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Abstract
Purpose  The study aimed to evaluate audiological benefits, quality of hearing and safety of two Bonebridge generation: 
BCI601 and BCI602 (MED-EL, Innsbruck, Austria) in children.
Methods  Twelve children were implanted: five BCI601 and seven BCI602 comprising of ten conductive hearing loss, and 
two single sided deaf SSD subjects. Audiological outcomes tested were sound field audiometry, functional gain, speech 
recognition threshold (SRT50), speech recognition in noise (SPRINT) and localisation abilities. Subjective measures were 
Speech, Spatial and Qualities of Hearing Scale (SSQ12).
Results  The mean FG with the BCI601 was 25.0 dB and with the BCI602 28.0 dB. The benefit in SRT50 was 23.2 dB and 
33.8 dB, respectively. The mean benefit in SPRINT was 15% and 6.7% and the localisation ability improved from 33.3° to 
16° and from 26.2° to 17.6°, respectively. The two SSD subjects reported a FG of 17 dB, a benefit in SRT50 of 22.5 and a 
benefit in SPRINT of 20%. Subjective outcomes improved significantly and even exceeded the values of their age-and sex 
matched normal hearing peers. One revision was reported: a retroauricular emphysema above the implant occurred 12 months 
post-OP, it was resolved operatively with the implant still being functional.
Conclusion  The pediatric cohort reports significant audiological benefit, even exceeding that of the age- and sex matched 
control. The combination of the high safety and audiological benefit makes the Bonebridge a comfortable and effective option 
in hearing rehabilitation in children.

Keywords  Active transcutaneous bone conduction implant · Children · Quality of life · Atresia · Localisation · Hearing 
outcomes

Introduction

In general, all implant recipients exhibit a wide range of 
speech perception skills with a range of factors identified 
affecting clinical performance despite of the degree and type 
of hearing loss [1]. Hensch et al. showed that the capacity 
for plasticity in the response properties of neurons in- and 
consequently, the functional organization of cortical and 
sub-cortical sensory structures was maximal within ‘criti-
cal periods’ during early development [2]. Not surprising 
then, the significantly better auditory level of performance 
between pre-lingually compared to post-lingually or even 
pre-lingually late CI-treated children [3–6]. The importance 
of recovering hearing loss in the pediatric population as fast 
as possible was investigated widely for several different 
hearing implants and results showed that ongoing hearing 
loss leads to deficits in psychomotor development (cognitive, 
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emotional, motor, and social capacities). Hence, early treat-
ment of hearing loss is not only important for auditory per-
formance but also necessary for the social and educational 
development, which is accompanied by high patient satisfac-
tion and improved quality of life. Bone conduction implants 
have particularly benefited people with mild to moderate 
conductive and combined hearing loss (C/MHL). The first 
active transcutaneous bone conduction implant, the Bone-
bridge (BCI601, MED-EL, Innsbruck, Austria), launched in 
2012, was up till 2019, when Cochlear launched their OSIA 
system, the only active system which is placed with the skin 
intact. It is composed of an external audio processor and a 
bone conduction floating mass transducer (BC-FMT) placed 
transcutaneously into the temporal bone. The BCI601 is a 
CE and FDA approved option for children aged 5 years and 
older to restore CHL and Single-Sided-Deafness (SSD), with 
bone conduction thresholds at 45 dB HL or better [7]. The 
first-generation BCI601 has been investigated in numerous 
studies which have been systematically reviewed by Magele 
et al., showing the significant and stable benefit of the device 
as well as the long-term safety, expecially when compared to 
its percutaneous competition devices [8]. The transcutane-
ous technology of the BCI601 avoids the typical high com-
plication rates involved in percutaneous bone conduction 
devices [8, 9]. Furthermore, technically, the active system 
of the BCI601 still poses the most advanced option in treat-
ing CHL, since it combines the benefit of direct stimulation 
(same audiological output as percutaneous systems) with 
the benefit of reduced skin complications of transcutaneous 
systems [10]. Compared to BAHA and Ponto percutaneous 
implants, the two main disadvantages of the BCI601 are 
the size of the implant that reduce the indications in young 
children and the artefact produced by the implant [11]. Even 
though the size of the BC-FMT in the new generation, the 
BCI602, was reduced, requiring a drilling depth compare-
able to that of a BAHA-screw, still in patients with comorbid 
intracranial tumour or cholesteatoma necessitating regular 
imaging control with MRI the artefact may is a disadvan-
tage compared to percutaneous implants. Recent studies by 
Edlinger et al. and Utrilla et al. adressed this possible prob-
lem by investigating artefact reduction possibilities with the 
BCI602 and concluded, that with the application of artefact 
reduction sequences and certain anatomical placements also 
tumour- and cholesteatoma cases can be diagnosed succes-
fully [11, 12]. Especially, the reduced depth of the implant 
makes pre-surgical planning redundant and with the new 
MRI possibilities open new possibilities for difficult anato-
mies as well as the option to implant children younger than 
5 years of age [13, 14].

