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Abstract
Objective  To evaluate the effect of a wireless Bluetooth device (WBD) in word and sentence recognition in patients with 
bone conduction devices (BCDs) while using mobile phones.
Methods  We performed a prospective study evaluating speech and sentence recognition in both quiet and noised condi-
tions. A total of nine patients, audiologically eligible for BCDs, were included. Based on their hearing impairment type and 
severity, subjects were divided into “BCD only” and “BCD with HA” groups. The speech and sentence recognition scores 
of each condition were compared by nonparametric methods.
Results  Both the “BCD only” and “BCD with HA” groups had higher scores in the quiet condition than in the noised condi-
tion in word and sentence recognition tests, irrespective of whether the WBD was used. The benefit from using a WBD was 
greater in the noised condition. There were significant differences in the word recognition test results before and after using 
the WBD in the “BCD only” group, and in both the word and sentence recognition tests results before and after using the 
WBD bimodally in the noised condition in the “BCD with HA” group.
Conclusion  WBDs improve word and sentence recognition in adult BCD bone recipients when they use mobile phones. 
WBD use provides additional benefits in “BCD with HA” patients in a bimodal situation.

Keywords  Bone conduction device · Bone-anchored hearing aid · Wireless Bluetooth device · Speech in noise · Hearing 
aid

Introduction

Bone conduction devices (BCDs) are very useful alternative 
tools for the rehabilitation of patients who cannot adapt to 
conventional hearing aids (HAs), or if HAs are unacceptable 
to them, such as in cases of single-sided deafness (SSD) 
and conductive hearing loss (CHL)/mixed hearing loss 
(MHL) [1]. The principle is that sound can be transferred 
to the inner ear by skull vibrations, bypassing the external 
and middle ear. Since the successful placement of the first 
implant was reported in 1977, more than 10,000 patients 
worldwide have received a BCD [2, 3]. Regardless of the 
type of hearing loss, BCDs improved the mean pure tone 
hearing threshold, the speech discrimination score, as well 
as the speech reception threshold noise in recipients [4].

Despite these benefits of BCDs, some audiological limi-
tations have also been reported. In a long-term follow-up 
study and systematic review of patients with SSD and a 
BCD, despite the benefits in speech discrimination in noise 
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conditions, subjective outcomes, and improvement of qual-
ity of life, there was no significant improvement in sound 
localization [5, 6]. Furthermore, hearing improvement using 
BCDs was not satisfactory to the patients. Among patients 
for whom a BCD was considered suitable, about 61.2% 
refused the implant. Forty percent of patients who refused 
the BCD perceived limited benefits from the device or pre-
ferred conventional hearing aids [7].

The limitations to the benefits of implantable devices, 
including BCDs, are further exacerbated when a telephone 
(landline or mobile) is used [8]. Many factors may affect the 
difficulties experienced by users on the telephone [9–11]. 
They cannot make use of visual cues in the telephone envi-
ronment and that the limited frequency (300–3000 Hz) of 
the telephone makes speech recognition difficult.

To overcome the limited benefits of implantable hearing 
devices, including BCDs, wireless accessory devices using 
Bluetooth technology (hereafter referred to as wireless Blue-
tooth devices or WBDs) have been developed [9]. WBDs can 
transmit sound from a microphone to the sound processor of 
implants, as well as to HAs. The usefulness of WBDs in HA 
users has already been studied [12]. The benefits of WBDs 
in cochlear implant (CI) users or CI and HA bimodal users 
has also already been studied. It has been reported that using 
a WBD results in a high score in speech recognition in both 
quiet and noised conditions [9, 13]. In particular, CI and HA 
bimodal users reported that it is more effective to apply a 
WBD to CI with an HA than in CI only [13].

With the same principle, a WBD could be connected to 
the sound processor of BCDs. We performed this study to 
assess the usefulness of WBDs in patients using a BCD as 
well as those using a BCD and an HA bimodal users.

Materials and methods

Participants

Nine patients who were deemed audiologically suitable to 
use a BCD were included in our study. Table 1 shows the 
demographic characteristics of the participants, including 
the details of hearing impairment. Patients were allotted 
to the “BCD only” group or the “BCD with HA” group, 
taking into account the type and severity of the patients’ 
hearing impairment on both sides.

