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Purpose: Bone-conduction devices can be considered a viable treatment option
for patients experiencing asymmetric hearing loss (AHL), especially those with
severe to profound hearing loss (HL) present in one ear. However, there are only
a few reports on the effects of bone-anchored hearing aids (BAHAs) on patients
with AHL. This retrospective study analyzed in detail the effects of BAHA on softer
sounds than other hearing aids and identified situations in which BAHA had a
negative effect.

Methods: Patients with AHL, characterized by severe to profound hearing loss in
one ear with a difference of >45 dB from that of the contralateral ear, underwent
BAHA implantation in the ear with worse hearing. The BAHA effects were
evaluated by assessing the word recognition score (WRS) and speech reception
threshold (SRT) using the Japanese Oldenburg Sentence Test for various signal
settings and noise directions. For a subjective analysis, the Speech, Spatial and
Quialities of Hearing Scale (SSQ12) score was determined.

Results: Thirteen patients who underwent BAHA implantation at the Miyazaki
University Hospital between 2007 and 2021 were included. The BAHA
demonstrated a significant improvement in the WRS from 40 to 70 dB sound
pressure levels. Although the SRT showed significant improvement in noisy
environments when speech was presented to the BAHA-wearing side, it
worsened significantly when noise was presented to this side. In the survey of
subjective hearing ability, both the total and subscale SSQ12 scores improved
significantly after wearing the BAHA.

Conclusion: This study identified scenarios in which BAHAs were beneficial and
detrimental to individuals with AHL. Generally used audiological tests, such as the
WRS with fixed sound pressure, may underestimate the effectiveness of BAHAs
for softer sounds. In addition, depending on the direction of the noise, BAHAs
may have adverse effects. These results could help patients comprehend the
potential benefits and limitations of bone-conduction devices for their hearing.

KEYWORDS

asymmetric hearing loss, bone-conduction hearing aid, hearing in noise, Japanese-
Oldenburg Sentence Test, speech spatial qualities of hearing scale

01 frontiersin.org


https://www.frontiersin.org/journals/audiology-and-otology
https://www.frontiersin.org/journals/audiology-and-otology#editorial-board
https://www.frontiersin.org/journals/audiology-and-otology#editorial-board
https://www.frontiersin.org/journals/audiology-and-otology#editorial-board
https://www.frontiersin.org/journals/audiology-and-otology#editorial-board
https://doi.org/10.3389/fauot.2024.1362443
http://crossmark.crossref.org/dialog/?doi=10.3389/fauot.2024.1362443&domain=pdf&date_stamp=2024-02-16
mailto:skurihara@jikei.ac.jp
https://doi.org/10.3389/fauot.2024.1362443
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fauot.2024.1362443/full
https://www.frontiersin.org/journals/audiology-and-otology
https://www.frontiersin.org

Kurihara et al.

1 Introduction

Bone-conduction devices (BCDs) convert sound energy into
skull bone vibrations, thereby directly stimulating the cochlea. They
have been under development since the 1970s and are widely
used in patients with conductive or mixed hearing loss (HL)
(Mudry and Tjellstrom, 2011). Because patients with chronic otitis
media or aural atresia have difficulty achieving adequate results
with air conduction (AC) hearing aids, BCDs can be an effective
treatment option. Moreover, BCDs are a treatment option for
single-sided deafness (SSD) because they provide sound input to
the contralateral cochlea via bone conduction (BC; Kitterick et al.,
2016; Magele et al, 2019). Patients with SSD often have worse
sound localization abilities and speech recognition difficulties in
noisy and other challenging listening situations due to the loss
of binaural processing (Welsh et al., 2004; Yu, 2020). The use
of BCDs by patients with SSD improves speech perception and
provides subjective benefits (Pfiffner et al., 2009; Wazen et al., 20105
Wesarg et al., 2013; Hampton et al., 2022; Huber et al., 2022). Their
effects on speech discrimination in noise have been controversial
and dependent on the signal setting and noise direction; however,
a systematic review that assessed the efficacy of bone-anchored
hearing aids (BAHAs) concluded they have favorable effects based
on speech discrimination in noisy circumstances (Kim et al., 2017).

