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Abstract

Purpose Aim of the study was to evaluate the surgical, clinical and audiological outcome of 32 implantations of the Bone-
bridge, a semi-implantable transcutaneous active bone conduction implant.

Methods In a retrospective cohort study, we analyzed data for 32 implantations in 31 patients (one bilateral case; seven
age < 16 years) with conductive or mixed hearing loss, malformations, after multiple ear surgery, or with single-sided deaf-
ness as contralateral routing of signal (CROS).

Results Four implantations were done as CROS. Five cases were simultaneously planned with ear prosthesis anchors, and
23 implantations (72%) were planned through three-dimensional (3D) “virtual surgery.” In all 3D-planned cases, the implant
could be placed as expected. For implant-related complications, rates were 12.5% for minor and 3.1% for major complica-
tions. Implantation significantly improved mean sound field thresholds from a preoperative 60 dB HL (SD 12) to 33 dB HL
(SD 6) at 3 postoperative months and 34 dB HL (SD 6) at> 11 postoperative months (p <0.0001). Word recognition score in
quiet at 65 dB SPL improved from 11% (SD 20) preoperatively to 74% (SD 19) at 3 months and 83% (SD 15) at> 11 months
(p<0.0001). The speech reception threshold in noise improved from —1.01 dB unaided to —2.69 dB best-aided (p =0.0018).
Conclusion We found a clinically relevant audiological benefit with Bonebridge. To overcome anatomical challenges, we
recommend preoperative 3D planning in small and hypoplastic mastoids, children, ear malformation, and simultaneous
implantation of ear prosthesis anchors and after multiple ear surgery.

Keywords Transcutaneous hearing implant - Bone-anchored hearing aid - Bone conduction implant - Conductive hearing
loss - Mixed hearing loss

Introduction

In 2012, the Bonebridge (BCI 601) was introduced by MED-
EL, Innsbruck, Austria. This semi-implantable, active, trans-
cutaneous bone conduction (BC) hearing device came into
widespread use in the treatment of conductive and mixed
hearing loss or in single-sided deafness (SSD). Two years
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after it debuted, more than 200 centers worldwide had used
it [1].

The implantable part of the Bonebridge consists of the
floating mass transducer (FMT), the demodulator, and a coil
for receiving data from the sound processor, which is held
outside on the skin surface by a magnet in the receiver coil.
Thus, no skin penetration is necessary for sound transmis-
sion, representing a major advantage compared to percuta-
neous active BC devices in use for the same indication for
more than 30 years [2]. Skin penetration has been associated
with higher risks of wound infections and complications [3].
Speech recognition and sound field threshold outcomes of
the Bonebridge and bone-anchored hearing solutions can be
considered equivalent [4].

The designated site for implantation of the FMT is the
mastoid (sinodural angle or retrosigmoidal). Placement in
the squamous portion of the temporal bone also has been

@ Springer


http://orcid.org/0000-0001-5861-1312
http://crossmark.crossref.org/dialog/?doi=10.1007/s00405-021-06626-7&domain=pdf

102

European Archives of Oto-Rhino-Laryngology (2022) 279:101-113

described [5]. The FMT is fixed in the temporal bone with
two screws that do not require osseointegration and that
transmit the vibrations from the FMT to the bone. A detailed
description of the surgical procedure has been published pre-
viously [1, 6, 7].

Following the manufacturer’s guidelines, the Bonebridge
is indicated for the following: conductive or mixed hearing
loss with BC thresholds < 45 dB HL (4PTAg.); as a con-
tralateral routing device in cases of SSD; with insufficient
hearing rehabilitation after (multiple) tympanoplasty; after
canal wall down mastoidectomy; in otitis media and externa,
when conventional hearing rehabilitation is not possible; and
in malformations [1, 8]. In the European Union, the device
is CE-approved for patients age 5 years and older.

Although this implant offers obvious advantages as an
active BC implant without skin penetration, the dimensions
of the cylindrical FMT (8.7 mm depth, 15.8 mm diameter)
can be a limitation regarding its surgical applicability. For
this reason, careful preoperative planning based on com-
puted tomography (CT) scan data of the temporal bone is
required for evaluation of implantability and to avoid a rel-
evant impression of intracranial soft tissue structures such
as the dura mater and sigmoid sinus.