The aim of this study was to evaluate the audiological 
outcomes, benefits, and safety of the two generations, the 
BCI601 and BCI602, implanted in twelve children (five 
and seven, respectively). To the best of knowledge of the 

authors, this is the second study on the new Bonebridge 
BCI602 [15], as well as the first comparison to its precur-
sor generation.

Materials and methods

Study population

The prospective data analysis and implantation was per-
formed as part of routine clinical procedures between 
January 2018 and December 2020 at the tertiary centre. 
The study protocol was approved by the ethics commit-
tee of University Hospital (No. 03-041,120) and informed 
consent of the parents/legal guardian was given prior sur-
gical intervention. The audiological inclusion criteria were 
based on manufacturer’s recommendations and paediat-
ric patients suffering from CHL and SSD were included 
(Fig. 1).

Audiological evaluations

All audiometric tests were performed pre-operative (pre-OP) 
and 3 months post-operative (post-OP) in a soundproof audi-
ometric booth, using the audiometer Interacoustics AC40E 
(Denmark, 2019).

Pure tone measurements were performed at a frequency 
range from 0.5 to 4 kHz. Pure tone average air (PTA4AC) 
and bone (PTA4BC) conduction hearing thresholds were 
calculated as the mean of the evaluated AC and BC values 
at 0.5, 1, 2 and 4 kHz.

Sound-field thresholds were measured using frequency—
modulate warble tones presented from the aided side, with 
the loudspeaker positioned 3 m away from the subject. 
Soundfield audiometry (SF), speech recognition threshold 
(SRT50) and speech recognition in noise test (SPRINT) 
at 65 dB HL in a multi-talker babble were performed. The 
contralateral ear was masked with narrowband noise dur-
ing pure-tone and sound field audiometry, and with broad 
band noise during the speech tests. The noise level was 
determined by the experienced audiologist as necessary. 
All audiological examinations were performed with (aided) 
and without the bone conduction hearing device (unaided) 
and with temporary hearing aid used before implantation 
(previous HA). In four children with CHL, localisation test-
ing was performed with a circular, ten loudspeaker arrange-
ment. The localisation test tool v.1.0 provided by MED-EL 
was utilized, using a stimulus of different white noise types 
and a stimulus level of 40 dB. The outcomes were separated 
into the stimulus provided from the front or from the back 
for better visualisation purposes displayed in Fig. 2.
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Hearing‑related questionnaire

The Speech, Spatial and Qualities of Hearing Scale (SSQ 
12) questionnaire was designed to measure auditory dis-
ability across a wide variety of domains, reflecting the 
reality of hearing in everyday life [16]. Items are scored on 
a visual analogue scale from of 1–10, with higher numbers 
representing greater satisfaction. Apart from a total score, 
the SSQ 12 provides three subscores for speech, under-
standing, spatial hearing and other qualities of hearing 
[16]. The questionnaire was completed by the child with 
his parents to assess their hearing ability before and after 
implantation (pre- vs post-OP) (Fig. 3).

Data analysis

Descriptive analysis was used to report demographics (e.g. 
age and gender), baseline characteristics (e.g. aetiology), 
and patient-reported outcomes mean, SD, median, minimum 
and maximum (Table 1). The non-parametrically distributed 
outcomes were analyzed using GraphPad Prism 7.0 statis-
tical software. The Wilcoxon signed-rank test to evaluate 
significant differences between unaided (pre-OP), previ-
ous HA aided, and Bonebridge aided (post-OP) pure-tone, 
sound-field, SRT50 and SPRINT outcomes was applied. 
Scores from the SSQ12 were analysed using the one-sample 
Wilcoxon signed-rank test to test for significant difference. 