Asymmetric hearing loss (AHL) is a condition similar to SSD.
AHL is defined as an interaural asymmetry of 20 dB hearing loss
at two contiguous frequencies or 15 dB HL at any two frequencies
from 2 to 8kHz (Gimsing, 2010; Durakovic et al, 2019). For
patients with hearing loss who have a large left-right hearing
difference, a conventional AC hearing aid is often used in the better
hearing ear. For that strategy, patients give up sound source input
from the worse hearing ear. Wearing a BCD in the worse ear for
patients with AHL may solve this problem. To date, only a few
reports on the effect of BCD on patients with AHL have been
published; some reports show more favorable results for patients
with AHL when compared to patients with SSD (Monini et al.,
2020), while others show a deteriorative effect in noise conditions
(Schwartz and Kobylk, 2016).

Although these BCD studies of patients with AHL have yielded
further insights, they have not been able to fully evaluate the
contribution of BAHASs in daily life. In particular, evaluations of the
effects of softer sounds, such as whispering voices, are lacking. Most
previous studies fixed the sound pressure level of speech signals to
a level similar to that encountered in everyday life (65-75 dB) to
assess the effects of BCDs on word recognition. However, BCDs
can further promote the effect of softer sound stimuli in AHL.
Moreover, in some scenarios, listening comprehension is worsened
by BCDs when noise is presented to the BCD-wearing side. It is
important to know under what circumstances and to what degree
hearing performance can be compromised.

This study investigated patients with asymmetric hearing loss,
marked by severe to profound hearing loss in one ear with a
difference of >45 dB from that in the contralateral ear, who
underwent implantation on the side with worse hearing. This target
group was established because patients with more significant left—
right differences in hearing tend to be the ones who have to give up
sound input from the worse-hearing ear. A word-recognition test
was performed by sweeping the sound pressure from a low speech
level (40 dB). Additionally, discrimination of speech in noise was
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analyzed by changing the directions of the noise and the signal
speaker. The findings of this study can provide insights into the use
of BCDs in patients with AHL and can be applicable to patients
with SSD.

2 Materials and methods

2.1 Participants

This
comprehensive review of patient charts. Among the patients
who underwent BAHA implantation (Baha Connect System®,
Cochlear Ltd., Sydney, Australia) at Miyazaki University Hospital
between 2007 and 2021, 13 met the Japanese criteria (Japan
Otological Society, 2019), which requires a BC hearing level of
<45 dB HL for Baha 5 sound processor, and underwent BAHA
implantation in the ear with the worse hearing. The mean age at the
time of implantation was 65 (range 46-80) years. All patients had
been using BAHA for at least 6 months. Of the 13 patients, 12 had
acquired hearing loss (vestibular schwannoma in 1, cholesteatoma
surgery in 6, and chronic otitis media in 5 patients), and 1 had
congenital hearing loss. All patients had AHL (differences in
threshold averages at 500, 1, 2, and 4 kHz exceeded 45 dB HL).
The patient characteristics and pure-tone thresholds are shown in
Table 1.

retrospective  study was conducted through a

2.2 Ethics statements

The study was conducted in accordance with the Declaration
of Helsinki and approved by the ethics review board of the
University of Miyazaki (protocol code O-0702). Informed consent
was obtained from all participants involved in the study.

2.3 Fitting of BAHAs

All 13 participants received a Baha 5 sound processor fitted by
experienced audiologists using the Baha Fitting Software. The final
gain settings were established by measuring the actual thresholds.

2.4 Threshold value for wearing BAHAs

The hearing threshold was measured using the BAHA. The
inspection sounds were presented using audiometers (AA-HI;
Rion, Tokyo, Japan) that met the Japanese Industrial Standards.