Patients with SSD whose contralateral hearing function 
is normal, or mild impairment (participants #2 and #3 in 
Table 1) were allotted to the “BCD only” group. Patients 
with bilateral CHL or MHL, a normal or mildly impaired 
bone conduction hearing threshold, and similar bilater-
ally (participants #1, #4, and #5 in Table 1), were also 
included in the “BCD only” group. If the patients with 
SSD or MHL had an opposite side ear having sensorineu-
ral hearing loss (SNHL), and if they were considered to 
have sufficient benefit with an HA (participants #6, #8, 
and #9 in Table 2), they were included in the “BCD with 
HA group”. If the patients with MHL had an opposite ear 
with CHL, the BCD was implanted on the MHL side to 
maintain normal bone conduction hearing function on the 
CHL side. In one patient, impaired air conduction of CHL 
was supported with an HA (participant #7 in Table 2), 
and hence, that patient was allotted to the “BCD with HA 
group”.

In addition, all patients met the following conditions: 
(1) at least 18 years of age; (2) at least a year since hearing 

Table 1   Participant demographics, including details of hearing impairment

HI hearing impairment, BCD bone conduction implants, HA hearing aid, COM chronic otitis media, ISSNHL idiopathic sudden sensorineural 
hearing loss, SSD single-sided deafness, CHL conductive hearing loss, SNHL sensorineural hearing loss, MHL mixed hearing loss
a The type of hearing loss is indicated as BCD implanted in the BCD group, and in the order of right and left in the BCD with HA group
b Where the BCD was implanted. In case of BCD with HA group, HA was applied the opposite side of implanted ear
c BCD duration is defined as the time from the day when the BCD was first fitted to the day the patient performed the test

Participants Age (years) Sex Duration 
HI (year)

Etiology HA experience 
non-implanted ear 
(years)

HI typea Implanted earb BCD dura-
tion (days)c

BCD group 1 75 M 30 COM 20 MHL Right 153
2 55 F 50 Congenital 0 SSD Left 127
3 57 F 2 ISSNHL 0 SSD Right 22
4 53 F 10 Trauma 4 MHL Left 13
5 33 M 34 Congenital 0 CHL Right 13

BCD with HA 
group

6 56 M 50 Congenital 17 SNHL + deaf Left 321
7 59 M 40 COM 8 MHL + CHL Right 321
8 62 F 1 Trauma 0 SNHL + MHL Left 286
9 57 M 2 COM 1 MHL + SNHL Right 48
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loss occurred irreversibly; and (3) use of spoken language 
as the primary mode of communication, with Korean as 
their native tongue.

All participants signed an informed consent form before 
participating in the study. Approval of the Institutional 
Review Board (IRB) in our institute was obtained (Protocol 
No. CR316089). All methods were performed in accordance 
with the relevant guidelines and regulations of the IRB.

Devices

All patients were fixed with the Baha® Attract System 
(Baha®, Cochlear Ltd., Sydney, Australia). The Baha® 
Attract System is a highly effective bone conduction hearing 
system designed to leave the skin intact. It uses a magnetic 
connection to attach the sound processor to the implant, 
sending the sound to the inner ear without breakage of the 
skin [14].

Mobile phone performance was assessed while the sub-
jects used the Baha® 5 sound processor. The wireless digital 
radio frequency (RF) Cochlear Wireless Phone Clip device 
was used in the “BCD only” group and the Cochlear Wire-
less Mini Microphone was used in the “BCD with HA” 
group. The WBD was paired to the Baha® 5 sound processor 
of the participant and was also connected via Bluetooth to 
his/her own mobile phone. For the “BCD with HA” group, 
the WBD was also paired with a ReSound LiNX 5 hear-
ing aid. The mixing ratio between WBD and BCD or HA 
was 0 dB as default value, which means the microphone 
and WBD were balanced equally (i.e., 50% mixing ratio). 
Figure 1 shows the equipment and how the devices were 
connected. The WBD receives and transmits signals to the 
mobile phone via Bluetooth RF transmission; the audio sig-
nal from the mobile phone is then transmitted to the recipi-
ent’s Baha® 5 sound processor and HA via a 2.4 GHz digital 

radio frequency transmission. The WBD allows recipients 
to answer calls on the mobile phone and to deliver his/her 
voice back to the phone via a microphone, which is typically 
clipped to the recipient at the level of the second or third 
shirt button. Pairing of the equipment was confirmed by ask-
ing the participant to acknowledge the presence of practice 
words dictated via the mobile phone.