Fig. 1   Overview of the main 
differences of the BCI devices 
(left) colum shows the BCI 601 
and (right) colum depicits the 
BCI602 characteristics which 
are different (unmentioned 
characteristics are identical). 
(implant pictures courtesy of 
MED-EL)

Fig. 2   Speech Audiometry outcomes presented in box-plots showing 
outcomes for the total cohort (left) speech reception measurements 
in noise SPRINT (%) (right) results for measurements in quiet using 
SRT50 (dB). White boxes represent the pre-operative, and the grey 
box the aided condition: mean, median and SD. Circles show indi-

vidual values of BCI601 and squares individual outcomes of BCI602 
users. Pre-OP values are depicited in full and post-OP values in open 
symbols. Numbers next to the respective individuls represent the age 
at implantation
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Speech audiometry (Fig. 2) as well as Questionnaire out-
come (Fig. 3) are displayed in Box-plots with the ends of the 
box representing the upper and lower quartiles (interquartile 
range), the vertical line inside the box marks the median and 
the whiskers extend from the highest to the lowest observa-
tion. The individual outcomes are displayed as circles or 
square within the box-plot. The localisation outcomes were 
analysed using R Statistical Computing Environment using 
the metafor package [17]. Stimulus response plots were gen-
erated for the unaided vs the aided condition and the results 

of the stimulus response relationship was quantified by the 
line of best fit. The correct answers with sound stimulus 
from the front were separated from the sounds coming from 
the back and a Pearson’s R score was generated to test for the 
correlation efficiency. The Root Mean Square Localisation 
Error (RMSE) was calculated as a function of unaided ver-
sus aided conditions, for both implant generations separated 
as well as for signals presented from the back and from the 
front (°) (Table 3; Fig. 4).

Results

In total, ten paediatric patients suffering from CHL [with 
the majority of the children suffering from aural atre-
sia (n = 9)] and two from SSD were included. Five were 
implanted with the BCI601 and seven with the BCI602 
(MED-EL, Innsbruck, Austria). The two SSD subjects 
have each received a BCI601 and a BCI602. The study 
cohort comprised of six females and six males. The 
mean age at implantation was 12 ± 3.5 years, ranging 
from the youngest with 6 years up to 19 years of age. 
Prior to surgery all subjects trialled different Bone Con-
duction Hearing Devices, such as the ADHEAR, BAHA 
Softband, Cross Hearing and Contact Mini. Even though 
Soundfield outcomes with the previous HA were quite 
satisfying (Fig. 5), most of the users either opted for an 
implantable solution due to cosmetic issues, or because 
speech understanding was, especially in challenging 
situations (classroom, sports, etc.), difficult. The study 
population received unilateral implantation, even though 

Fig. 3   Speech, Spatial Qualities of Hearing (SSQ12). Subscores of 
speech, spatial hearing and perceptive qualities as well as the total 
score comparing pre-OP to post-OP results. Horizontal lines denote 
the median. There was a highly statistically significant improve-
ment in each subscore. Circles show individual values of BCI601 
and squares individual outcomes of BCI602 users. Pre-OP values are 
depicited in full and post-OP values in open symbols

Table 1   Patient demographics

PTA denotes the pure-tone average threshold for 0.5. 1. 2. and 4 kHz in dB HL
AA aural atresia, AC air conduction, BC bone conduction, CWD canal wall down, F female, L left, M male, 
R right, HA hearing aid

ID Age (y) Sex Side PTA
Ipsilateral 
(dB HL)

PTA
Contralateral 
(dB HL)