2.5 Monosyllable word recognition test

To evaluate the word recognition score (WRS), the 67-S
(Japanese nonsense monosyllable CD) was evaluated 1 m from
the front speaker unit in a shielded room. The responses were
obtained by uttering a sound. All speech-perception test grades
were calculated as percentages of correct answers. Experienced
audiologists performed all tests.
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TABLE 1 Patient demographics.

10.3389/fauot.2024.1362443

Patients Sex Age Implanted PTA Average (dB)? HAd on
side Contralateral side
BAHA side Contralateral side
ACP BC® AC BC
1 F 56 R 128 68 48 32 Wear
2 M 60 R 128 68 40 15 None
3 M 67 R 102 68 32 23 None
4 F 76 L 128 68 67 30 Wear
5 M 71 L 128 68 43 23 None
6 M 72 R 118 68 37 20 None
7 M 62 L 100 58 28 27 None
8 F 71 L 108 68 37 17 Wear
9 M 68 L 120 65 68 35 Wear
10 M 64 L 92 50 28 25 None
11 M 52 L 100 43 53 32 None
12 F 80 R 73 45 27 23 None
13 F 46 L 128 68 25 28 None

Pure tone average of 500, 1,000, 2,000, and 4,000 Hz. ® Air-conduction threshold. ‘Bone-conduction threshold. ¢Hearing aid.

BAHA-aided and unaided conditions were tested with signals
presented from the front (0° azimuth) or at the implanted ear
(£90° azimuth). To emulate a real-life clinical situation, the
contralateral ear was not masked by using a hearing aid when the
signal was presented to the implanted ear.

2.6 Masking of the contralateral ear

The contralateral ear was covered with earmuffs and ear plugs
or masked with narrowband noise during pure-tone and sound-
field audiometry and by broadband noise during speech tests.
Experienced audiologists determined the requirement for masking.

2.7 Speech discrimination in noise test

The Japanese Oldenburg Sentence Test (OLSA) was used to
determine speech discrimination in noise. Twenty test sentences
per list were presented in random combinations with a fixed
scheme (name, adjective, object, number, and verb) using
background noise at a sound pressure level (SPL) of 65 dB.
The signal-to-noise ratio (SNR), with a 50% correct word score
(critical S/N), was achieved by adjusting the SPL for each sentence
depending on the response to each test item and was defined as the
speech-reception threshold (SRT). The tests were performed with
and without the BAHA. To emulate a real-life clinical situation,
when presenting the signal to the ear with an implant, the
contralateral ear was not masked with a hearing aid if the patient
used one.

Sound presentation was applied in three different conditions
as follows: (1) Both speech and noise were presented from the
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front (original setting of OLSA); (2) speech was presented from
the side speaker (+90° azimuth) toward the worse-hearing ear,
whereas noise was presented from the side speaker (+90° azimuth)
toward the better-hearing ear; (3) speech was presented from the
side speaker (£90° azimuth) toward the better-hearing ear, whereas
noise was presented from the side speaker (£90° azimuth) toward
the worse-hearing ear.

2.8 Questionnaire

The short form (SSQ12) of the Speech, Spatial and Qualities of
Hearing scale (SSQ49) in Japanese was used to self-assess hearing
disabilities at baseline and when the BAHA was fitted. The SSQ12
had provided results similar to those of the SSQ49 in a previous
large clinical study (Noble et al., 2013).

2.9 Statistical analyses

The results were analyzed using PRISM software (GraphPad,
La Jolla, CA, USA). The results are presented as the mean =+
standard deviation (SD). The significance level was set at 5%. A two-
tailed Wilcoxon signed-rank test was used to compare the scores of
assessments conducted with and without the BAHA.

3 Results

3.1 Pure-tone audiogram

The average preoperative pure-tone audiogram and SD for
all patients are presented in Figure 1A. The mean AC and BC
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Average hearing and bone-anchored hearing aid (BAHA)—aided thresholds. (A) Average and standard deviation of air conduction (AC) and bone
conduction (BC; n = 13). (B) Average and standard deviation of hearing thresholds in the sound field aided by the BAHA by masking the
better-hearing ear. The BC threshold of the better-hearing ear is depicted together with the BAHA-aided thresholds (n = 13).
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thresholds of the better-hearing ear were 41.03 (SD 14.51) dB HL
and 25.38 (SD 5.977) dB HL, respectively, and those of the worse-
hearing ear were 111.9 (SD 17.69) dB HL and 62.18 (SD 9.680) dB
HL, respectively.

