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Abstract

Purpose First-generation bone bridges (BBs) have demonstrated favorable safety and audiological benefits in patients with
conductive hearing loss. However, studies on the effects of second-generation BBs are limited, especially among children.
In this study, we aimed to explore the surgical and audiological effects of second-generation BBs in patients with bilateral
congenital microtia.

Methods This single-center prospective study included nine Mandarin-speaking patients with bilateral microtia. All the
patients underwent BCI Generation 602 (BCI602; MED-EL, Innsbruck, Austria) implant surgery between September 2021
and June 2023. Audiological and sound localization tests were performed under unaided and BB-aided conditions.

Results The transmastoid and retrosigmoid sinus approaches were implemented in three and six patients, respectively. No
patient underwent preoperative planning, lifts were unnecessary, and no sigmoid sinus or dural compression occurred. The
mean function gain at 0.5-4.0 kHz was 28.06 +4.55-dB HL. The word recognition scores improved significantly in quiet
under the BB aided condition. Signal-to-noise ratio reduction by 10.56 +2.30 dB improved the speech reception threshold
in noise. Patients fitted with a unilateral BB demonstrated inferior sound source localization after the initial activation.
Conclusions Second-generation BBs are safe and effective for patients with bilateral congenital microtia and may be suitable
for children with mastoid hypoplasia without preoperative three-dimensional reconstruction.

Keywords Congenital microtia - Bone bridge - BCI602 - Hearing outcome - Sound source localization

Introduction

Microtia is a congenital anomaly of the ear that ranges in
severity from mild structural abnormalities to complete
absence of the ear. More than 90% of individuals with
microtia experience conductive hearing loss (CHL) on the
affected side, with an air-bone-conduction gap (ABG) of up
to approximately 60 dB HL [1, 2]. In patients with bilateral
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microtia, early hearing intervention, such as bone-conduc-
tion hearing aids, is important for providing adequate stimu-
lation for the development of the central auditory system.
Bone conduction implants are considered one of the best
options for improving hearing when a patient grows older
[3]. The first-generation bone bridge (BB), MED-EL (Aus-
tria), was introduced in 2012. It is a semi-implantable hear-
ing system comprising two major parts. The implantable part
contains a bone-conduction floating mass transducer (BC-
FMT) that applies vibrations directly to the bone, and the
external part is an audio processor that digitally processes
sound and sends information through the coil to the internal
part. The first-generation BB, BCI601, has demonstrated
favorable safety and significantly improved hearing thresh-
olds and speech perception in children with CHL [4, 5].
Congenital microtia is often accompanied by ana-
tomic malformations [6], such as mastoid hypoplasia,
sigmoid sinus antidisplacement, temporomandibular joint
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retroposition, and a low middle fossa tegmen plate, which
pose a challenge to the transducer’s implantation space.
The penetration depth due to the 8.7-mm FMT thickness of
BCI601 makes preoperative three-dimensional (3D) recon-
struction of the temporal bones and virtual 3D BC-FMT
models necessary, especially in children with microtia.

In patients with malformations, poorly pneumatized mas-
toids, and after canal wall-down surgery, BCI601 is associ-
ated with a considerable risk of depressing the sinus and/or
dura [7]. Furthermore, a lift is required to reduce the drilling
depth in patients with microtia [8]. The latest generation,
BCI602, addressed these disadvantages as it is almost half
as thick compared with the previous generation and allows
implantation with a 4.5-mm drilling depth; thus, render-
ing presurgical planning redundant and allowing for more
individual positioning options. Current research on BCI602
is mostly focused on adult patients with single-sided-deaf
(SSD) and mixed/conductive hearing loss (M/CHL). There
is a lack of research reports on the surgical effect and sound
source localization ability in children with bilateral CHL
[9, 10].

In this study, we aimed to share our surgical experience
associated with the novel BCI602 in patients with bilateral
congenital microtia. Moreover, using audiological evalua-
tion, we aimed to explore whether a decrease in FMT thick-
ness could maintain sufficient auditory gain in patients with
congenital microtia.