Etiology Previous HA

AC BC AC BC

P1 11 M R 59 10 60 9 AA BILAT BAHA Soft/ ADHEAR
P2 14 F L 58 10 20 8 AA LEFT ADHEAR
P3 16 F R 59 10 18 10 AA RIGHT ADHEAR
P4 11 F L 60 20 45 20 AA BILAT BAHA Softband
P5 12 F R 110 80 10 0 SSD RIGHT Cross. ADHEAR
P6 6 F L 58 11 46 10 AA RIGHT BAHA Softband
P7 19 M L 101 85 21 15 SSD LEFT Cross. ADHEAR
P8 9 M L 54 8 20 5 AA LEFT ADHEAR
P9 10 M R 68 8 13 8 AA RIGHT ADHEAR
P10 13 M R 69 16 86 27 CWD BILAT Cross
P11 8 F L 64 14 64 16 AA BILAT BAHA Softband
P12 15 M L 60 8 16 9 AA LEFT Contact mini
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four suffered from bilateral hearing loss. At the time of 
last follow-up, the average experience with the device 
was 15.6 ± 8.2 months, with a maximum of 30 months 
(BCI601) and a minimum of 6 months after implantation. 

Detailed demographical information is summarised in 
Table 1, and Table 2 describes surgical and post-OP com-
plication details.

Fig.4   The localisation ability. The accuracy of sound localisation in 
the horizontal plane in the unaided (left) and aided condition (right) 
[front (top) vs. back (bottom) sound source] is displayed. The speaker 
position is given in degrees (°) on the x-axis and is plotted against the 

answers of the users on the y-axis. Black dotted line indicates normal-
hearing outcomes and Pearson R gives the correlation effectiveness, 
respectively of the device generation used. Circles show individual 
values of BCI601and squares individual outcomes of BCI602 users

Fig.5   The BCI601 and BCI602 
Soundfield measures for the 
BCI601 (left) and for the 
BCI602 (right). Symbols and 
lines indicate the mean pre-op 
AC, previous Hearing Aid (HA) 
and post-operative Bonebridge 
aided situation, respectively
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Surgical outcomes and complications

For the BCI601, optimal placement of the BC-FMT was 
planned via pre-OP CT scans using the 3-d planning soft-
ware BBFastView of the temporal bone (kindly provided of 
MED-EL). In all patients, the transmastoidal (TM) approach 
was carried out. For the BCI602 placement, only pre-OP 
CT scans were visually inspected without further planning. 
No complications occurred during surgery. BCI lift was 
used only in one patient implanted with a BCI601. In four 
subjects, the emergency screw had to be used because of 
an inferiorly localised screw due to a highly pneumatised 
mastoid tip and thin superficial bone. In two patients, the 
dura was exposed (BCI601 and BCI602) and compressed 
by 1 mm. The sigmoid sinus was compressed in one patient 
(BCI601). Detailed peri-operative course and device models 
BCI601 or BCI602 are depicted in Table 2. Only one patient 
with Eustachian tube dysfunction and significantly lower 
weight (BMI—Body Mass Index—16) experienced a local 
complication one year after surgery. The female adolescent 
(16 years of age at implantation) developed a retroauricular 
emphysema above the implant, communicating through the 
auditus ad antrum and mastoid to the subcutaneous tissue. 
This late complication was solved by suction of air bubbles 
from the pocket and by sealing the artificial opening around 
BC-FMT with fat from the earlobe and fibrin glue. Since the 
revision, no further air has accumulated in the retroauricu-
lar area and the implant has been fully functional [18]. No 
patient-reported pain or irritation of the skin at or around 
the implant side.

Objective‑audiology results

The outcomes of the two SSD subjects reported pre-OP 
mean in SRT50 of 52.5 ± 17.1 which improved to 30 ± 14.1 
after Bonebridge treatment (one device generation each). 
The mean SPRINT outcomes exhibited pre-operative mean 
level of 80 ± 14.14% and improved to a mean of 100% after 
implantation. The pre-OP SF was 39 ± 1.8 dB HL and with 
previous HA 26 ± 0.88 dB HL and improved to 22 ± 0.88 dB 
HL. Due to the low number and the equally distributed out-
comes, the SSD subjects were not separately according to 
their device analysed nor was statistical analysis possible. 
The analysis of the CHL cohort implanted with the BCI601 
resulted in a significant improvement from the mean pre-
OP value of hearing threshold in sound field of 48.00 ± 6.6 
compared to the BB-aided condition 23.00 ± 3.7 dB HL 
(P = 0.098), but was not significantly different when com-
pared to previous hearing aids used 28.0 ± 2.4 (P = 0.125) 
(Table 3). The analysis for the BCI601 implanted subjects 
resulted in a significant improvement from the mean pre-OP 
value of hearing threshold in sound field (SF) of 53.00 ± 12.0 
compared to the aided condition with 25.00 ± 4.1 dB HL 
(P = 0.036) and was significantly different when compared to 
previous hearing aids used 29.0 ± 5.5 (P = 0.036) (Table 3). 
Differences were also seen across the frequencies, espe-
cially the benefit of amplification at 0.5 and 1 kHz was more 
beneficial in the BCI602 cohort compared to the BCI 601 
(Fig. 5). The average functional gain with the BCI601 was 
of 25.0 ± 5.15 dB and with the BCI602 the results exhibited 
28.0 ± 8.05 dB. The BCI601 aided mean value measured in 