The aim of this study was to evaluate the surgical, clinical
and functional outcome for patients who received the device
in our implant center from June 2012 until May 2019.

Methods
Patients

We retrospectively analyzed the data for all cases involving
Bonebridge implantations (BCI 601, MED-EL, Innsbruck,
Austria) in our department, a tertiary referral center, from
June 2012 to May 2019. Our analysis included medical his-
tory, indication, preoperative planning, surgery, and short-
and long-term clinical and audiological outcomes. The study
was conducted with the approval of the local ethics commit-
tee (No. 2019-123) and in accordance with the Declaration
of Helsinki.

Surgery and Preoperative Planning

All implantations were carried out by the same surgeon
(SKP) as an in-patient-procedure under general anesthesia.
For determining the optimal implant position, preoperative
planning was performed as “virtual surgery” with Amira
software (FEI Visualization Sciences Group, Burlington,
USA) using three-dimensional (3D) reconstructed models
of the implant and the temporal bone based on CT scan data
(Fig. 1). Referring to anatomical landmarks, the designated
FMT position was translated to the intraoperative situation.

@ Springer

A detailed description of the 3D planning method was
reported elsewhere [6]. Surgery was conducted as instructed
in the manufacturer’s handbook respecting standard princi-
ples of temporal bone/middle ear surgery.

After an adequate healing period, an Amadé, or, after its
market introduction, a Samba audio processor was applied
and fitted using Symfit within Connexx software (Sivantos
GmbH under Trademark License of Siemens AG, Erlangen,
Germany).

Audiological Assessment

Pure-tone thresholds were measured for air conduction (AC)
and BC before surgery and at 1-3 months and > 11 months
(long term) after surgery. Postoperatively, aided thresholds
were measured using warble tones. Speech recognition for
monosyllabic words and multisyllabic numbers in quiet was
measured using the German Freiburg or Mainz speech per-
ception tests at 65 dB SPL (WRSs). Before surgery, we
measured speech recognition for the unaided and best-aided
conditions, and we made these measurements after surgery
using the respective audio processor. Speech recognition in
noise was measured with the German Oldenburg matrix test
(HorTech GmbH, Oldenburg, Germany) for adults or chil-
dren. The 50% speech reception threshold in a constant noise
level of 65 dB SPL (SRT,,;,.) Was measured postoperatively
with speech and noise presented from the front (SyN;) in
aided and unaided conditions.

In situ pure-tone thresholds were measured following the
manufacturer’s vibrogram procedure. In this measurement
mode, the external audio processor drives the FMT based on
defined amplification parameters, and the outcome is meas-
ured as behavioral thresholds, according to pure-tone audi-
ometry. Because vibrogram measurements require the use
of the most recent model of an audio processor, the number
of participants for this test was only 19. The four individuals
implanted as contralateral routing of signal (CROS) were
excluded from further common audiological analyses except
for preoperative and postoperative BC measurements. For
these patients, preoperative BC thresholds of the contralat-
eral ear are additionally indicated in Table 2.

Pure-tone thresholds of BC (4PTAg) and AC (4PTA ,¢)
and vibrogram results are presented as the mean (standard
deviation; SD) value of the data measured at 0.5, 1, 2, and
4 kHz.

Statistical analysis

Statistical analysis was conducted in pairwise comparisons
with paired t-tests or with Wilcoxon matched-pairs signed-
rank tests if data were not normally distributed. For compari-
son of more than two time points, we applied repeated-meas-
ured analysis of variance with Tukey’s multiple comparison
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Fig. 1 Example of optimal FMT
position determined by preop-
erative 3D planning (“virtual
surgery”). a Extracranial view
with distances to landmarks for
intraoperative transfer. b Intrac-
ranial view, where a partial
impression of the sigmoid sinus
indicates the necessity of the
use of lifts. ¢ Verification of the
implant position overlying the
axial CT scan layer

tests or a mixed-effects analysis with Holm—Sidak’s multiple
comparisons test if values were missing at some time points.
The level of significance was set at p < 0.05. Statistical anal-
ysis was calculated and graphics designed using Prism 7
software (GraphPad, La Jolla, CA, USA).