3.2 Sound-field thresholds with BAHAs

Figure 1B shows the mean hearing thresholds in the sound
field aided by the BAHA after masking better-hearing ears.
Aided postoperative sound-field thresholds have been reported to
correlate with the BC threshold of the better-hearing ear (Pfiffner
etal., 2009). Therefore, BC thresholds in the better-hearing ear were
compared. Although some deviations were observed in the low-
frequency range, the sound-field thresholds in the BAHA group
were similar to the BC thresholds of better-hearing ears.

3.3 Monosyllable WRS

For each patient, the WRS was measured in the aided or
unaided condition with varying sound pressure levels. Under each
condition, the sound pressure increased until the WRS reached
its peak value. WRS plots for each sound pressure are shown
in Figure 2A. The maximum WRS (arrow in Figure 2A) did not
change with BAHA use. However, the sound pressure at which it
reached the maximum WRS (arrowhead in Figure 2A) decreased
significantly with BAHA use (Figures 2B, C). Furthermore, we
analyzed the effects of the BAHA when the signal was presented
from the worse-hearing ear side, which was the aided ear side, in
eight patients. The WRS was measured under aided and unaided
conditions by varying the sound pressure for stimulus presentation
from 40 dB to 80 dB SPL (Figure 3). The results showed that BAHAs
significantly improved the WRS at presentation pressures from 40
to 70 dB SPL (40 dB, p = 0.0234; 50 dB, p = 0.0156; 60 dB, p =
0.0156; and 70 dB, p = 0.0156). However, no significant difference
was observed for sound presented at 80 dB SPL (80 dB, p = 0.813).
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3.4 Speech discrimination in noise

This study aimed to explore the impact of BAHAs on auditory
function in challenging noisy environments. Specifically, adding
to the original OLSA setting by presenting both speech and noise
from the front (0°), we analyzed advantageous scenarios, that is,
when speech was presented from the side speaker (£90°) toward
the worse-hearing ear and noise was presented from the side
speaker (£90°) toward the better-hearing ear. We also analyzed
the disadvantageous scenario, that is, when speech was presented
from the side speaker (£90°) toward the better ear and noise was
presented from the side speaker (£90°) toward the worse-hearing
ear. To emulate a real-life clinical situation, when presenting a
signal in the ear with an implant, the contralateral ear was not
masked and had a hearing aid if the patient used one. Of the 13
patients, 6 underwent the test. The results showed that, in the
original OLSA setting, no difference was observed in the SRT due
to the use of BAHAs (p = 0.750; Figure 4A). In the advantageous
scenario, where speech was presented from the BAHA-wearing
side, the SRT significantly improved (p = 0.031; Figure 4B) but
significantly worsened when noise was presented from the BAHA-
wearing side (p = 0.031; Figure 4C).

3.5 Questionnaire results
SSQI2 items can be categorized into the following three

subcategories: speech, spatial, and quality. Moreover, significant
differences were observed in all categories (Figure 5).

4 Discussion

The present investigation assessed the efficacy of BAHAs in
individuals with hearing impairment, specifically in those with
asymmetric hearing loss. In this study, asymmetric hearing loss was
characterized by severe to profound hearing loss in one ear with a
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Word recognition score (WRS) under varying presented sound pressures. (A) Schematics of the speaker setting and WRS curve depicted by varying
the presented word signal. An arrow indicates the maximum WRS, and the arrowheads indicate the hearing level (n = 13). Note that the
measurement of WRS utilized a monosyllable word list. (B) The average and standard deviation of the maximum WRS (n = 13). (C) The average and
standard deviation of the threshold in the maximum WRS (n = 13). *p < 0.05.