Table 1 Patient demographics

Materials and methods

Nine patients, including seven males and two females with
bilateral microtia and atresia, with a mean age of 9.78 (range
6-16) years, were included in this single-center prospective
study. All patients were Mandarin-speaking and underwent
BCI Generation 602 (BCI602; MED-EL, Innsbruck, Aus-
tria) implant surgery at [BLINDED FOR REVIEW] between
September 2021 and June 2023. This study was conducted in
accordance with the ethical standards of the 1964 Declara-
tion of Helsinki and its later amendments. Ethical approval
for the present study was obtained from the Institutional
Ethics Committee of our hospital (no. Z171100001017079).

The patient characteristics are presented in Table 1. The
inclusion criteria were as follows: (1) age > 5 years and
bilateral congenital malformations of the middle ear with
or without atresia; (2) air bone gap (ABG) > 60 dB HL,
bone-conduction threshold (BCT) < 20 dB HL between 0.25
and 4 kHz, and a BCT difference between both ears of < 15
dB HL; (4) patients with a Jahrsdoerfer score of < 7; (5)
no inner-ear malformation or central auditory processing
disorders; and (6) a sound understanding of Mandarin and
the ability to repeat words. Patients who did not meet these
criteria were excluded from the analysis.

Surgical intervention and test conditions

All the participants signed an informed consent form before
surgery. Preoperative computed tomography (CT) images
were obtained to evaluate the development of the patient’s
temporal bone and the Jahrsdoerfer score. The optimal surgi-
cal approach was selected based on preoperative CT findings

ID Age(y) Sex Microtia grade Implantside MeanAC, MeanBC,(dB MeanSFT, FG (dB HL) Etiology Previous hearing aids
(dBHL) HL) (dB HL)
Pre-op post-op  Pro-op post-
op
1 12 F I Right 61.25 8.75 8.75 60.00 36.25 23.75 Bil CAA BB Softband
2 14 M I Left 66.25 8.75 8.75 60.00 35.00 25.00 Bil CAA BB Softband
3 6 M 1 Right 61.25 3.75 250 62.50 33.75 28.75 Bil CAA BB Softband
4 7 M 1 Right 50.00 -6.00 —6.00 5250 23.75 28.75 Bil CAA BB Softband
5 7 M I Right 66.00 3.00 3.00 63.75 28.75 35.00 Bil CAA BB Softband
6 M I Right 65.00 200 200 625 375 2500 Bil CAA BB Softband
7 16 M I Right 64.5 1500 15.00 625 33.75 28.75 Bil CAA BB Softband
8 8 M I Right 66.00 500 500 56.25 33.75 225 Bil CAA BB Softband
9 10 F 1 Right 67.00 3.00 3.00 65 30 35.00 Bil CAA BB Softband

MeanAC,: Average air conduction thresholds at 0.5, 1.2, and 4 kHz in dB HL. MeanBC,: Average bone conduction thresholds at 0.5, 1.2, and
4 kHz in dB HL. MeanSFT,: Average free sound field thresholds at 0.5, 1.2, and 4 kHz in dB HL

CAA congenital aural atresia, F female, M male, pre-op pre-operation, post-op post-operation, Bil bilateral, y years, BB bone bridges
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and the original plastic incision. The implantation side of
the BB depended on the hearing threshold and the implant
space, which is determined by the skull development and
degree of mastoid pneumatization. The patients included in
this study had bilateral symmetrical CHL, and the choice of
implant side was mainly based on the development of the
bilateral temporal bone and patient's preference. For patients
with differences in bilateral temporal bone development, the
relatively well-developed side was chosen through the evalu-
ation of preoperative temporal bone CT, which can acquire a
larger surgical implant space. In patients with no significant
differences in binaural hearing and temporal bone develop-
ment, the implant side of the BB was freely chosen by the
patient and their family following preoperative soft band
trying. Some patients and their families chose the right side
for the convenience of wearing as they were right-handed.
The initial activation and fitting of the audio processor were
performed approximately 2 weeks after surgery, following
the complete disappearance of any swelling over the receiver
coil and magnet. Audiological and sound source localization
tests were performed under unaided conditions before sur-
gery and BB-aided conditions 1 month after surgery.

