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Abstract

Purpose (1) To assess the effectiveness and safety of a bone-conduction implant, the Bonebridge BCI 602, in adults with
conductive or mixed hearing loss. (2) To investigate whether the Bonebridge BCI 602 is at least as effective as the Bone-
bridge BCI 601 in such patients.

Methods The study group included 42 adults who had either conductive or mixed hearing loss. All patients underwent Bone-
bridge BCI 602 implant surgery. Before and after implantation, pure-tone audiometry, speech recognition tests (in quiet and
noise), and free-field audiometry were performed. Word recognition scores were evaluated using the Polish Monosyllabic
Word Test. Speech reception thresholds in noise were assessed using the Polish Sentence Matrix Test. Subjective assessment
of benefits was done using the APHAB (Abbreviated Profile of Hearing Aid Benefit) questionnaire.

Results The APHAB questionnaire showed that difficulties in hearing decreased after BCI 602 implantation. Both word
recognition in quiet and speech reception threshold in noise were significantly better after BCI 602 implantation and remained
stable for at least 12 months. A significant advantage of the device is a reduced time for surgery while maintaining safety.
In this study, the mean time for BCI 602 implantation was 28.3 min+9.4.

Conclusions The second-generation Bonebridge BCI 602 implant is an effective hearing rehabilitation device for patients
with conductive or mixed hearing loss. Patient satisfaction and audiological results confirm its efficacy and safety. Its new
shape and dimensions allow it to be used in patients previously excluded due to insufficient or difficult anatomical conditions.
The new BCI 602 implant is as effective as its predecessor, the BCI 601.

Keywords Bone conduction - Bonebridge - Bone conduction implant - Hearing loss - Transcutaneous hearing implant -
Quality of life - Partial deafness treatment

Introduction

P< Piotr H. Skarzynski
p-skarzynski@ifps.org.pl There are an increasing number of rehabilitation and treat-
ment options for patients with conductive or mixed hear-
ing loss, and professionals need to be able to inform their
patients about their options based on actual experiences and
results. Currently, the most common treatments for conduc-
tive and mixed hearing loss are drugs, middle ear surgery,
hearing aids, bone-conduction hearing implants, or a combi-

nation of these [1, 2]. The most common disorders described
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in the scientific literature are abnormality or malformation
of the ossicular chain, otosclerosis, chronic ear disease, and
cholesteatoma. Most interventions to treat these conditions
are a type of tympanoplasty or bone-conduction implant.
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A large group of patients are patients with congenital ana-
tomical defects of the outer and/or middle ear who cannot
use the traditional methods of treatment and whose surgical
procedures have not given satisfactory results. A possible
way to improve their hearing is to use implantable or non-
implantable bone-conduction devices [3, 4]. For adults with
conductive or mixed hearing loss, there are a number of
devices on the market that are based on bone-conduction
amplification. The devices differ both visually and function-
ally. An important aspect is the fitting range of the device
and the method of placement.

Before surgery, a patient must undergo a diagnostic
process that qualifies them for the use of a specific device.
This involves a consultation with an audiologist, hearing
care professional, neurologist, psychologist, radiologist,
and speech therapist [5, 6]. Before and after any proposed
intervention—such as middle ear surgery, implantation of
a bone-conduction hearing device, or middle ear implants
[4]—measurements are needed of hearing performance, and
this involves testing hearing thresholds (pure-tone audiom-
etry, over headphones, and in free field), speech tests in
quiet and noise, and questionnaires. Before the final choice,
a simulation of the use of a bone-conduction hearing aid
is needed, making it possible to assess the real benefits for
both the specialist and the patient. The patient should know
the possibilities and limitations of a particular solution and
know how the implant looks and works.

Often, the use of an implantable device is limited by
insufficient or difficult anatomical conditions. Solutions
using bone-conduction amplification are constantly improv-
ing, and this applies to both the external part (responsible
for the reception, transmission, sound quality, and which
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can sometimes be adapted to the needs of the individual
patient) and the internal part, which vibrates the bone of the
skull, thus transmitting sound directly to the inner ear. One
solution for patients with conductive or mixed hearing loss
is the Bonebridge (BB) bone-conduction implant (Med-El,
Innsbruck, Austria).