Table 3   Objective: soundfield/speech audiometr

Device test n time point Mean SD Median Min Max p-value1

BCI601

PTA4 AC

5 pre-OP 48.0 6.6 43.0 58.0 47.0
0.125 0.098

5 previous HA 28.0 2.4 26.0 31.0 28.0
0.125

5 post-OP 23.0 3.7 19.0 28.0 23.0

BCI602

6 pre-OP 53.0 12.0 40.0 68.0 52.0
0.036 0.036

6 previous HA 29.0 5.5 20.0 35.0 30.0 0.036
6 post-OP 25.0 4.1 19.0 30.0 25.0

BCI601

SRT50 (dB)

4 pre-OP 57.5 11.9 45.0 70.0 57.5
0.125 pre- vs post-

OP

0.006

4 post-OP 34.3 11.2 23.0 47.0 33.5

BCI602
6 pre-OP 67.0 9.6 50.0 75.0 70.0

0.031
6 post-OP 33.2 7.4 20.0 40.0 33.5

BCI601
SPRINT 

(%)

2 pre-OP 85.0 7.1 80.0 90.0 85.0
N/A pre- vs post-

OP

0.038

2 post-OP 90.0 0.0 90.0 90.0 90.0

BCI602
5 pre-OP 83.3 15.3 70.0 100.0 80.0

0.346
5 post-OP 90.0 10.0 80.0 100.0 90.0

front RMS front back RMS back Pearsons correlation p
BCI601

Localisation

ability

2 pre-OP R= 0.51 34.5° R= 0.65 32° p= 3.6e-05; p= 2.7e-08

2 post-OP R=0.9 17° R=0.88 15° p<2.2e-16; p<2.2e-16

BCI602 2 pre-OP R= 0.8 21.3° R= 0.68 31.1° p= 3.6e-14; p=3.8e-09

2 post-OP R=0.91 18.8° R=0.91 16.5° p<2.2e-16; p<2.2e-16;

SF sound field, SD standard deviation, SRT speech recognition threshold, SPRINT speech recognition in noise test, HA hearing aid; pre- vs post-
OP compares the total population
1 t test, Wilcoxon signed-rank test
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four individuals of SRT50 improved from 57.5 ± 11.9 dB in 
the unaided condition to 34.3 ± 11.2 dB in the aided condi-
tion (not significant, P = 0.125). For the six subject with the 
BCI 602, the mean SRT50 improved from 67.0 ± 9.6 dB in 
the unaided condition to 33.2 ± 7.4 dB in the aided condition 
(P = 0.031). Merging the ten subjects resulted in a highly 
significant improvement in SRT50 (P = 0.006).

The speech Speech Recognition in Noise Test (SPRINT) 
exhibited in the BCI601 cohort (n = 2) a mean of 85.0 ± 7.1% 
and improved to 90.0 ± 0.0% post-OP (statistics N/A). In 
the BCI602 study group, five subjects understood with the 
device 90% ± 10.0%, which improved from 83.3 ± 15.3 in the 
pre-OP condition. Only the total CHL cohort comprising of 
seven measured subjects showed a statistically significant 
improvement with a P value of 0.038.