|
Unaided Aided

difference of >45 dB between the hearing abilities of the left and
right ear. In such conditions, patients tend to give up sound input
from the worse-hearing ear. Among the 13 subjects included in
this study, 4 individuals were already using a hearing aid in their
better-hearing ear (as indicated in Table 1). For the monosyllable
word recognition test, the tests were carried out without the use
of hearing aids. This approach was specifically chosen to examine
the pure effect of BAHAs on hearing capabilities in patients with
asymmetric hearing loss. By comparison, the speech discrimination
in noise test was conducted with the use of hearing aids. This
decision was made to simulate more realistic everyday scenarios.
These audiological tests ensure a comprehensive evaluation of the
BAHA's impact, both in controlled environments without hearing
aids and in more practical settings with the hearing aids in use.
The WRS curves were depicted by changing the sound pressure of
the word signal from 40 to 80 dB SPL, depending on the hearing
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ability of the patient. Although the maximum WRS did not change,
the sound pressure at which the maximum WRS was achieved
was significantly reduced with the use of the BAHA. A WRS of
60 dB SPL was observed in approximately 65% and 85% of the
patients without BAHAs and with BAHAS, respectively (Figure 2A).
While previous investigations typically assessed WRS using a fixed
sound pressure for the presented word, Pfiffner et al. (2009) utilized
varying sound pressures (50, 65, and 80 dB SPL) to measure WRS.
Despite lacking specific details regarding these values, their study
demonstrated that the use of BAHASs was associated with improved
WRS, at low and high sound pressure levels. These findings are
consistent with the results of our investigation.

The WRS was measured by presenting the word from the
BAHA-wearing side, that is, the worse-hearing ear, to analyze
the effects of the BAHA in a situation where the most preferred
effect was expected (Figure 3). The sound pressure of the word
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Speech discrimination in noise test. (A) In the original Japanese Oldenburg Sentence Test (OLSA) setting, both speech and noise are presented from
the front (0°; n = 6). (B) Possible advantageous scenario: Speech is presented from the side speaker (+£90°) toward the worse-hearing ear, and noise
is presented from the side speaker (£90°) toward the better-hearing ear (n = 6). *p < 0.05. (C) Possible disadvantageous scenario: Speech is
presented from the side speaker (£90°) toward the better-hearing ear, and noise is presented from the side speaker (£90°) toward the worse-hearing
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presentation was varied from 40 to 80 dB SPL. The results showed
that the WRS significantly improved with BAHAs over a wide range
of sound pressures for the presented word. This suggested that
BAHAs pick up sound sources from the worse-hearing ear side
and help patients recognize soft to ordinary speech sound levels.
These results also indicated that measuring the effects of BCDs by
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varying the sound pressure of the presented word signal is useful
for ensuring a more objective analysis of how BCDs affect patient
hearing in various situations. Few studies have investigated the
effect of BAHAs on AHL, and the left-right difference in hearing
observed in participants in previous studies has been smaller than
that in the participants in this study. Monini et al. (2020) used
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Subjective assessment of the Speech, Spatial and Qualities of Hearing Scale (S5Q12). The averages and standard deviations of the total items and the
three subgroups (speech, spatial, and quality) have been calculated separately (n = 11). *p < 0.05, **p < 0.01.

interaural threshold difference 215 dB HL, and Bruschini et al.
(2020) used interaural asymmetry of 20 dB hearing loss at two
contiguous frequencies or 15-dB HL at any two frequencies from 2
to 8 kHz as a selection criterion for eligible patients. Consequently,
this study scrutinizes and compares its findings with those of
previous comparable studies on SSD, which is a similar condition.