Results
Demographics

Between July 2012 and May 2019, a total of 32 Bonebridge
implantations were carried out in 31 patients (one patient
had bilateral implantation in different sessions). Table 1
gives a detailed overview of demographics and clinical data.
The mean age at implantation was 38 years (SD 22; range,
5-74 years). Seven patients were children and adolescents
younger than 16 years old; 23 patients were male, and 8
patients were female.

Indications and Surgery

Implantation was conducted based on insufficient hearing
rehabilitation after (multiple) tympanoplasty and secreting

radical cavity (n=28), medical indication because of recur-
rent chronic otitis externa when using hearing aids and not
solvable by canaloplasty (n=8), malformations (n=12), or
in SSD as CROS (n=4). In four patients, five implantations
of the Bonebridge were planned considering a simultane-
ous implantation of anchors for ear prosthesis. In one of
these patients, implantation was performed on both sides
in two different sessions, whereas in one patient, prosthe-
sis anchors were already in situ. In 30 implantations, the
sinodural angle served as the implantation site, and in two
cases, a retrosigmoidal placement was necessary. The 3D
preoperative planning was conducted as virtual surgery in
23 implantations (72%), whereas nine surgeries (28%) were
planned conventionally (two dimensionally) with standard
temporal bone CT scans.

When drilling the FMT bed, the dura or the sigmoid sinus
was not exposed or impressed in 10 cases (31%). In the other
10 cases (31%), an impression of the dura or sigmoid sinus
of <2 mm was necessary. All other implantations were com-
pleted with a partial exposure or by skeletonizing the sinus
or the dura, but without impression. The use of BCI lifts was
necessary in 10 implantations (31%). In all cases with preop-
erative 3D planning, the implant could be placed as indicated

@ Springer
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in the virtual surgery, as assessed by the visual exploration
of the surgical situs.

Audiological Results

Individual audiological outcome for the patients is reported
in Table 2. Safety regarding inner ear hearing preservation
was evaluated based on the comparison of pre- and post-
operative BC measurement (4PTABC). Sufficient transfer
of vibrational energy to the inner ear was further evaluated
by the vibrogram results in comparison to the BC thresh-
olds. Considering an accuracy of BC threshold measure-
ments of +5 dB, all individuals showed stable BC thresholds
(Fig. 2a) and an adequate implant function (Fig. 2b).

Figure 3 shows the unaided and aided sound field thresh-
olds. After implantation and audio processor fitting, the
mean aided sound field thresholds improved to 33 dB HL
(3 months, SD 6) and 34 dB HL (> 11 months, SD 6) com-
pared to the preoperative unaided measures (60 dB HL, SD
12; p<0.0001).

Mean word recognition scores improved to 74% (SD 19)
at 3 months and 83% (SD 15) at> 11 months after audio pro-
cessor fitting compared to the preoperative situation (11%,
SD 20; p<0.0001). Long-term follow-up results indicated a
significant improvement compared to 3 months after implan-
tation (p=0.019; Fig. 4a).

Speech recognition in noise also improved significantly
after implantation. The mean SRT, ;. in the SN, condition
decreased from — 1.01 dB signal-to-noise ratio (SNR; SD
5.48) to — 2.69 dB SNR (SD 2.97; p=0.0018; Fig. 4b).

Complications

In two cases, a minor intraoperative complication occurred.
In patient 4, bleeding from a dural vessel needed to be man-
aged, and a small cerebrospinal fluid leak on the tegmen of
the antrum was controlled. In this case, a partial mastoid-
ectomy and antrotomy were performed. In the second case
(patient 7), bleeding from a dural vessel needed to be con-
trolled, as well. Patient 4 also experienced a minor compli-
cation 23 months after surgery, a reddening and swelling of
the skin in the implant area, attributed to acute otitis media.
Symptoms receded completely after treatment with antibiot-
ics and paracentesis. In patient 3, a subcutaneous suture pro-
truded from the cranial wound pole at 30 days after surgery
and was easily removed during an outpatient visit.