Tests of sound-source localization were conducted in four 
subjects, two implanted with the BCI601 and two with the 
BCI602. Localization was tested in the aided and unaided 
condition and outcomes separated into sound presented from 
the front versus sound presented from the back. Figure 4 
displays the speaker position given in degrees (°) on the 
x-axis is plotted against the answers of the users, shown as 
the stimulus response plots. The correct answers with sound 
stimulus from the front barely correlated with the trend line 
resulting in a Pearson R of 0.51 for the BCI601 and with 
the BCI602 a Pearson R of 0.8 in the unaided condition 
was observed. These outcomes improved in the BCI601 
aided condition to R = 0.8 and R = 0.91. Sound localisation 
ability with the stimulus given from the back resulted in a 
correlation of the trend line in the BCI602 and BCI602 of 
R = 0.65 and R = 0.68 in the unaided conditon and improved 
to R = 0.88 and R = 0.91 in the aided conditon, respectively. 
The calculated root mean square error (RMSE) with sig-
nals from the front in the unaided condition was 34.5° and 
improved to 17° in the aided condtion for the BCI 601. Simi-
lar results were observed in the BCI602 implanted subjects 
with signals from the front (18.8° and 21.3°). Investigating 
the results for the BCI601 with signals presented from the 
back a RMSE of 32° was observed in the unaided condi-
tion which improved to 15° in the aided condition. Similar 
results were seen for the BCI602 subjects, were the RMSE 
improved from 31.1° when unaided to 16.5° in the aided 
situation (Table 3).

Subjective‑questionnaire results

The overall SSQ12 score for the total cohort revealed a 
highly significant subjective benefit (P = 0.0005) which 
was also seen for the subcategories of Speech, Spatial and 
Qualities of Hearing (P = 0.0019; P = 0.0005; P = 0.0019, 
respectively). The rating for the BCI601 implanted cohort 
was also significantly better when compared to the pre-OP 
condition (P = 0.063), which was rated even better in the 

BCI602 implanted study group (P = 0.031). The sames 
device-respective statistical significance was found in the 
subdomains of Speech, Spatial and Qualities of Hearing 
measured (Tables 3, 4).

Discussion

The primary goal of this study was to evaluate the audio-
logical benefits, quality of hearing and safety in children 
implanted with the Bonebridge implant system. Since the 
first implantation of the BCI601 in 2018, the patients report 
beneficial audiological outcomes, hence high patient satis-
faction, accompanied by low complications rates, very simi-
lar to those reported in the literature [8]. We were, therefore, 
obviously interested in investigating the new generation 
of the device, the BCI602, in our pediatric patient cohort 
as well as exploring possible differences between the two 
device generations.

Audiological performance tests were chosen to best 
reflect everyday hearing situations, hence real-life benefit. 
The beneficial rehabilitation of hearing should also be 
reflected in post-operative subjective evaluation of quality 
of hearing, which in in our experience was often lacking a 
correlation of objective measures, such as speech recep-
tion and/or localisation ability, and the patient’s objective 
expectations and self-assessment of their hearing abilities. 
We, therefore, utilized the Speech, Spatial and Qualities 
of Hearing via a short questionnaire (SSQ12). Pleasingly, 
our subjective audiological measures go hand in hand with 
the subjective, patients’ self-assessment: showing signifi-
cantly improved localisation abilities paired with signifi-
cantly improved dimension of spatial hearing in the ques-
tionnaire—outcomes apply for both device generations. 
On the other hand, we observed, that the pre-operative 
bone conduction hearing aid trial of up to three months 
was in terms of SF measurements quiet successful, none-
theless the patients still opted for an implantable solution. 
We conclude this from the fact (and after correspondence 
with the parents), that either the stigmatisation, especially 
in that particular age-group was too high (mean age at 
implantation was 12 ± 3.5 years), the speech understand-
ing, particularly in challenging environments such as 
classrooms and at parties, was not sufficient enough and/
or the wearing comfort was not given, as for most of those 
devices, except the ADHEAR, high pressure for optimal 
sound transmission through the skin is required [19]. A 
wide range of non-implantable devices were trialled, from 
the first pressure-free bone conduction hearing device, the 
ADHEAR to the well-known Softband versions of the 
BAHA, up to Mini Contact (Table 1). Even though the 
benefit with the trial-devices was significant compared to 
the unaided condition, the rehabilitation was not as 
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significant and satisfactory in all tests applied, subjective 
as well as objective, compared to the post-operative out-
comes for both bone conduction implant device genera-
tions. Outcomes reported in the literature form children 
reached an average aided sound field threshold close to 
normal hearing with the BCI601, i.e. 24 dB HL for 67 
implants [20–22] which is similar to our observations 
(23.0 ± 3.7 dB HL and 25.0 ± 4.1 dB HL). The Speech per-
ception in quiet (SRT50) resulted in significant benefit of 
11% for both generations (P = 0.0382). The SRT50 signifi-
cantly improved in the BCI602 group with an average gain 
of 33.8 dB after implantation. The lack of significant ben-
efit in the BCI601 group, even though the outcomes 
improved to 34.3 dB (gain 23.2 dB) may be again due to 
the relatively low number of subjects (n = 4). Nonetheless, 
these outcomes are in accordance with the recent reported 
literature [8]. The patients with the lowest hearing benefit 
were not those suffering from SSD, but not surprisingly 
the ones implanted late (aged 14 and 16 at time of implan-
tation), this is applicable for both device groups. Our 
results showed improvement of functional hearing after 
Bonebridge implantation in all twelve cases, independent 
of device generation and aetiology. Outcomes in children 
(subjects 18 years or younger) implanted with the BCI601 
were reported only in a handful of publications [23]. Zer-
notti et  al. investigated 14 congenital atresia patients 
implanted with the, at the time only available, active 
BCI601 and reported significant improvements in hearing 