The Bonebridge was first implanted in 2011 as part of
a clinical trial and was launched onto the EU market in
September 2012 [7, 8]. The BC 601 consists of an external
part (an audio processor) and an internal part—a bone-con-
duction ‘floating mass transducer’ (BC-FMT) that is sur-
gically implanted into the skull in either the transmastoid,
retrosigmoid, or middle fossa region. The second-generation
Bonebridge implant, the BCI 602, has been available since
2019. It differs from its predecessor by the size of the inter-
nal BC-FMT. The upgrade gives the same power output for
effective amplification, but requires nearly 50% less drill-
ing depth. As illustrated in Fig. 1, the BCI602 is almost
half the thickness of the previous generation [9, 10]. The
external part—audio processor “Samba 1”—is the same for
both devices. The audio processor is an advanced techno-
logical device that enables easier listening with automatic
sound adaptation. Due to its dimensions: 30 X 35X 10 mm
and weight: <9 g (including battery). The processor has
16-band digital equalizer, 16 independent compression
channels, sound smoothing, speech and noise management,
adaptive directional microphones, intelligent sound adapter,
classifier 5 different programs, wind noise reduction, ambi-
ent sound, speech cracking, omnidirectional microphones,
audio frequency range 250-8 kHz, wireless connectivity
options via Bluetooth or telecoil to external devices such as
mobile phones, and FM-systems. The processor is powered,
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Fig. 1 Two generations of Bonebridge implants. A Dimensions of the first-generation BCI 601. B Dimensions of the second-generation BCI 602
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by one non-rechargeable 675 zinc-air battery with, a nominal
1.4 Volt supply and 600 mA Hrs of capacity. Remote control
allows the patient to adjust the volume and change programs
depending on individual needs.

There are many studies in the literature showing the effec-
tiveness of the BCI 601 implant, and the device can provide
improved hearing in both children and adults [8, 11-18]. The
primary aim of this study is to evaluate the effectiveness of
the Bonebridge BCI 602 implant in a group of adult patients
with conductive or mixed hearing losses. A second aim was
to demonstrate that the Bonebridge BCI 602 implant is effec-
tive and safe in adult patients, and that the results with it are
as good as with the previous BCI 601.

Materials and methods
Study subjects

The study group consisted of 42 adult patients, 19-74 years
old (mean 40.5 years, SD=14.8). There were 24 women
and 19 men, and 23 patients had mixed and 19 had con-
ductive hearing loss. In terms of ears, 23 were implanted
on the right and 19 on the left. The causes of hearing loss
were chronic otitis media (n = 14), chronic otitis media with
cholesteatoma (n=7), microtia and atresia (n=13), atresia
(n=3), congenital defect of the middle ear (n=2), congeni-
tal defect of the outer and middle ear (n=1), middle ear
tumor (n=1), and tympanosclerosis (n=1). The patients
were selected according to the following criteria: patients
had to be older than 18 years of age, ear reconstruction was
completely finished, cooperative in audiological testing, and
hearing thresholds had to accord with the manufacturer’s
suggested criteria—conductive or mixed mild-to-moderate
hearing loss; pure-tone average (PTA) BC threshold (meas-
ured at 0.5, 1, 2, 3, and 4 kHz) <45 dB HL, BC thresholds
over the last 12 months were stable, and appropriate ana-
tomical conditions had been confirmed by computed tomog-
raphy. In addition, patients were required to have realistic
expectations of the benefits and know the limitations of the
Bonebridge BCI 602.

The operation side was selected after comparing hear-
ing losses and anatomical conditions in the two ears. If
there was a bilateral disorder, then the worse ear was
selected. However, if there were no significant differences
in hearing loss between both ears, in temporal bone struc-
ture, and a pre-operative hearing test showed that there
were the same estimated benefits from a BC hearing aid,
the patient could choose the side. In the diagnostic pro-
cess, all patients were fitted with a reference device, a BC
hearing aid on a soft band, and, based on in situ thresh-
olds, the real and possible benefits of implantation were

estimated. Before the operation, all patients underwent a
CT scan of the temporal bone and a detailed assessment of
anatomical conditions (analysis was carried out with the
Otoplan device) [19, 20].