Four complications involved revision surgery and were
classified as major complications or serious adverse events.
Patient 21, who had a history of two previous (unsuccess-
ful) ear surgeries for auricular reconstruction by a different
group, received prosthesis anchors simultaneously with the
Bonebridge implant. This patient then experienced wound
healing problems with partial skin necrosis at the anterior

@ Springer

edge of the FMT, requiring revision surgery with a rota-
tional flap 22 days after implantation. Patient 28 experienced
attachment problems with the sound processor after surgery.
At 42 days after implantation, a thinning of the scalp over
the coil was necessary and conducted under local anesthesia.
In patient 19, inflamed granulation tissue had to be removed
from around the prosthesis anchor approximately 2 months
postoperatively. However, this inflammation was not related
to the implant device.

One long-term complication was reported, at 4 years after
implantation (patient 14). The FMT implant bed needed to
be moved more posteriorly towards the retrosigmoidal area
to prevent implant protrusion following on progressive out-
lining of the implant through preexisting thin retroauricular
skin (Fig. 5). This procedure was conducted in the same
session with a cavity revision and canaloplasty. No further
short-, mid-, or long-term minor or major complications
were reported.

Because four minor and two major complications related
to the implant or the implantation procedure occurred in 32
implantations, the rate of minor complications was 12.5%,
and the rate of major complications was 6.2%. Considering
that the revision surgery in patient 28 resulted from insuf-
ficient thinning of the skin over the receiver coil by the sur-
geon, the rate of implant-related major complications was
3.1%.

In one case (patient 10) with implant use as CROS in SSD
(after neurosurgical removal of vestibular schwannoma), the
Bonebridge needed to be explanted approximately 3 years
later. After the deterioration of hearing on the contralateral
side, the patient no longer experienced any benefit from the
CROS.

Discussion

This analysis of all 32 cases of Bonebridge implantations
in children and adults in our department since its market
introduction in 2012 yielded insight into the advantages and
applicability in various indications and about the limitations
and risks of this active BC device.

The audiological results reported here are comparable to
those of prior studies [4, 7, 9-15]. We observed a significant
improvement in speech recognition (WRSs), which is con-
sistent with other studies [4, 10-12, 14, 16—18]. There was
even a long-term improvement in WRS5 compared to the
1-3-month measurements. This effect was also reported in
children by Baumgartner et al. who suggested device accli-
mation effects and additional fitting procedures as possible
factors [16]. Some studies also measured hearing in noise
effects using the OLSA or OLKISA [4, 14, 16] or other lan-
guage tests in noise [11]. These authors all reported a benefit
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with the use of this transcutaneous BC device of similar
magnitude as in this study.

All patients showed stable preoperative and postoperative
BC results. Sprinzl et al. [1] calculated the rate of minor
adverse events as 5.12% and rate of revision surgery as
0.85%. In a recent meta-analysis, Magele et al. [19] reported
a total complications rate of 9.4% (7.7% minor and 1.7%
major adverse effects). Compared to the complication rate
of other percutaneous devices [3], such as the 23.9% overall
complication and 12.1% revision surgery rates reported by
Hobson et al., the complication rate of the Bonebridge can
be considered lower. We found implant-related complication
rates of 12.5% for minor and 3.1% for major complications.
It should be considered here that excepting one minor com-
plication (patient 3), all complications occurred in patients
with previous ear surgery, which could be a reason for the
higher complication rate in our study compared to the com-
plication rates reported in the previously mentioned stud-
ies [1, 19]. Furthermore, the complication involving patient
14 occurred 4 years after surgery. Magele et al. reported
in their meta-analysis a mean safety follow-up period of
11.7 months, with a range of 3—-36 months. Thus, long-term
complications arising more than 36 months after surgery, as
for patient 14, were not considered [19].