Test environment and procedures

Assessment of word and sentence recognition was tested in 
an audio booth. A word recognition test was performed with 
a full list of monosyllabic words in Korean (Supplement 1) 
[15, 16]. One of the four tables containing 50 words was 
selected randomly across subjects and they were used to test 
for word recognition. The percentage of correct recognition 
of each word was calculated as the speech discrimination 
score.

A sentence recognition test was performed with standard-
ized and structured daily-use Korean sentences. (Supplement 
2). The corresponding sentences translated into English are 
presented in Table 2. This table only shows English trans-
lations to indicate that these sentences are used daily. The 
components in the sentence were given a score from 0.5 to 2 
points, so that one complete sentence resulted in 10 points.

Both speech perception and sentence recognition tests 
were conducted in quiet and noised conditions in a double 
walled single room audio booth. In the noised condition, 
uncorrelated and continuous presenting speech noise was 
presented from three loudspeakers located on the right, left, 
and in front of the subjects at a distance of 1.4 m (Fig. 2a). 
The level of competing noise was 40 dB SPL (sound pres-
sure level), as measured at the position of the participant.

The monosyllabic words and standardized sentences were 
presented to subjects from an Apple iPhone 6 connected 

Table 2   Korean sentences for 
measuring sentence clarity test 
(translated to English)

a In our study, we conducted tests with commonly used, structured Korean sentences. This table only sug-
gests English translations to show that daily sentences were used

Sentences (translated from Korean to English)a

1 I fell asleep on the subway and passed the station
2 A man ate at the restaurant and drank coffee
3 I bought a watch for my friend ’s birthday present and received 

a gift
4 I wanted to hear from my parents, so I called first
5 The weather was good, so I went out for a walk
6 As I walked across the crosswalk, I lost important photos
7 I went to the bookstore, but there was no book I wanted
8 It was raining when I came out to go home after the test
9 The person who was standing at the last in the line just walked 

away
10 I bought one because I wanted to plant a pretty flower in the front 

yard
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Fig. 1   A schematic diagram of a patient using a Cochlear Wireless Phone Clip and Cochlear Wireless Mini Microphone to make a telephone call 
to patients in the BCD only group and BCD with HA group

Fig. 2   Test environment for the assessment of telephone speech rec-
ognition in quiet and noised conditions. a A schematic of our test 
environment. The patient is in the middle of three loudspeakers emit-
ting noise, all at a distance of 1.4  m. The patient sits on the chair 
and faces the loudspeaker #2 (white arrow). Test setup for assess-
ment of phone speech recognition in quiet and noise conditions. b 
The BCD only group. First, patients put their mobile phone directly 
on the sound processor of the BCD to make a phone call. Thereaf-
ter, patients used a Cochlear Wireless Phone Clip to connect to their 
mobile phone via Bluetooth; the Cochlear Wireless Phone Clip was 

connected to the sound processor of the BCD, and tests were per-
formed. c The BCD with HA group. Similar to the patients of BCD 
only group, patients in the BCD with HA group also put their mobile 
phones directly on the sound processor of the BCD to make a phone 
call. Thereafter, patients used a Cochlear Wireless Mini Microphone 
to connect to their mobile phone via Bluetooth; the Cochlear Wireless 
Mini Microphone was connected only to the sound processor of the 
BCD and tests were performed. Lastly, the Cochlear Wireless Mini 
Microphone was also connected to both the BCD and HA simultane-
ously, and the tests were performed
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with EarPods with a 3.5-mm headphone jack plugged 
directly to the patients’ own mobile phone by one audiolo-
gist. Word and sentence recognition tests were administered 
to participants in each condition as follows (Fig. 2b):

“BCD only” group

1.	 Patients put their cellular phone directly on the Baha® 
5 sound processor to make a phone call to conduct both 
speech and sentence tests in the quiet condition.