The study protocol was approved by the Institutional
Review Board of the Institute of Physiology and Pathology
of Hearing (IFPS:/KB/7/2020) and conformed with the
Declaration of Helsinki. All patients signed an informed
consent document prior to enrollment in the study.

Statistical analysis

A Kolmogorov—Smirnov test was used to check whether
the analyzed variables were normally distributed. A
repeated-measures analysis of variance with Bonferroni
adjustment for multiple comparisons was performed to
test changes in mean scores over several time points. The
p level was set at less than 0.05. All statistical tests were
performed using IBM SPSS Statistics 24.

Audiological assessment

All audiometric tests were performed before surgery as
well as at activation and 6 and 12 months after surgery.
Pure-tone thresholds were measured for air conduc-
tion (AC) and bone conduction (BC). Postoperatively,
aided thresholds were measured using warble tones.
Speech recognition in quiet was measured using the
Demenko&Pruszewicz Polish Monosyllabic Word Test at
65 dB SPL presented via a loudspeaker. Speech reception
thresholds in noise were assessed using the Polish Sen-
tence Matrix Test [21]. The 50% speech reception thresh-
old at a constant noise level of 65 dB SPL (SRT) was
measured pre- and post-operatively with speech and noise
presented from the front (Sy)N;) and the contralateral ear
double-blocked with an earplug. The non-implanted ear
was blocked but not masked, since masking would reduce
the sensitivity of that ear to bone-conducted sound that is
normally also heard from an implant on the other side of
the skull. The Polish Sentence Matrix Test (PSMT) was
used to measure intelligibility of speech presented against
a background noise, and consists of five columns contain-
ing 10 names, 10 verbs, 10 numerals, 10 adjectives, and 10
nouns. For all patients, we simulated the result of a bone-
conduction implant using a bone-conduction processor
on a soft band (best-aided). Before surgery, we measured
speech recognition (in quiet and noise) for the unaided and
best-aided conditions, and made these same measurements
after surgery using the recommended audio processor.
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Survey assessment

Patients’ satisfaction and quality of life were assessed before
implantation and at 6 and 12 months post-operatively with
the APHAB (Abbreviated Profile of Hearing Aid Benefit)
questionnaire for adults. This questionnaire measures sub-
jective hearing impairment on four different subscales per-
taining to different listening situations and gauges what ben-
efit the patient experiences after implantation [22]. Cox and
Alexander [23] suggest that a change of at least 22 points on
the subscales of Ease of Communication, Reverberation, and
Background Noise indicates a clinically important change in
speech intelligibility between aided and unaided conditions.