Hearing threshold and the speech perception test

Pure-tone audiometry (PTA), sound-field hearing thresh-
olds (SFTs), speech reception thresholds in noise (SRTs),
and word recognition scores (WRSs) under quiet conditions
were collected and compared. PTA was measured using a
US GSI-61 audiometer to determine the air threshold and
BCT at 0.25, 0.5, 1, 2, and 4 kHz. SFT was evaluated using
a trill presented from the front at 0.25, 0.5, 1, 2, and 4 kHz.
The average SFTs at 0.5, 1, 2, and 4 kHz were calculated
and compared. The SRT for noise presented at 65 dB was
determined using an adaptive test with speech and noise pro-
ceeding from the front and was expressed using the signal
noise ratio (SNR, dB), which is defined as the difference
between speech presentation and the noise level when the
patient achieves 50% speech recognition. The WRS under
quiet conditions was measured using Mandarin speech test
materials. Fifty monosyllabic words, 50 disyllabic words,
and 10 short sentences were dictated at a 65-dB sound pres-
sure level (SPL). The percentages of correctly identified
words and sentences were calculated.

Sound localization test

The sound localization test methods were consistent with
those in a previous study [11]. Briefly, seven loudspeakers
located at the front at +90°, with an average interval of 30°
for all loudspeakers, were positioned in a horizontal plane
in a sound-proof room. Patients wearing eye masks were
seated at 0° azimuth toward the middle of the loudspeaker.

The stimulus level was presented at 65-dB SPL with a level
roving of +5 dB. Each stimulus level was presented twice
in random order. Overall, 42 presentations were made for
each test condition. The patients were asked to indicate the
number of loudspeakers that presented the stimuli. Sound
localization was tested after BB activation in three patients.
In our study, the sound source localization test was based on
the premise that the sound could be received by the patients
(stimulus level > 65 dB SPL). Although patients aided by
a unilateral BB have lateralized sound source localization,
they achieved substantial hearing threshold benefits.

Statistical analysis

Data analysis was performed using SPSS® statistical soft-
ware version 22.0. Quantitative indicators were described as
mean + standard deviation (SD) or median (range). Normally
distributed data were analyzed using a paired-sample 7 test
and a repeated measures analysis of variance (ANOVA),
and non-normally distributed data were analyzed using a
Wilcoxon signed rank test. A P value less than 0.05 was
considered statistically significant. The localization accu-
racy was determined by calculating the mean absolute error
(MAE; see Eq. 1) between the response angle indicated by
the patient and the actual stimulus angle presented by the
loudspeaker. The best linear fit of the stimulus—response
relationship for azimuth was determined using Eq. (2),
where aRESP and aSTIM are the response and stimulus azi-
muths, respectively, expressed in degrees; b is the response
bias (offset in degrees); and g is the response gain (slope,
dimensionless). If all data points in the stimulus—response
plot formed a diagonal, resulting in an MAE < 10°, a gain
close to 1, and a bias close to 0, the patient was considered
a good performer.

n i i
P (04 4
MAE = zz—l | RESP STIM (1)
n
aRESP = g X agrpy + b. )
Results

Surgical approaches and complications

A footprint sizer was used to mark the position of the
implant on intact skin. A skin incision was made 0.5-1.0 cm
posterior to the latter helix or at the residual incision of the
aesthetic auricular reconstruction. A V-shaped incision was
made in the myofascial region of the temporalis. A sub-
periosteal pocket was created directly on the skull for the
coil and the size was verified using a footprint sizer. The
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thickness of the skin flap above the coil was limited to 7 mm.
A transducer sizer was used to outline the position and meas-
ure the depth of the implant bed for BC-FMT. A 4.5-mm
deep recess for the BC-FMT was drilled, and the bottom
and sides of the implant bed were examined to determine
whether exposure of the dura or sigmoid sinus was present.
Thereafter, the implant was bent according to the implant
position and skull curvature and placed in the implant bed.
To ensure that the fixation wings with anchor holes were
laid flat on the bone without any gaps or soft tissue, two
self-drilling screws were used to fix the implant through the
anchor holes. The planar position of the BC-FMT was veri-
fied by palpation, followed by wound closure. No lifts were
necessary among the nine patients, and no complications
occurred.

