
    There is a rapidly growing interest in different bone conduction 
devices (BCD) available for hearing-impaired patients. Since the end 
of the 1970s, the bone-anchored hearing aid (BAHA) is a common 
choice of hearing rehabilitation for patients with mild-to-moderate 
conductive and mixed hearing loss. Today more than 150 000 patients 
have been treated with this percutaneous solution (Cochlear, 2013; 
Oticon Medical, 2014). However, due to some complications related 
to the skin penetration of the traditional BAHA titanium abutment 
(Dun et   al, 2012; Kiringoda  &  Lustig, 2013; Snik et   al, 2005), a trend 
is seen towards transcutaneous devices (both passive and active), 
characterized by the most important feature of keeping the skin 
intact. A passive transcutaneous device, which is a skin drive device, 
uses implanted magnet(s) for the attachment of an external audio 
processor (AP) on the head over the implant. The AP incorporates the 
transducer, which transmits vibrations through the skin before vibrat-
ing the bone. Available passive transcutaneous devices on the market 
are Sophono Alpha (Sophono  ™  , Boulder, USA) and Baha   ®    Attract 
(Cochlear   ®    BAS, M ö lnlycke, Sweden). An active transcutaneous 

device, which is a direct drive device, has an implanted transducer in 
direct contact to the bone, and here only the AP (without transducer) 
is attached on the intact skin via retention magnets. Currently, there 
is one active transcutaneous bone conduction device available on 
the market, Bonebridge  ™   (MED-EL, Innsbruck, Austria), while the 
present bone conduction implant (BCI), developed in cooperation 
between research groups at Chalmers University of Technology and 
Sahlgrenska University Hospital in Gothenburg, Sweden, is in the 
clinical trial phase which is reported in this paper. 

 The basic design of the BCI is described in Figure 1. The AP incor-
porates microphones, battery and digital signal processor. For the elec-
tromagnetic transmission of the sound signal to the implant, there is an 
inductive link over the skin. This inductive link includes a modulator 
circuitry and a transmitter coil in the AP, and a receiver coil and a 
demodulator circuitry in the implant. The implant, called bridging 
bone conductor (BBC), also includes the transducer, which is attached 
in the temporal bone. The BCI transducer, with size 12.0    �    14.0    �    7.4 
mm, fi ts normal-sized temporal bones (Reinfeldt et   al, 2015a). It is 
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  Abstract 
  Objective:  To investigate audiological and quality of life outcomes for a new active transcutaneous device, called the bone conduction 
implant (BCI), where the transducer is implanted under intact skin.  Design:  A clinical study with sound fi eld audiometry and questionnaires 
at six-month follow-up was conducted with a bone-anchored hearing aid on a softband as reference device.  Study sample:  Six patients (age 
18 – 67 years) with mild-to-moderate conductive or mixed hearing loss.  Results:  The surgical procedure was found uneventful with no adverse 
events. The fi rst hypothesis that BCI had a statistically signifi cant improvement over the unaided condition was proven by a pure-tone-average 
improvement of 31.0 dB, a speech recognition threshold improvement in quiet (27.0 dB), and a speech recognition score improvement in 
noise (51.2 %). At speech levels, the signal-to-noise ratio threshold for BCI was    �    5.5 dB. All BCI results were better than, or similar to the 
reference device results, and the APHAB and GBI questionnaires scores showed statistically signifi cant improvements versus the unaided 
situation, supporting the second and third hypotheses.  Conclusions:  The BCI provides signifi cant hearing rehabilitation for patients with 
mild-to-moderate conductive or mixed hearing impairments, and can be easily and safely implanted under intact skin.  

  Key Words:   Bone conduction implant; active transcutaneous; intact skin; audiometry; questionnaires; 
hearing loss; patient related outcome measure   
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positioned in a 4 to 5 mm deep recess, which is situated approximately 
15 mm behind the bony ear-canal opening far from the inner ear 
structures and the facial nerve. The dura and the sigmoid sinus are 
in the majority of cases not encountered (Reinfeldt et   al, 2015a). The 
BCI transducer is attached to the bone via a fl at surface contact, and 

the transmission properties of this type of contact have been investi-
gated in preclinical studies (Håkansson et   al, 2010; Taghavi et   al, 2013; 
Eeg-Olofsson et   al, 2014a), showing equally good transmission as a 
screw attachment of the transducer. Moreover, the BCI surgery is con-
sidered safe and easy (Eeg-Olofsson et   al, 2014b). No special surgical 
tools are needed except for implant dummies to achieve the correct 
position and size of the recess, and furthermore, a functionality test 
of the implant is done before closing the surgical incision. 