thresholds and word recognition scores accompanied with 
low complication rates. Magele et al. reported from six 
studies in their meta-analysis on children with CHL or 
MHL an average FG of 34 dB [8, 24–26]. Especially, the 
sound localization ability, which was investigated with 
white noise presented at a level of 40 dB SPL from rand-
omized angles of − 90°, − 45°, 0°, 45°, or 90° showed 
very pleasing results for both the testet cohort of CHL 
cases. Sound localization performance was quantified 
using the RMS error and revealed a benefit from the 
unaided to the aided conditon of almost 20° for both gen-
erations together. Surprisingly, Weiss et al. found no sig-
nificant difference between the unaided and Bonebridge 
aided conditions for auditory localization in the horizontal 
plane in 18 subjects, which might be due to the seven loud-
speaker set-up which might have been for the given task 
too close together [27]. Vyskocil et al. on the other hand 
found in five users that the Bonebridge improved sound 
localization significantly and that the benefit concerning 
sound-source localization was depended on the location of 
the sound source [28]. Our results showed no location of 
sound dependent outcome, at least not in the aided condi-
tion. Currently, subject numbers are too small to draw 
conclusions on the benefit of sound localization in the 
aided situation, but results clearly show less wrong 
answers in the aided condtion for both, the BCI601 as well 
as for the BCI602. This can be clearly seen in Fig. 4, 
where the respective quadrant of the left/right ear wrong 