The mean overall surgery time was 34 (range 30—40) min.
The transmastoid approach was used in patients 1 (P1), 3

Fig. 1 The preoperative,
perioperative, and postop-
erative images of patient 2. a
Pre-operation image of patient
2 6 months after total auricu-
lar reconstruction using the
total expanded flap technique.
The surgical incision can

be observed posterior to the
hairline. b Post-operation
image of Patient 2 fitted with

a new generation bone bridge
processor (Samba 2). ¢ To avoid
creating another post-ear inci-
sion, the FMT was implanted
using the retrosigmoid approach
through the original plastic
incision. The implant bed was
drilled without the exposure of
the dura or sigmoid sinus. d The
FMT was implanted without the
use of lift. FMT floating mass
transducer
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(P3), and 4 (P4), and the retrosigmoid (RS) approach was
used in patients 2 (P2), 5 (P5), 6 (P6), 7 (P7), 8 (P8), and
9 (P9). None of the patients underwent preoperative 3D
planning for BCI602 or used a lift, and no sigmoid sinus
or dural compression occurred. P2, P5, P6, P7, P8, and P9
had already undergone aesthetic auricular reconstruction
using the skin-expanding method and had a residual inci-
sion (Fig. 1). To avoid creating a new postauricular inci-
sion, the FMT was implanted using the RS sinus approach
through a residual plastic incision. P3 exhibited bilateral
congenital aural atresia accompanied by mastoid hypoplasia.
We simulated the BCI601 implant using 3D reconstruction
(see Figure, Supplemental Digital Content 1). The BCI601
implant space in the mastoid area was limited by the BCI601
obviously protruding from the bone surface; thus, suggest-
ing the necessity of a lift for this patient, with a consid-
erable possibility of compression of the regional dura or
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sigmoid sinus. The patient was successfully implanted with
the BCI602 via the transmastoid approach without lifting,
and no compression occurred. Due to mastoid hypoplasia,
the sigmoid sinus was partially exposed but not compressed,
and there was no exposure of the dura mater. There was no
exposure of any sigmoid sinus or dura mater in the other
patients, except in P3.

Free SFT

The average preoperative pure tone audiometry thresh-
old of the patients was 63.67 +5.92 dB on the left side
and 62.39+4.95 dB on the right side, with no difference
in hearing threshold between bilateral ears (paired sam-
ples t test, P<0.01). The difference between the pre-and
post-operative BCTs of the patients was within 5-dB of
HL (Table 1), suggesting that BCI602 implantation was a
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Fig.2 Unaided and BB aided frequency-specified sound field thresh-
olds of the patients. BB bone bridges

safe surgical approach. The mean SFTs of the patients were
60.56 +3.96-dB HL and 32.50+4.28-dB HL under unaided
and BB-aided conditions, respectively. The mean function
gain at 0.5-4.0 kHz was 28.06 +4.55-dB HL (Table 1).
The frequency-specified sound field thresholds for differ-
ent listening conditions are shown in Fig. 2. The average
functional gain at 1.0 and 4.0 kHz was higher than that at
other frequencies, with mean values of 32.78 +7.95-dB
HL and 32.22 +6.18-dB HL, respectively (paired samples ¢
test, P <0.05). The mean FG was lowest at 0.25 kHz, with
a mean value of 16.11 +9.61-dB HL (paired samples 7 test,
P<0.01).

Speech reception scores

The WRSs under quiet conditions are shown in Fig. 3.
The mean monosyllabic, disyllabic, and sentence WRSs
were 1.78 +3.67%, 4.44+9.32%, and 11.11 +24.64%,
respectively, under unaided conditions. These values sig-
nificantly improved to 78.55+11.13%, 90.67 +8.89%, and
99.11 £2.67%, respectively, under BB-aided conditions. The
mean gains for monosyllabic words, disyllabic words, and
sentences were 77%, 86%, and 88%, respectively. The mean
SRT in noise of the patients was 9.78 +1.92-dB SNR under
“unaided” conditions and — 0.8 +0.97-dB SNR under BB-
aided conditions. The SRT in noise was improved by lower-
ing the SNR by a mean value of 10.56 +2.30-dB SNR with
BB upon activation (Wilcoxon signed rank test, P <0.05).