 The BCI stimulates the cochleae in the same way as a percutane-
ous BAHA, and also provides similar hearing sensitivity. The induc-
tive link attenuates the power output about 10 to 15 dB (Taghavi 
et   al, 2012a, 2012b). This loss can be regained by positioning the 
transducer closer to the cochlea. In previous studies, it was found 
that the sensitivity of the cochlea depends on the transducer posi-
tion (Eeg-Olofsson et   al, 2008, 2013; H å kansson et   al, 2008, 2010; 
Reinfeldt et   al, 2014; Stenfelt  &  Goode, 2005). More specifi cally, 
the sensitivity, measured in hearing thresholds, is increased 3 to 14 
dB at 125 to 8000 Hz by changing the stimulation from the BAHA 
position to the BCI position (Reinfeldt et   al, 2014). Furthermore, 
the transducer in the BCI is of balanced electromagnetic separation 
transducer (BEST) type (H å kansson, 2003) with a high frequency 
boost, providing higher output force around 4500 Hz. Depending 
on the BAHA model used, the hearing sensitivity from a BAHA 
and a BCI should be about the same, since the hearing sensitivity 
loss caused by the inductive link, the increased sensitivity from 
changes in stimulation position, and the high frequency boost 
essentially cancel out each other (H å kansson et   al, 2010). 

 Feedback is a major issue in today ’ s hearing aids; however, it is 
less of a problem for the BCI compared to the BAHA. In a study by 
Taghavi et   al (2012c), it was shown that the margin to feedback and 
device instability is larger for the BCI compared to the Baha Classic 
300 (Cochlear   ®    BAS, M ö lnlycke, Sweden). The main reasons are 
that the microphone and the transducer are mechanically separated 
by a substantial distance in the BCI, where the transducer is cap-
suled, situated under the skin, and not placed in the same housing as 
the microphone. Another advantage of the BCI is that the AP has a 
low profi le, which is causing less wind turbulence. The BCI AP only 
protrudes in total about 9 mm from the skin and has a more smooth 
integration with the skull shape. The improved feedback margin and 
low profi le of the AP increases the possibility and fl exibility to use 
different kinds of headwear without disturbing feedback noise. 

 Magnetic resonance imaging (MRI) compatibility is one of the big-
gest challenges for transcutaneous devices with magnets implanted. 
In a study by Fred é n Jansson et   al (2014), the demagnetization and 
torque was studied for different types of retention magnets that could 
be used for the BCI. Based on these results, the BCI implant might 
be considered to be MR-conditional under the condition that the 
maximum static fi eld of the MRI scanner is 1.5 Tesla, and if a com-
pression band around the skull fi xates the implant; however, this is 
not yet approved and requires further verifi cation. 

 After extensive preclinical trials of the BCI, the fi rst clinical trial 
is ongoing after approval from the Swedish Medical Agency and the 
Regional Ethical Review Board in the late 2012 to operate up to 20 
patients. Follow-up visits are taking place at 1, 3, 6, and 12 months 
after fi tting. The 1-month results from the fi rst patient were published 
in Eeg-Olofsson et   al (2014b), showing signifi cant improvement in 
warble tone thresholds, speech recognition thresholds, and speech 
in noise test. To date, in total six patients have been treated with the 
BCI, and all of them have passed the 6-month follow-up visit. 

 The aim of this study is to present audiometric results and patient 
related outcome measures from two validated questionnaires, at the 

 Abbreviations     

  ABG   Air-bone-gap    
  AC   Air conduction    
  AP   Audio processor    
  APHAB   Abbreviated profi le of hearing aid benefi t    
  AV   Aversiveness of sound    
  BAHA   Bone-anchored hearing aid    
  BBC   Bridging bone conductor    
  BC   Bone conduction    
  BCD   Bone conduction device    
  BCI   Bone conduction implant    
  BEST    Balanced electromagnetic separation 

transducer    
  Bi    Bilateral    
  BN   Listening against background noise    
  CT   Computed tomography    
  EC   Ease of communication    
  F    Female    
  GBI   Glasgow benefi t inventory    
  L    Left    
  M    Male    
  MRI   Magnetic resonance imaging    
  NSP   Nasal sound pressure    
  PTA   Pure tone average    
  R    Right    
  RV   Listening under reverberant conditions    
  SNR-threshold   Signal-to-noise ratio threshold    
  SRS   Speech recognition score    
  SRT   Speech recognition threshold    
  Uni   Unilateral    

  Figure 1.     3D model of the audio processor (including digital 
signal processor, modulator, transmitter coil and retention magnet 
(not shown), directional microphones, battery, program selector, and 
volume control), and the bridging bone conductor (including receiver 
coil, internal retention magnet, demodulator, and transducer).  
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6-month follow-up visits for the fi rst six patients implanted with the 
BCI. The following three hypotheses are formulated: 

  The BCI improves the sensitivity to sound and the intelligibility 1. 
of speech at normal conversation levels relative to the unaided 
condition.  
  The BCI has the same or better sensitivity to sound and intelli-2. 
gibility of speech at normal conversation levels relative to a 
conventional bone conduction reference device.  
  Comparing with the unaided situation the scores of the question-3. 
naires using the BCI will be the same or better than scores for 
the reference device.    