Results
Surgery

All implantations were carried out by two experienced
surgeons as an in-patient procedure under general anesthe-
sia. No complications occurred during surgery. To deter-
mine the optimal implant position, all patients underwent
a CT scan of the temporal bone before the operation and a
detailed assessment of anatomical conditions (with analysis
carried out with the Otoplan device) [20, 24]. The surgery
time ranged between 19 and 66 min (mean 28.3 min +9.4).
The Bonebridge implant was placed in the previously made
cavity in mastoid, and the plastic part bent through 0-90
degrees. The implant was attached using two custom screws
(there was no need for lifts in either case). After checking
the correct position of the implant, subcutaneous and skin
sutures were applied (Polysorb 3.0 and Monosoft 2.0).
After the procedure, all patients were in good condition and
received antibiotics intravenously twice daily as well as pain
medication. After 3 days in hospital, all subjects were dis-
charged in good general condition, and received amoxicil-
lin with clavulanic acid twice a day for 7 consecutive days
with probiotic. Some 7-10 days after surgery, the dressings
were removed as well as sutures from the retro auricular
incision. There were no problems with wound healing, and
patients reported no pain or other problems [8, 14]. From a
surgical point of view, no cases were canceled due to mas-
toid size. For cases where there was no atresia/microtia, a
superior—posterior C-shape cut was used (because the device
tends to increase skin contour and elevate the skin; if a typi-
cal S-shape is used, there is a chance the skin at the anterior
edge of the device could become thin and there might be risk
of extrusion). In cases following pinna reconstruction, the
cut should be performed in the line of the scar due to vas-
cular conditions. An additional factor is the proper location
of the device on the mastoid, which needs to be considered
when choosing between the BCI 602 and BCI 601. Decision
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which device is better for each patient was taken based on
CT scan with meticulous analysis of anatomical conditions.
When the surface of the mastoid is more curved and there
is the opportunity to adjust the implant, the authors recom-
mend locating the device more superiorly, although it can be
placed more temporally. With thickening of the bone, there
might be a need to adjust the implant, pressing the dura a
little through the thin bony plate. There is also the possibility
of placing a thin layer of wax on the bottom. Wax can also
be used in cases where there is contact through the aerated
mastoid with the middle ear cavity, which prevents aeration
of subcutaneous tissue from the tympanic cavity. In cases
when there is risk of improper healing due to poor quality
of the temporal bone surface, there is possibility to keep
through 1-2 days Redon drainage with vacuum.

Four weeks (+ 1 week) after the operation, the device was
activated and the settings adjusted according to the audio-
metric test results, vibrogram results, and the patient's sub-
jective assessment and comfort. All patients were provided
with Samba 1(Med-El) audio processors (the first version
of Samba), and the Symfit 7.0 program was used for fitting.
All fittings were performed by two experienced audiologists.
The strength of the sound processor’s magnet was adjusted
to allow a stable hold while avoiding skin compression; in 22
cases, magnet No. 4 was used and in 20 cases magnet No. 3.

Pure-tone audiometry

PTA (pure-tone average) for air conduction measured
before implantation varied between 42.5 and 93.75 dB
HL; M=61.8, SD=12.2. PTA for bone conduction varied
between 2.5 and 35 dB HL; M=19.7, SD=7.1. Details for
all frequencies are shown in Fig. 2.

Functional gain

The mean functional gain estimated in the simulation before
implantation was 28.8 dB HL (SD =9.3). The real mean
functional gain obtained 12 months after implantation was
27.0dB HL (SD=10.7).

Sound field thresholds

The mean hearing thresholds in sound field before implan-
tation were 64.4 dB HL (SD =10.6), and in the simulation,
they were found to be 35.6 dB HL (SD =7.4). Statistically
significant improvements were observed after surgery
(F=141.88; p<0.001; ¢*=0.78). The mean hearing thresh-
olds were 38.9 dB HL (SD=7.6) at activation, 39.3 dB HL
(SD=17.1) after 6 months, and 37.4 dB HL (SD =4.8) after
12 months (Fig. 3).
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mean scores; the error bars are standard deviations

Free-field word recognition in quiet

Mean recognition scores (WRS) measured before implan-
tation under headphones were 13.5% (SD =22.8). Before
implantation, they were measured unaided as 15.7%
(SD=22.0) and aided (in the simulation) as 88.5%
(SD =9.8). Statistically significant improvement was
observed after surgery (F=261.07; p<0.001; ¢>=0.86).
The mean WRS was 85.1% (SD=11.8) at activation, 86.8%
(SD=11.0) after 6 months, and 87.6% (SD=10.5) after
12 months (Fig. 4).