2.	 Patients used the Cochlear Wireless Phone Clip to con-
nect to their mobile phone via Bluetooth; the Cochlear 
Wireless Phone Clip was connected to the Baha® 5 
sound processor and the patient underwent tests in the 
quiet condition.

3.	 In the noised condition, patients performed the tests (1) 
and (2) above in the presence of a 40 dBA SPL speech 
sound.

“BCD with HA” group

1.	 With the HA and Baha® on, patients put their mobile 
phone directly on the Baha® 5 sound processor to make 
a phone call to conduct both speech and sentence tests 
in the quiet condition.

2.	 Patients connected the Cochlear Wireless Mini Micro-
phone to their mobile phones via Bluetooth, and the 
Cochlear Wireless Mini Microphone to the Baha® 5 
sound processor, and underwent the tests in the quiet 
condition.

3.	 Patients connected the Cochlear Wireless Mini Micro-
phone to their mobile phone via Bluetooth, and the 
Cochlear Wireless Mini Microphone to both the Baha® 
5 sound processor and HA, and underwent the tests in 
the quiet condition.

4.	 In the noised condition, patients performed the tests (1), 
(2), and (3) above in the presence of 40 dBA SPL of 
speech noise.

The examiner ensured that the subjects appropriately 
positioned the mobile phone next to the sound processor 
microphone in the both quiet and noised conditions. Prior to 
both the quiet and noised conditions, participants adjusted 
the volume control of their sound processor and of the 
mobile phone to their preferred loudness levels while lis-
tening to a practice list of the target stimuli over the phone.

In participants in the “BCD with HA” group, the audio 
signal from the mobile phone was streamed to both the 
Baha® 5 sound processor and HA in the WBD. In both the 
quiet and noised mobile phone conditions, participants used 
the mobile phone on the BCD side ear, while the opposite 
ear with the HA remained active. In the “BCD only” group, 
the implanted ear was active during all conditions, and the 
non-implanted ear was not plugged.

Statistical analysis

To assess statistical significance, the mean scores of the 
speech perception test and sentence recognition test for each 
procedure were compared. SPSS Statistics (SPSS 22.0 for 
Windows, IBM Corp., Armonk, NY, USA) was used for the 
analyses. The Friedman test was performed to compare three 
or more groups, and the Wilcoxon signed rank test was per-
formed to compare two groups. Differences were considered 
statistically significant when p values were less than 0.05.

Results

“BCD only” group

Table 3 shows the raw data of the “BCD only” group, and 
the results of the speech and sentence recognition tests in the 
“BCD only” group are presented in Fig. 3. Overall, in both 
the word and the sentence recognition tests, the scores were 
higher in the quiet condition than in the noised condition, and 
the scores were higher in the sentence recognition test than in 

Table 3   Individual data from 
the speech and sentence 
recognition conditions in BCD 
group patients

BCD bone conduction implants, BCD-B bone conduction implants with Bluetooth device connected, 
SD standard deviation

Participants # Word recognition test (in %) Sentence recognition test (in %)

Quiet: Noised: Quiet: Noised: Quiet: Noised: Quiet: Noised:

BCD BCD BCD-B BCD-B BCD BCD BCD-B BCD-B

1 32 28 40 44 39 61 50 56
2 84 60 84 72 98 97 100 95
3 72 0 76 20 100 0 100 23
4 52 28 68 60 82 42 89 76
5 80 40 82 52 100 35 95 98
Mean 64 32.7 65 44.7 81.3 47.5 83.5 70.7
SD 19.4 19.8 20.1 21.2 24.2 31.9 20.5 28.9
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the word recognition test (64.0% vs. 31.2% of mean value in 
word recognition test, 83.8% vs. 47.0% in sentence recogni-
tion test). The benefit from using the WBD was greater in the 
noised condition than in the quiet condition (6.0% vs. 18.4% 
of mean value difference in word recognition test, 3.0% vs. 
22.6% of difference in sentence recognition test). However, 
there were statistical differences in the benefits from using the 
WBD only in the word recognition test (p = 0.034 for quiet 
condition, p  = 0.021 for noised condition).

