overall. One of the subjects with no effect
of the BCI had good localisation performance in both listening
conditions (subject 201) with no clear change in the pattern of
responses evident from the visual analysis. The other subject with
no aided benefit (subject 9) showed relatively large response vari-
ability across spatial positions in both listening conditions, but
typically lateralised the stimulus to the left or to the right.

Effect of increased presentation level

The median Els at 73dB SPL (unaided EI=0.48; aided =0.31)
were very similar to those at 63 dB SPL, and no significant differ-
ence existed between presentation levels in neither aided nor
unaided listening conditions (p>.05, n=5, Wilcoxon matched
pairs). Furthermore, no significant difference existed between
aided and unaided conditions at 73dB SPL (p>.05, n=>5,
Wilcoxon Matched Pairs).

Three of five subjects (60%) showed a statistically significant
BCI-benefit (subjects 3, 9 and 202). Subject 201 demonstrated
similar SLA across conditions and presentation levels, but the
aided EI was statistically significantly higher (i.e. worse SLA)
than the unaided EI at 73 dB SPL.

Pooling data from both presentation levels (n = 10) resulted in
a statistically significant difference between unaided (median
EI=0.53) and aided (median EI=0.33) conditions (p <.05,
t=2.3, Student’s t-test for dependent samples), suggesting a
benefit of the BCI.
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Figure 2. Aided and unaided individual horizontal sound localisation accuracy
(SLA) at 63 dB SPL. Open circles (the two left-most columns: unilateral conductive
hearing loss; uCHL) and squares (the two right-most columns: bilateral conductive
hearing loss; bCHL) represent perceived sound-source azimuth versus presented
sound-source azimuth. Markers along the diagonal in each panel denote high
SLA, while markers far away from the diagonal denote poor SLA. Each pair of
panels (aided and unaided) is labelled with a study-id to facilitate comparison
with Table 1. Asterisks (*) denote significant differences (p <.05) between aided
and unaided conditions, and is placed in the panel with the highest SLA (e.g.
subject 6 showed significant aided benefit, while subject 204 revealed signifi-
cantly higher SLA in the unaided condition).

Bilateral conductive hearing loss

In the subjects with bCHL, the median unaided EI (0.70)
was higher (i.e. worse SLA) than the median aided EI (0.57) at
63 dB SPL. However, no statistically significant difference existed
(p=.25, n=06, Wilcoxon matched pairs).

At 63dB SPL, a statistically significant BCI-benefit in SLA
(p <.05) existed in four of the six subjects (67%) (subjects 2, 6, 8
and 10) (Figure 1). However, the EI in subject 8 was at the level
of chance performance in both aided and unaided conditions
(see upper right quadrant in Figure 1). Two of the six subjects
(33%) demonstrated significantly higher Els (i.e. worse SLA) in
the aided versus the unaided condition. One of these subjects
(subject 5) performed at chance level in both conditions, while
the other subject (204) showed quite good localisation in
both conditions.

Individual perceived versus presented azimuths are presented
in Figure 2 to visualise the difference in sound localisation
response variability between aided and unaided conditions at
63dB SPL. The subjects who showed an aided benefit had vari-
able unaided performance (Figure 2). Subject 2, who had the
highest unaided EI, showed a highly scattered response pattern
consistent with guessing, likely because of poor audibility of the
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stimulus in that listening condition. This subject received a large
aided benefit (an increase in EI of 0.37), but still had quite poor
aided SLA (EI=0.63). The responses of subject 204, who showed
a significant deterioration in SLA using the BCI, had localisation
responses close to the line of equality in the unaided and the
aided condition. However, responses were somewhat more scat-
tered in the latter condition, particularly when the sound was
presented near frontal incidence.

Effect of increased presentation level

While the increased presentation level of 73dB SPL decreased
the median EI in both the unaided (median EI=0.50) and the
aided (median EI =0.44) condition, the differences to the aided
and the unaided EIs at 63 dB SPL was not statistically significant
(p > .05, Wilcoxon matched pairs). Pooling data from both pres-
entation levels (n=12) resulted in a higher unaided median EI
(0.69) than aided EI (0.57), with no statistically significant differ-
ence (p=.27, t=12, n=12, Student’s t-test for depend-
ent samples).

At 73dB SPL, a statistically significant BCI-benefit (p <.05)
existed in three of six subjects (50%) (see individual Els in
Figure 1). One subject revealed no change in EI using the BCI,
while two of six subjects (33%) showed a significant increase in
the EI (i.e. worse SLA).

Individually, the increase in presentation level to 73dB SPL
resulted in either significantly lower EIs compared to 63dB SPL
(p <.05, four of six subjects, 67%) or unchanged Els (two of six
subjects, 33%) in the unaided condition. In the aided condition,
five of six subjects (83%) showed a statistically significantly lower
EI compared to the EI at 63dB SPL (p <.05), while one of six
subjects (17%) demonstrated a significantly higher EI (p <.05).