Intelligibility of speech in noise

Mean speech reception thresholds (SRT) measured before
implantation were unaided 4.36 dB SNR (SD =5.76) and
aided (in the simulation) — 1.72 dB SNR (SD =6.51).
Statistically significant improvement was observed after
surgery (F=17.14; p<0.001; ¢2=0.30). The mean SRT
was —2.01 dB SNR (§D =5.83) at activation, — 0.35 dB
SNR (8D =4.99) after 6 months, and — 1.95 dB SNR
(SD =4.16) after 12 months (Fig. 5).
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Fig.5 Speech reception thresholds (SRT) in noise. All differences between pre-unaided and all other conditions are statistically significant at

p<0.001. The bars are mean scores; the error bars are standard deviations

Difficulty in hearing (APHAB outcomes)

The APHAB questionnaire showed that difficulties in
hearing decreased after BB implantation (the lower the
APHAB score, the better is the BB efficacy and patient
satisfaction with hearing). There was a statistically signifi-
cant improvement in the global score (F=54.73; p<0.001;
¢?>=0.57) and the pre-operative score (M =55.6; SD=17.3)
was significantly higher than both postoperative scores at
6 months (M =34.9; SD=16.0) and at 12 months (M =30.9;
SD =16.1). Similarly, on the EC subscale (F=55.90;

@ Springer

p=0.018; = 0.58), the BN subscale (F=37.29; p <0.002;
= 0.48), and the RV subscale (F=26.72; p <0.002;
¢*=0.40), a significant change was found between pre-oper-
ative score and both 6 month and 12 month follow-ups. On
the AV subscale, no difference was found between the three
measurements (F=1.73; p=0.183). The mean APHAB out-
comes are shown in Fig. 6.

Additionally, the amount of change in the individual
APHAB outcomes was checked. A change of at least 22
points in the EC subscale was found in 45% of patients at
the 6 month follow-up and in 52% of the patients at the
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12 month follow-up. On the BN subscale, it was 43% and
50%, and in the RV subscale 36% and 43%, respectively.

Discussion

The first-generation Bonebridge BCI 601 device was
implanted in 2012. Since then, there have been many papers
presenting the results of using the implant in children and
adults. Audiological studies and questionnaires, as well as
the different courses of surgery, have been analyzed. Numer-
ous studies have shown the effectiveness of the BCI 601
in patients with conductive or mixed hearing loss or with
single-sided deafness [1, 7-16, 20, 24]. In 2019, the sec-
ond-generation BCI 602 implant was introduced. The main
difference between the devices is the size of the internal
part, the BC-FMT. The BCI 602 is almost half the thick-
ness of the previous generation, allowing implantation with
a drilling depth of only 4.5 mm [9, 10, 14, 25]. The reduced
size allows the new device to be used in a wider group of
patients. Patients who were previously excluded due to insuf-
ficient conditions for use of the BCI 601 can today undergo
surgery using the BCI 602. The BCI 602 can be effectively
applied in patients after a radical cavity operation or even
after mastoid obliteration [26, 27]. It can be applied more

6 months

12 months

p<0.001; the difference for the AV subscale is statistically non-sig-
nificant. The bars are mean scores; the error bars are standard devia-
tions

effectively and there is a better chance of long-term results
[28].

The first results of implantation of the BCI 602 were
published in 2021 [25], with the observations and analy-
sis based on 16 patients some 3 months after surgery. The
authors obtained very good results: the mean functional
gain (FG) at activation (2 weeks after surgery) in the MHL/
CHL cohort was 25.9+6.7 dB and increased significantly
to 37.75+4.40 dB after 3 months. The WRS (%) in quiet at
activation and 3 months post-surgery significantly improved
to 74.3 + 18.0% and 85.6 + 17.8%, respectively. The mean
SRT (including various SNRs) improved significantly at the
3 month follow-up (from 56.2 +10.9 dB to 45.3+10.5 dB
and from 0.10+3.4 dB to—3.3 +2.5 dB, respectively). Our
work included 42 adult patients and the follow-up was at
12 months after implantation. The mean hearing thresh-
old in a sound field before implantation was 64.4 dB HL
and 37.4 dB HL after 12 months. Mean recognition score
(WRS) measured before implantation was 13.5% and 87.6%
after 12 months. Mean unaided speech reception threshold
(SRT) measured before implantation was 4.36 dB SNR
and — 1.95 dB SNR after 12 months. The outcomes of the
audiological tests are comparable with the first published
results, and the longer observation confirms stability.