“BCD with HA” group

Table 4 shows the raw data of the “BCD with HA” group, 
and the results of the word and sentence recognition tests in 
the “BCD with HA” group are presented in Fig. 4. The over-
all scores of the word and sentence recognition tests of the 
“BCD only” group were higher in the quiet condition than 
in the noised condition, as well as higher in the sentence rec-
ognition test than in the word recognition test (word: 56.0%, 
61.0%, and 71.0% in quiet vs. 3.0%, 38.0%, and 52.0% in 
noise; sentence: 68.0%, 72.8%, and 83.3% in quiet vs. 2.3%, 
49.5%, and 63.5% in noise). However, statistical significance 
was found in the word and sentence recognition tests only in 
the noised condition between the cases where the WBD was 
not used and where the WBD was connected to both a BCD 
and HA (p = 0.034 for word and sentence recognition test). 
Characteristically, this group had significantly lower scores 
in both the word and sentence tests when the WBD was not 
used in the noised condition.

Discussion

This study was the first to assess the benefits of audio 
streaming through a WBD during a phone call in patients 
with BCD only or bimodal BCD with HA. Previous studies 

were only performed with WBDs in CI recipients or in CI 
and HA bimodal recipients [9, 12].

In both the “BCD only” and “BCD with HA” groups, the 
sentence recognition score was higher than the word recog-
nition score in the same conditions. We thought that this was 
because, in the case of word recognition, it is necessary to 
recognize the Korean monosyllabic consonant–vowel–con-
sonant words correctly. However, in sentence recognition, it 
is thought that the recipient can take advantage of syntacti-
cal, grammatical, linguistic, and contextual cues for a better 
understanding, so as to achieve a higher score [9]. Wolfe 
et al. reported when using WBD device, CI users showed 
only a mean of 66% correct from among English conso-
nant–vowel nucleus–consonant words over a mobile phone 
even in the quiet condition, which is similar to our result of 
about 70% on average. They also mentioned that sentence 
recognition would be easier than word recognition.

Additionally, both the “BCD only” and “BCD with HA” 
groups showed higher scores in word and sentence recogni-
tion in the quiet condition than in the noised condition, irre-
spective of whether the WBD was connected to the mobile 
phone. Previous studies reported that the score of word or 
speech recognition test in noised condition was lower than 
the quiet condition [9, 13]. These findings are similar to the 
results of our study. The speech noise used for this study 
(40 dB SPL) is considered to have an adequate effect, regard-
less of whether the recipients used a WBD.

The benefit from using a WBD was greater in the noised 
condition than in the quiet condition. Wolfe et al. reported 
findings similar to our study in their study on CI recipi-
ents [9]. They report that in the quiet condition, there was 
a mean of 18.1% gain with using a WBD. In case of noised 
condition, there was a mean of 28.6% gain. They suggested 
that these findings could be explained by three aspects of 
direct streaming of the audio signal from the WBD to the 
sound processor: these are: (1) significantly reduced ambient 

Fig. 3   The results of the word recognition test and sentence percep-
tion test in participants with a BCD only. Each test was performed 
with and without a wireless Bluetooth device in both quiet and noised 
environments. a Scores of the word and sentence recognition test in 

the quiet environment. b Scores of the word and sentence recogni-
tion test in the noised environment. BCD bone conduction implant, 
BCD-B bone conduction implant with Bluetooth device connected. 
*p < 0.05
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competing noise effect and an improvement in the SNR; (2) 
a more robust signal, as compared to when the receiver of 
the mobile phone is held next to the sound processor; and 
(3) use of a WBD makes it possible to avoid electromagnetic 
noise that may occur between the receiver of the phone and 
the sound processor. We thought that the above can also be 
applied to our study on BCD recipients. Because the differ-
ence is only an implantable device, WBD is connected to 
the sound processor of each implantable device. The type 
of implant only depends on the type of hearing loss in the 
patient, and the WBD is only responsible for how efficiently 
the sound is transmitted to the sound processor, which is the 
starting point of implant surgery.