Table 4   SUBJECTIVE: Questionnaire results

SSQ12

Device test n
time 
point Mean SD

Medi
an Min Max p-value1

BCI601

Speech

5
pre-op 5.1 2.9 6.3 0.7 7.7 0.063

pre- vs post-

OP

0.0019

post-op 8.6 1.2 8.6 7.1 10.0

BCI602 6
pre-op 5.9 1.7 5.6 4.1 8.1

0.031
post-op 8.6 1.6 8.8 5.6 10.0

BCI601

Spatial

5
pre-op 3.1 2.7 3.6 0.0 6.5

0.063 pre- vs post-

OP

0.0005

post-op 6.7 3.1 8.2 2.0 9.7

BCI602 6
pre-op 5.9 1.7 5.6 4.1 8.1

0.031
post-op 8.6 1.6 8.8 5.6 10.0

BCI601

Quality

5
pre-op 5.9 2.7 7.2 1.4 8.2

0.063 pre- vs post-

OP 

0.0019

post-op 9.1 1.0 9.5 7.3 9.9

BCI602 6
pre-op 6.3 1.9 6.7 3.3 8.5

0.031
post-op 9.3 0.5 9.3 8.7 9.8

BCI601

Overall

5
pre-op 4.6 2.6 5.9 0.6 7.1

0.063 pre- vs post-

OP 

0.0005

post-op 8.0 1.8 8.6 5.1 9.8

BCI602 6
pre-op 5.2 1.8 4.1 3.9 7.7

0.031
post-op 8.2 1.6 8.7 5.8 9.6

1   t test. Wilcoxon signed-rank test; pre- vs post-OP compares the total population
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answers is almost empty (upper left and lower right side). 
Very pleasing are the correlating results of the objective 
audiological measures when compared to the subjective 
impression of the young patients themselves. We analysed 
data from the SSQ12 questionnaire revealing improved 
hearing in all measured dimensions: speech, spatial, quali-
ties of hearing, hence the overall—hearing-related QoL 
after Bonebridge implantation in children with CHL or 
SSD. Needless to say, that the advantages of the Bone-
bridge system are especially beneficial for children, in 
which the thickness and dimensions of the skull bone are 
not sufficiently strong. Additionally, in difficult anatomies, 
surgeons might be confronted with dura mater and/or sig-
moid sinus exposure which may require to gain space for 
the BC-FMT by compressing the dura and/or sinus. The 
study by Vyskocil and colleagues systematically evaluated 
the audiological outcomes of patients the BCI601 directly 
coupled to the dura and/or sinus and concluded, that direct 
stimulation of the soft tissue structures under the skull 
provides satisfactory hearing outcomes without adverse 
events reported [29]. The first generation, BCI601, has 
already demonstrated lower incidence of skin complica-
tions in comparison with other BAHDs [8, 22, 30, 31] and 
it is expected to be similar or even better due to the 
reduced size in the new generation, the BCI602. The inci-
dence of post-operative pain also has been reported as 
relatively low for the BCI601 [32], such complaints were 
not reported in our cohort, neither for the BCI601 nor for 
the BCI602. Among our patients, high satisfaction with 
the audiological benefit is communicated; comfort- and 
improved aesthetics of the Bonebridge with its low profile, 
especially in comparison to the pre-OP trial-devices, is 
reported, which is in coherent with the literature [33–40]. 
Most children also report very good results in communica-
tion and using the audio processor on a day-to-day basis, 
while parents especially appreciate the improvement in 
social interactions and speech development [30, 33, 34]. 
From a surgical perspective, the second-generation 
BCI602 was engineered from the ground up to deliver 
optimal surgical handling and reliable implant fixation. As 
compared to the previous model BCI601, the new BCI602 
provides nearly 50% less drilling depth due to reduction 
of the BC-FMT thickness from 8.7 to 4.5 mm and flexible 
implant positioning, which opens up new possibilities for 
difficult pathologies up to implanting children younger 
than the age of five including a wide range of anatomies 
and underlying pathologies [7]. The main surgical 
approach in the literature is the transmastoid implantation, 
which is also the method of choice for our patient cohort. 
It proved to be easy, safe and proved satisfactory outcomes 
in our implanted subjects. In unfavourable anatomical con-
ditions a retrosigmoid approach is chosen [41], the other 
option is middle fossa approach [8, 42]. So far, the only 

study from Canada in 2020 shows that there is no signifi-
cant difference between the location of FMT transmas-
toidly or retrosigmoidally, as well as the use of different 
types of cortical fixation screws and lifts [42].

Most of the reports in the literature on the results of 
Bonebridge implantation in children have employed small 
study groups with a maximum of up to 20 patients. Our 
report uses a similar sample size, which is limitation of the 
study and further investigations with higher subject num-
bers should be employed in the future. Such reports might 
be brought together as part of a meta-analysis which could 
draw much stronger conclusions about the safety, efficacy 
and effectiveness of this solution for children.

Conclusion

All children, as well as their parents, were very satisfied 
with both implanted generations of the Bonebridge: the 
BCI601 and the BCI602. Sound-field audiometry, speech 
audiometry, speech audiometry in noise as well as localisa-
tion abilities showed a significant benefit after implantation. 
Subjective assessment of hearing quality as investigated via 
the SSQ12 improved significantly after implantation. The 
combination of the high safety and significant objective 
as well as subjective benefit makes the Bonebridge (both 
generations) a comfortable and effective option for hearing 
rehabilitation in children suffering from CHL or SSD.
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