The differences between the findings in the studies may
be due to the size of the research groups and the results
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achieved by patients before implantation. The obtained per-
formance is also comparable with the results of the first-
generation implant. Generally, papers focus on audiological
results and patient satisfaction, and in all published studies,
the first-generation BCI 601 implant significantly improved
hearing and speech understanding [8, 14, 25, 29-34].

Subjective evaluation of patients has confirmed improve-
ments in speech understanding. Implantation had a positive
impact on daily functioning and the patients’ quality of
life. The implant improved communication even in difficult
acoustic conditions [8, 30, 31]. Patients with the newer BCI
602 implant also perceive an improvement in hearing and
speech understanding, which was confirmed in this study
using the APHAB questionnaire. All subscales of the ques-
tionnaire showed a significant decrease in hearing problems
after implantation. Additionally, in this study, the amount of
change in the individual APHAB outcomes was gauged. A
change of at least 22 points in the EC subscale was found
in 45% of patients at the 1 month follow-up and in 52% of
patients at the 6 month follow-up. On the BN subscale, it
was 43% and 50%, and on the RV subscale 36% and 43%,
respectively.

In the works published so far, both the first- and the sec-
ond-generation implants have been shown to be safe solu-
tions for the patient. In the literature, only ten major adverse
events have so far been described for the BCI 601: one revi-
sion surgery due to headache [35], one implant removed
because of local infection [33], one explanation due to
device failure [36], one case of sudden loss of hearing ben-
efit [35], two explanations’ due to lack of benefit (although
these patients were outside the indication criteria) [34, 37],
and four explanations after implantation into a radical cavity
(three cases due to wound dehiscence) [34]. There are no
reports of complications after the use of the new BCI 602.
Sprinzlet al. [25] demonstrated that BCI 601 implantation
has a low rate of minor adverse events (5.12%) or of revision
surgery (0.85%). In our study, after 1 year of BCI 602 use,
no revision surgery and no skin reactions were reported [24].

A significant advantage of the new implant is less time
required for surgery. In this study, operation times for
BCI 602 implantation ranged from 19 to 66 min (mean
28.3 min+9.4.) (n=42). Implantation of the first-generation
BCI 601 implant took longer, with times ranging from 28 to
57 min (mean 35.6+8.1) (n=10).

Comparing the obtained results with results of other
bone-conduction devices, the BCI 602 implant compares
favorably [31, 38—40]. The real mean functional gain after
12 months compared to before implantation was 27 dB HL.
Hougaard et al. [41] reported that the functional gain in con-
ductive or mixed hearing loss patients when using the BAHA
Attract was 19.8 dB, which is lower than the improve-
ment reported for the BB implant. Distinct advantages are
good sound quality, a significant improvement in speech
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understanding, especially in noise, and visual aspects. The
processor is small, it can be color-matched to the patient's
hair, and a properly selected magnet does not cause undue
pressure on the skin [42]. In addition, patients are given
a remote control that allows them to quickly change the
implant settings depending on the acoustic situation. Based
on interviews and checking the data stored in the processor,
the average time per day of using the implant was 9.6+2.3 h.
The processor is powered by batteries that patients replaced
every 8.6 + 1.6 days on average. The results obtained here
are comparable with the results of the first published work
on the BCI 602 [25]. From the patient’s perspective, the
audiological outcomes, and subjective impressions indicate
favorable benefits after implantation with either the BCI 601
or the BCI 602.

Conclusion

The Bonebridge BCI 602 implant is an effective method
of hearing rehabilitation in adult patients with conductive
or mixed hearing loss. After 12 months, the BCI 602 pro-
vided significant improvements in objective and subjective
auditory performance. The reduced thickness of the implant
reduces surgical time and risk, especially in difficult ana-
tomical conditions. The successful audiological results con-
firm the effectiveness of the implant, as do improvements in
hearing and speech understanding and patient satisfaction.
The hearing results after implantation of the BCI 602 were
comparable to the published results of its predecessor, the
BCI 601. Both the first- and second-generation implants
confer significant benefits to the patient. Further observa-
tions of the results of patients with the new implant should
be conducted to verify the stability of the results over several
years and compare it with long-term follow-ups of the first-
generation implant.
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