Comparison of sound localisation accuracy between bCHL
and uCHL

The median EI in uCHL subjects was lower than the median EI
in bCHL subjects across listening conditions and presentation
levels, but this difference was not statistically significant (p > .05,
Mann-Whitney U test).

A majority of both the uCHL and bCHL subjects showed a
benefit with the BCI (see specifics above). On a group level, the
BCI-benefit was comparable between uCHL (median BCI-ben-
efit=0.13) and bCHL (median BCI-benefit=0.14) at 63dB SPL
(p=.92, Mann-Whitney U test). The BCI-benefit was smaller at
73dB SPL in both uCHL (median BCI-benefit =0.08) and bCHL
(median BCI-benefit=0.04), with no statistical difference
between the groups (p=.78, Mann-Whitney U test). Subject 6,
with bCHL, revealed the lowest EI in the entire study population
at 73dB SPL in the aided condition (EI=0.15).

The pooled data across presentation levels did not reveal stat-
istically significant differences between uCHL and bCHL in nei-
ther unaided (p=.25, t=12) nor aided (p=.06, t=2.)
conditions (Student’s t-test).

Effect of air conduction thresholds in the non-implant ear
on SLA

Sound-field hearing thresholds with the BCI, as recorded 6
months after fitting the audio processor (Reinfeldt et al. 2015),
together with analyses of audibility of the current sound
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Figure 3. Linear regression analyses of the aided Error Index as a function of pure-tone average (0.5, 1, 2 and 4kHz PTA4 [dB HL]) in the non-implant ear.

localisation stimulus (Asp, Jakobsson, and Berninger 2018) indi-
cated that the sound localisation stimulus used in the present
study was audible in the aided condition (aided sound-field hear-
ing thresholds ranged 13-34dB HL) for all patients. Thus, the
assumption was made that interaural comparisons of the BC sig-
nal in the implant ear and the AC signal contralaterally should
be possible. Based on that assumption, increasing pure tone
thresholds (i.e. decreasing audibility of the sound localisation
stimulus), in the non-implant ear should result in an increased
aided EI, since binaural processing of the stimulus would be
affected. Linear regression analyses of the aided EI as a function
of the PTA, in the non-implant ear were performed to study any
such relationships (Figure 3). The aided EI was predicted by the
PTA, at both 63dB SPL (EI=0.26+0.006 x PTA,, r=0.75,
p=.008, n=11) and 73dB SPL (EI=0.25+0.005x PTA,,
r=0.65, p=.031, n=11), indicating a decrease in the aided EI
of 5-6 percentage points per 10dB decrease in PTA, (see top
row in Figure 3).

When regression analyses were limited to subjects with bCHL
(see middle row in Figure 3), a distinct and highly significant
correlation existed at 73dB SPL (EI=—0.048 +0.018 x PTA,,
r=0.98, p=.0004, n=6), reflecting a decrease in the aided EI of
18 percentage points per 10dB decrease in PTA,. The relation-
ship between the aided EI and PTA, at 63dB SPL only
approached statistical significance (p =.058, n=6).

No significant relationship between the aided EI and the
PTA, existed in the subjects with uCHL (n=4) (see bottom row
in Figure 3).

Discussion

This is the first study to objectively determine sound localisation
accuracy in individuals implanted with the BCI, a new rehabilita-
tion option for patients with mild-to-moderate conductive and
mixed hearing loss. Horizontal sound localisation accuracy was
measured in individuals with unilateral and bilateral mixed or
conductive hearing losses, in both unaided and unilaterally aided
conditions, by automatic recording of eye-gaze patterns in
response to azimuthal shifts of a broadband continuous stimulus.
No significant effect of the BCI occurred on group level (prob-
ably related to the small study sample). However, at typical con-
versational level, ie. 63dB SPL, the majority of subjects with
uCHL as well as with bCHL received a benefit in SLA from
the BCL

Unilateral conductive hearing loss

Objectively obtained sound localisation accuracy data in adults
with unilateral conductive or mixed hearing loss are limited, and
the reported aided results are exclusively obtained with the
BAHA (Snik, Mylanus, and Cremers 2002; Hol et al. 2005;
Agterberg et al. 2011, 2012). SLA in subjects with uCHL should
therefore be of clinical interest and importance, in particular
since the aided data are recorded with a transcutaneous bone
conduction device with no previously reported results regarding
sound localisation. The mean angular error, another measure of
sound localisation accuracy, is presented for all subjects in



supplemental digital online content (Supplemental Table) to
facilitate comparison across studies.