Some of the reported complications were not directly
related to the implant. In patient 21 with simultaneous
prosthesis anchor implantation, the skin vascularization in
the implantation area was reduced after a history of two
previous unsuccessful ear reconstruction surgeries, which
naturally increased the risk of wound healing complications.
Because of insufficient thinning of the skin over the receiver
coil at the initial implantation, skin reduction was necessary
in patient 28 to provide sufficient attachment force for the
sound processor [20]. On the other hand, a protrusion of the
implant should be avoided. As noted, in patient 14, whose
skin over the implant area showed a preexisting weak and
thin structure, a positional change of the FMT became nec-
essary 4 years after the implantation. An implant extrusion
complication was reported by Carnevale et al., who resolved
that complication with a rotational flap [5].

A basic factor in reducing complications, besides a thor-
ough evaluation of the indication criteria, consists of careful
preoperative image-guided planning of the implantation site.
In conventional two-dimensional CT scan analysis, to deter-
mine the optimal implant position, the experienced surgeon
needs to analyze layer by layer in the axial, sagittal, and
coronal planes. However, also estimating oblique implant
positions requires experience because the three axes of CT
scans provide only a perpendicular view, and the transfer of
the selected implant position to the intraoperative situation
remains challenging. Facing that problem, we developed a
3D planning method [6] that allows free adjustment of the
implant model to the skull model and accurate transfer of the
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position to the intraoperative situation using measurements
from landmarks. We applied this method especially in mal-
formations, after multiple ear surgery, and for simultaneous
implantation with prosthesis anchors, in which the area of
possible FMT implantation was more limited. Here, contact
of the implant with the skin-penetrating anchors should be
absolutely avoided to reduce infection risk. Furthermore,
from an audiological point of view, the distance of the stimu-
lation position to the cochlea seems to be related to hearing
thresholds [21], which also can be considered more carefully
by means of a 3D model.

Different methods of preoperative planning can rely
on software such as “BBfastview” or “3Dslicer” (avail-
able for free, http://www lceit.es/cg/BBFastView and https
://[www.slicer.org), as well as more complex setups using
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(patient 14)

topographic bone thickness maps [22], navigation [23-26],
or 3D-printed template-based methods [27-29].

In our case series, a slight impression (<2 mm) of the
dura or sigmoid sinus was necessary in 10 cases. It is diffi-
cult to say whether this factor might be relevant to outcomes.
Lassaletta et al. [30] found no associations of postoperative
pain with dura impression. Vyskocil et al. [18] suggested
better sound transmission when the dura was impressed,
without reporting complications. On the other hand, head-
ache caused by the new formation of tissue between the
implant and the dura was reported in a case that resulted in

device explantation [31]. In our study, the impressions were
all <2 mm, whereas Vyskocil et al. [18] reported a range of
2-5 mm. Long-term follow-up data (> 10 years) of dura or
sinus impressions are not available yet.

The BClI is another active BC implant that is still in clin-
ical testing [32]. It has smaller dimensions, which might
reduce the risk associated with the dimensions of the Bone-
bridge FMT and facilitate localizing the optimal implant
position. Based on a retrospectively analyzed large cohort
of children and young adolescents, Rahne et al. described
an (hypothetical) optimal form of the FMT as a truncated
cone to fit in almost all mastoids [33]. In September 2019,
the manufacturer introduced a follow-up model (BCI 602)
in Europe, with reduced FMT dimensions, that improved
the bone fit in mastoids of children and young adults [34].
However, in certain cases, like very young children, 3D vir-
tual preoperative planning is still recommended [35]. For
another, new bone conduction implant it was shown that the
average minimum bone thickness was thicker than both the
maximum transducer depth of 3 mm and the 2.7 mm bone
involvement of the osseointegrating fixation screws. The
results indicated implant fit of the new bone conduction
implant in all adult patients. Preoperative planning was rec-
ommended for children below 9 years old [36].

Conclusion

We observed a significant audiological benefit after hear-
ing rehabilitation with the Bonebridge. The rate of implant-
related adverse events was low. However, given the dimen-
sions of the FMT, preoperative 3D planning is recommended
especially in small and hypoplastic mastoids, children, ear
malformation, and simultaneous implantation of anchors for
ear prosthesis, and after multiple ear surgery.
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