Sound localization

The mean unaided MAE of the children with CHL was
36.83+16.74°. Under “aided” conditions, the mean MAE
was 70.32 +10.67°. Patients in the unaided condition
exhibited superior directional hearing and a lower MAE
than those with unilateral fitting (paired samples ¢ test,

Fig.3 Unaided and BB aided — 15 150
speech intelligibility of patients. & ] ‘ | *BB-on
a Speech reception thresholds n 9 . :
(SRTs) of the patients under g 10 % 5 100 . _3:_ L Unaided
noisy circumstances in unaided @ i 'g_ ] _% .
and BB-aided conditions. b 'é c .
Mean word recognition scores £ 5 @ 507
(WRSs). SNR signal-to-noise '_.?, 4 n;: J . B
ratio, BB bone bridges ] . —_—
i 1dges % 0_—E',=£— ...... 0+ - i ... SEEEE o< mmammm s
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P <0.05). The sound source localization under the BB
aided condition at three sound intensities (65, 70, and 75 dB)
was 70.00+16.18, 69.29 +15.11, and 71.67+9.65 dB,
respectively. In the unaided condition, the MAE values
at 65, 70, and 75 were 49.52 +15.58, 35.48 +19.23, and
25.48 +20.00 dB, respectively. The patients showed the
best localization performance when a suprathreshold sound
intensity of 75 dB was applied (repeated measures ANOVA,
P <0.05). However, there was no significant difference in
sound source localization ability under the BB-aided condi-
tion among the different sound intensities (repeated meas-
ures ANOVA, P>0.05) (Fig. 4).

The localization results under the unaided and aided con-
ditions are shown by the stimulus-response plots displayed
in Fig. 5. There were individual differences in sound locali-
zation among patients. Patients P5 and P9 exhibited poor
sound localization under the unaided condition. The hearing
threshold of the two patients before surgery was relatively
poor; the preoperative hearing thresholds were 63.75 and
65 dB, respectively. Except for P3, P5, and P9, the gains of
the patients in the unaided condition were better (close to
1) than those in the BB-aided condition. Sound localization
was biased toward the implantation side in all patients (a
negative bias value represents left lateralization; a positive
bias value represents right lateralization).

Discussion

The dimensions of the BC-FMT are based on the limita-
tions of the implant space and the requirement for adequate
vibration. The optimized geometry of the transducer has
two main advantages. First, the decreased implant depth
expands the anatomical indications and makes it more suit-
able for patients with congenital microtia, who often have
limited implant space due to mastoid hypoplasia. Based on

©® Unaided
120 BB-aided

MAE (deg)

Fig.4 The sound source localization at three sound intensities (65,
70, and 75). BB bone bridges, MAE mean absolute error
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3D reconstructions, the BCI-601 can be adequately fitted
in < 50% of children < 8 years of age, while the BCI 602
can be virtually implanted in 100% of patients aged > 12
years and in 75% of children aged 3-5 years [12]. Consid-
ering congenital microtia is always accompanied by a lim-
ited implant space resulting from temporal bone dysplasia,
BCI601 implantation in these patients often requires detailed
preoperative CT-based surgical planning. Additionally, alter-
native surgical approaches, such as the middle fossa or RS
approaches, were selected, which may occasionally be nec-
essary to compress the dura and distance the microphone
from the pinna [13, 14].

Second, the decreased thickness reduced the usage of the
lift and exposure of the sinus and dura. The use of lifts and
sigmoid sinuses or dura compression is necessary to accom-
modate the BCI601 in most cases [15]. With the BCI601, it
is almost always necessary to expose and even compress the
regional dura or sigmoid sinus, especially in younger chil-
dren and difficult cases [12, 16]. In a previous study of 110
patients with bilateral congenital microtia, a lift was used in
38% of patients during BCI601 implantation, and 39% had
dural and/or sigmoid sinus compression [8]. In this study,
no lift was used, and no compression of the dura or sigmoid
sinus occurred in either the transmastoid or RS approach.
Only patient P3, who had bilateral mastoid hypoplasia with
limited implant space in the mastoid area for BCI601, was
successfully implanted with the BCI602 via the transmastoid
approach with dural exposure without compression.