In the “BCD with HA” group, an interesting finding was 
that the BCD and HA bimodal connection of the WBD gave 
an additional improvement over the WBD connection to the 
BCD alone. The benefit from the CI and HA bimodal con-
nection of WBDs has already been observed in previous 
studies and was also observed in our study. Vroegop et al. 
reported that CI and HA bimodal patients showed statis-
tically higher scores in the speech perception test when a 
WBD was connected to both CI and HA, rather than to CI 
alone [13]. It seems that the experience of using HA before 
BCD results in additional benefits.

On the other hand, in the noised condition, the “BCD 
with HA” group presented very poor scores in both word and 
sentence recognition tests in our study. We thought that the 
noise disturbance acted on both the BCD and HA devices 
at the same time in patients in the “BCD with HA” group, 
hence, they showed worse results than patients in the “BCD 
only” group, while the hearing function of the side opposite 
to the BCD ear was intact. Schwartz et al. reported signifi-
cantly worse results in the speech noise (SIN) test when the 
noise was presented on the opposite side of the BCD in SSD 
patients [17]. They suggested that hearing loss in the better 
ear in BCD recipients seemed to perform worse in a noise 
condition than in that without noise [17]. They reported that 
when the hearing threshold of the better ear was less than 
25 dBHL, the average signal-to-noise ratio was about 5.9 dB 
lower than that when not. Unlike CIs and HAs, BCDs are 
influenced by the contralateral and ipsilateral bone conduc-
tion hearing thresholds. In the “BCD with HA” group of our 
study, an HA was applied to improve the hearing threshold 
of air conduction, and a BCD was applied to the opposite 
site. Therefore, in cases where hearing with an HA is inter-
rupted by noise, the negative effect of noise is higher, and 
the performance worsens.

A statistically significant difference was found only in the 
word recognition test, irrespective of whether the noise was 
present in the “BCD only” group. The word and sentence rec-
ognition tests in the noise condition also showed statistical 
significance in the “BCD with HA” group in our study. In 
the BCD group, unlike the other participants, participant #5 Ta
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showed a decrease in score from 100 to 95 after using the 
WBD in the sentence recognition test in the quiet condition 
(Table 3). Similarly, in the sentence test in the noised condi-
tion, participant #2 also presented a decrease in score from 97 
to 95 after using the WBD. The decrease was small and might 
be the result of error or fatigue from repeated testing. Because 
the number of participants in our study was unsatisfactory to 
offset these impacts, we think that it had an impact on the 
results of the analyses. With this small number of participants, 
we expected that the observed statistical significance would 
only be found in the comparison of some conditions in the 
“BCD with HA” group.

The small sample size of our study is a major limitation 
which made it difficult to yield general conclusions with sta-
tistical methods. Our study could show tendency towards the 
benefits of using WBD in BCD and BCD with HA bimodal 
users. Therefore, further studies with sufficient sample size 
should be performed to induce generalization.

Various types of hearing impairment were noted in the 
“BCD only” and “BCD with HA” groups. Hence, we could 
not assess the pattern of benefits from using the WBD in BCD 
and HA patients with certain types of hearing impairment. 
The duration of BCD use also varied from patient to patient, 
which may also cause a variety of benefits from the use of 
WBDs in each group. In general, the duration of BCD use 
has been reported to affect the degree of BCD adaptation and 
satisfaction; hence, the effect of WBDs on word and sentence 
recognition in BCD patients may vary depending on the dura-
tion of BCD use [18, 19].

Conclusion

This study indicated that the use of a WBD improves word 
and sentence recognition over the mobile phone compared 
to naïve mobile phones, in adult BCD bone recipients. For 
BCD and HA bimodal users, the use of a WBD provides 
additional benefits compared to using a WBD with a BCD 
alone. Therefore, application of a WBD to BCD patients 
or BCD and HA bimodal users is an effective way to deal 
with challenging listening conditions.
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