At a typical conversational level of 63dB SPL, 60% of the
uCHL subjects demonstrated a significant BCI-benefit, which is
comparable to proportions found for BAHA-benefit in narrow-
band noise burst at 0.5 and 2kHz (63%, Snik, Mylanus, and
Cremers 2002), and at 0.5 and 3kHz (67%, Agterberg et al.
2011). Lower (38%, narrow-band noise bursts centred around
0.5kHz, Hol et al. 2005) as well as higher (78%, broadband noise
bursts, Agterberg et al. 2012) proportions for BAHA-benefit have
also been reported. A possible explanation to why not all subjects
show improved sound localisation in the present study and else-
where is that they may have adapted to the reduced audibility in
the impaired ear, and relearned localisation with abnormal audi-
tory input. Such adaptation is shown in the auditory system for
sound localisation in the vertical (Hofman, Van Riswick, and
Van Opstal 1998) and the horizontal (Kumpik, Kacelnik, and
King 2010) dimensions in human experimental studies, and in
animals (King, Parsons, and Moore 2000).

A broad-band sound, as used in the present study, should allow
ILD, ITD and spectral cues to be available (if the sound is aud-
ible). Also, the stimulus used here was continuous, which poten-
tially allowed subjects to make use of monaural level cues through
head-movements during the 1.6 s sound-only period to a greater
extent than with a short stimulus. Thus, the sound localisation
paradigm and stimulus used in the present study does not provide
data to dissociate individual contributions of several sound local-
isation cues. Instead, the spectrum of the stimulus used together
with the measurement paradigm (gaze patterns towards auditory
events) should be natural and thus to some extent reflect real-life
circumstances. The data presented here support the idea that a
sound that is audible in both ears, as it should be in uCHL sub-
jects using a unilateral BCD, is possible to localise in the horizon-
tal plane despite transcranial transmission.

Bilateral conductive hearing loss

Sound localisation accuracy was assessed for a normal conversa-
tional presentation level (63dB SPL) and at 73dB SPL, despite
some rather severe hearing losses in subjects with bilateral CHL
(see Table 1). While the 63 dB SPL stimulus was just audible e.g.
for subject 8, this presentation level was used to obtain clinically
relevant information and to quantify performance in ecologically
valid conditions.

The hearing thresholds in the non-implant ear seemed to pre-
dict the aided SLA in subjects with bCHL (Figure 3, middle row),
as shown by a highly significant correlation between the aided EI
and the PTA, in the non-implant ear at 73dB SPL (r=0.98,
p=.0004, n=6) and a trend at 63dB SPL (r=0.80, p=.058,
n=6). We interpret this as the aided audibility in the implanted
ear is not enough for aided sound localisation of an ongoing audi-
tory stimulus. Rather, the audibility in the non-implant ear seems
essential, which may be important to consider before bilateral
BCD implantation (an intervention that is shown to increase SLA
in bCHL, e.g. Priwin et al. 2004). Decreasing hearing thresholds in
the non-implant ear should allow binaural hearing for the unilat-
erally implanted bCHL subjects, since audibility in both ears
should increase the possibility of interaural differences to occur.

In contrast to subjects with uCHL, there were bCHL-subjects
for which the BCI had a negative effect on SLA. The subject with
the most dramatic negative effect of the BCI on SLA (at 63dB
SPL, see left panel in Figure 1) showed a large and distinct
increase in the EI from relatively good unaided performance
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(EI=0.18) to poor aided performance (EI=0.52). This subject
(204) had quite symmetrical hearing loss (PTA;=~50dB HL in
both ears), suggesting that at least the peaks of the stimulus used
was bilaterally audible (Pavlovic 1987; Asp, Jakobsson, and
Berninger 2018). As such, despite allegedly distorted binaural
cues in the unaided condition given the bilateral CHL (Thornton
et al. 2012), the SLA task should be possible to perform for this
subject based on ILD. The worse aided SLA may be explained by
the fact that the BCI induced an interaural asymmetry in terms
of audibility, which might have resulted in distorted ILD cues. It
could also be due to limited experience with the changed spatial
cues introduced by BCI (~6 months experience with the device).

Comparison between uCHL and bCHL

The BCI was beneficial both for subjects with uCHL and bCHL,
and the magnitude of the benefit was comparable between the
two groups. The absolute unaided and aided median EIs, how-
ever, were lower (better) in subjects with uCHL. This difference
was not statistically significant, possibly due to the relatively
small sample size in each group.

The lower unaided median EI in subjects with uCHL was
expected, given the relatively severe bilateral hearing loss in sub-
jects with bCHL which resulted in the sound localisation stimu-
lus to be inaudible or just audible for some subjects at 63 dB
SPL. By contrast, in the aided condition, three subjects with
bCHL showed SLA comparable to that of uCHL (cf. Figure 1).
As previously indicated, these were the subjects with the lowest
PTA, in the non-implant ear.

Conclusions

Individuals with unilateral conductive hearing loss may benefit
from unilateral implantation of the BCI (60% of the subjects
showed benefit) in horizontal sound localisation. Subjects with
bilateral conductive hearing loss may also improve horizontal
sound localisation accuracy using a unilateral BCI (67% of the
subjects showed benefit). The aided sound localisation accuracy
in bilateral conductive hearing loss patients seems related to the
hearing thresholds in the non-implant ear, as localisation accur-
acy increased when PTA, decreased.
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