The resonance frequency is indirectly and exponentially
related to the mass of the BC-FMT [7]. The volume of the
BC-FMT is crucial for achieving adequate skull accelera-
tion; therefore, a lower penetration depth of the BC-FMT
into the temporal bone requires a larger BC-FMT diameter to
ensure adequate acceleration. The novel BCI addresses this
problem by increasing the diameter to 2.4 mm and partially
translocating the BC-FMT above the skull surface.

Through an audiological evaluation, we verified whether
sufficient functional gain was achieved. Previous studies on
individuals with CHL, mixed hearing loss, and single-sided
deafness demonstrated that the mean FG with BCI602 at
activation was 25- to 28.0-dB HL [9, 17]. In our study on
bilateral microtia, this value was 28.06 +4.55-dB HL. Previ-
ous studies have shown that the BCI601 has greater hearing
gain at high frequencies [18]. In this test, the mean FG was
lowest at 0.25 kHz, with mean value of 16.11+9.61-dB HL,
and was better at 1.0 kHz and 4.0 kHz, with mean values of
32.78 +£7.95-dB HL and 32.22 +6.18-dB HL, respectively;
however, a longer follow-up and larger sample are required.

Speech intelligibility significantly improved in all patients
after BCI602 implantation. The mean gains for monosyl-
labic words, disyllabic words, and sentences were 77%, 86%,
and 88%, respectively. The SRT in noise was improved by
lowering the SNR by a mean value of 10.56 +2.30-dB SNR
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Fig.5 Sound-localization target-response plots of the patients. Linear regression is represented by solid lines of different colors under different
testing conditions, that is, the unaided (red) and BB-aided (blue) conditions. BB bone bridges

with BB upon activation (P <0.05). Research on BCI602
implantation in 13 adults and 10 children with either CHL
or MHL showed a 7.02 dB improvement in the mean SRT
in noise and 68.0% in the WRS in quiet conditions [19].
Sprinzl et al. [9] reported significantly increased FG and
speech intelligibility in patients with M/CHL after 3 months,
suggesting that further improvement may occur over time.
In our study, the sound source localization ability during
activation was worse than that under unaided conditions. With
unilateral fitting, patients with bilateral CHL demonstrated dif-
ficulties discriminating horizontal sound positions and tended
to be biased toward the implantation side when identifying the
sound source. The reasons for this are as follows. First, when
only one BB was applied, the stimulated vibrations were trans-
mitted to the bilateral cochleae with only minimal differences
in the level and time delay. Cross-stimulation interferes with
the interaural time or intensity differences, thereby reducing

the individuals’ ability to extract binaural cues [20]. Second,
the phenomenon of sound source localization bias may be
worse during activation and can be improved after long-term
adaptation and training.

In summary, the geometric changes and use of the device’s
self-drilling screws improved surgical handling and reduced
sigmoid sinus or dura compression and lift use. Patients with
congenital microtia benefited significantly from the BCI602
treatment in terms of safety and audiological performance.

Methodological considerations
and limitations

The implantation of this new generation was first reported

globally in 2019 and introduced in China in 2021; there-
fore, this study is a preliminary report on the application of
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this novel implant. However, this study only included nine
patients; hence, further large-sample studies are warranted.
Although the audiological results demonstrated significant
hearing benefits, long-term results, especially of speech
intelligibility in noise and sound source localization, require
further evaluation over time.

Conclusion

Second-generation BBs are safe and effective solutions for
hearing reconstruction in patients with bilateral congenital
microtia. With optimization of the FMT, it can be safely
applied to children with mastoid hypoplasia, without preop-
erative 3D reconstruction of the temporal bones, and poten-
tially yields satisfactory audiological gain.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00405-024-08523-1.
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