In the analysis of the SRT in noise, no significant differences
were observed in the original OLSA settings (Figure 4A). Although
previous studies of patients with SSD have reported that BCDs
improve the SRT when speech and noise are presented from the
front, a simple comparison is difficult because of the different
testing procedures conducted. For example, the hearing-in-noise
test (Niparko et al., 2003), monosyllabic word list (Andersen et al.,
2006), and simplified Hirsch tests (Saroul et al., 2013) have been
used. A recent report assessing the effects of BONEBRIDGE, a
transcutaneous BCD, in patients with SSD used the OLSA to test
speech discrimination in noise and found results similar to those
of this study (no significant difference between patients with and
without BONEBRIDGE; Huber et al., 2022). In our study, we used
extreme scenarios to assess the efficacy of the BAHA. In the scenario
where the BAHA was most effective, speech was presented to the
side containing the BAHA implant (the worse-hearing ear), and
noise was presented to the better-hearing ear. The SRT improved
significantly under these conditions. Conversely, for the scenario in
which the BAHA could yield negative effects, noise was presented
to the BAHA-wearing side (the worse-hearing ear), and speech was
presented to the better-hearing ear. The SRT decreased significantly
under these conditions.

A few reports have shown negative results with BAHAs for
patients with SSD. Hol et al. (2010) reported that the SNR worsened
with the BAHA when the signal was presented from the front
and noise was presented from the BAHA-wearing side. The results
obtained in this study suggest that the current BAHA system
can negatively affect listening performance in certain situations.
Whether the OLSA is suitable for measuring the effects of BAHAs
under noisy conditions remains an issue that should be considered.

Frontiersin Audiology and Otology

Although discontinuous noise is applied in the OLSA, a relatively
steady noise is considered to be applicable in real life. In the case
of steady and continuous noise, the noise reduction function of a
sound processor may be effective.

Both the total and subscale SSQ12 scores improved significantly
with the BAHA. The mean differences in speech hearing, spatial
hearing, and speech quality were 1.873, 0.7273, and 0.9394,
respectively. Greater improvement in the speech-hearing subscale
reflected WRS improvement. A meta-analysis of the effects of
BCDs on the quality of life of patients with SSD concluded that
BCDs improved the Abbreviated Profile of Hearing Aid Benefits
and the SSQ but not the Health Utilities Index-3 (Hampton et al,,
2022). In the same study, the mean difference was 2.03 for speech
and 1.51 for spatial hearing, indicating a greater improvement
than that obtained in the present study. Although objective
assessments indicated that BCDs do not enhance sound localization
in individuals with SSD (Kim et al., 2017), it is plausible that BCDs
may affect spatial hearing ability, which cannot be measured using
existing audiological evaluations.

This study had several limitations. First, BAHAs are not
approved for use by individuals with SSD, which is the most
common cause of severe asymmetric hearing loss, in Japan.
Therefore, our findings cannot be directly compared with
those of other SSD investigations. Second, the sample size
was small; therefore, we were unable to perform subgroup
analyses based on patients’ hearing abilities. Moreover, not all
tests could be conducted on every patient, further limiting the
comprehensiveness of our study results. Finally, the subjective
evaluation was insufficient. Only a simplified version of the
questionnaire, the SSQ12, was used, which was inconsistent with
an objective evaluation.

However, this study revealed the advantages of BAHA
implantation in the worse-hearing ear while also highlighting
the possibility of worsened hearing in noisy environments.
These findings can assist clinicians in deciding whether surgical
intervention is feasible, considering a patient’s typical environment.
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It can also enable patient education regarding the potential negative
consequences of BAHAs and permit them to adjust the device
according to the situation. Nevertheless, additional research with
a larger sample size is required to understand the effects of BAHA
implantation in worse-hearing ears fully. This study examined the
effects of a BCD in patients with asymmetric hearing loss who
wore a BCD in the worse-hearing ear and the situations in which
the device seemed beneficial and non-beneficial. We found that
the BAHA device significantly improved patients’ WRS under a
sound pressure level of 40-70 dB SPL. Conversely, it may worsen
the hearing performance in situations where noise is present on the
BCD-wearing side. The findings of this study yield insights into the
use of BCDs in patients with asymmetric hearing loss, including
SSD. Moreover, this information could help patients comprehend
the potential benefits and limitations of BCDs for their hearing.
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