 Materials and Methods  

 Subjects 
 Six patients have been included in the clinical study after baseline 
tone and speech audiometry. Audiograms for each of these patients 
are shown in Figure 2. The etiology of hearing loss, implant side, 
gender, and age at implantation are shown in Table 1. The inclusion 
criteria for the clinical study are as follows: 

  Unilateral or bilateral conductive hearing loss with air-bone 1. 
gap of at least 20 dB (average over 500, 1000, 2000, and 
4000 Hz),  
  Normal or near normal sensorineural hearing: pure-tone-average 2. 
bone conduction (PTA BC ) of 30 dB HL (average over 500, 1000, 
2000, and 4000 Hz) or better,  
  To either reject or be unable to use conventional air conduction 3. 
(AC) hearing aids.  
  To be accessible for multiple follow-up visits according to the 4. 
protocol and be motivated to be one of the fi rst patients using 
the BCI.    

 Reference device 
 Before the BCI surgery, the patients were fi tted with a reference 
device, the Ponto Pro Power (Oticon Medical, Askim, Sweden) 
on a softband. The reference device was fi tted using in-situ thresh-
olds, including skin compensation (up to 10 dB extra gain at 
high frequencies), and disabling automatic functions. The feature of 
attenuating the vibrations around the generic resonance frequency 

  Figure 2.     Patient audiograms with air conduction (AC) and masked bone conduction (BC) thresholds. Blue symbols    �    left; red 
symbols    �    right; x    �    left AC; o    �    right AC; ]    �    left masked BC; and [    �    right masked BC. In patients 2 and 4, some BC thresholds were not 
reached due to over-masking (]] or [[). Pat    �    patient; R    �    right; and L    �    left.  
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at approximately 750 Hz in this device was not possible to turn 
off. This resonance needs extra damping in direct drive applications 
(provided by a hard-coded notch fi lter in the Ponto Pro Power), 
which is not needed for skin drive applications where the skin pro-
vides this dampening. After the patients have used the reference 
device for about one month (still prior to the BCI surgery), full 
audiometric assessments and two questionnaires (the Swedish abbre-
viated profi le of hearing aid benefi t (APHAB) and Glasgow benefi t 
inventory (GBI)) were used to evaluate the subjective rehabilitation 
effect for each patient. The audiometric tests were the same as for 
the BCI, as described in the section Audiometric testing.   

 Surgical procedure 
 The BCI surgical procedure was done under general anesthesia. A 
straight line indicating the level of the AP was marked on the patient 
so that the AP microphones were positioned just above the superior 
level of the pinna. A postauricular C-shaped incision was made down 
to the bone and an anterior fl ap was raised so that the posterior 
border of the ear-canal opening was visualized. A posterior fl ap was 
also separated from the bone to allow for the coil and retention 
magnet of the BBC (Figure 1) to be inserted. Then, a recess for the 
transducer was drilled with the anterior border 15 mm from the ear-
canal opening. A small channel and a shallow recess for the BBC 
were thereafter drilled posteriorly. After the drilling procedure, the 
BBC was inserted under the posterior fl ap and the transducer was 
secured in the drilled recess in one of two ways. For the fi rst patient, 
an approximately 40 mm long titanium plate was placed above the 
transducer casing and attached with two 3 mm titanium screws on 
both sides of the transducer. However, this method was abandoned, 
since it required more space on each side of the transducer, and since 
it proved to be time consuming to bend the titanium plate in an exact 
way. For the remaining patients, small holes were drilled 1 – 2 mm 
from the edge, one on each side of the recess, and through these 
holes a 0.4 mm titanium wire was inserted. This wire was stretched 
and tightened over the transducer casing, which has a compliant layer 
of silicone on top, and fi nally the ends were twisted three turns, and 
then cut and placed in the bone bed on the side of the transducer. 
Before closing the incision, the implant functionality was verifi ed by 
electrically stimulating the implant by a specially designed external 
audio processor and measuring the resulting nasal sound pressure. 
The nasal sound pressure was also measured at all follow-up visits, 
and showed good coherence between the visits. The surgical proce-
dure of patient 1 is also described in Eeg-Olofsson et   al (2014b). 
For patients with known defects of the mastoid, such as congenital 
malformations or cavities after mastoid surgery, preoperative plan-
ning is recommended for the optimal position of the BBC, which 

enables the bottom surface of the transducer to safely rest in direct 
contact with the bone.   

 Fitting of the audio processor 
 The fi tting of the external AP took place about one month after sur-
gery. Fitting was generally done in a linear fashion using computer-
based software. No automatic features were activated, but modest 
compression was used in some patients, decided in the interaction 
between the patient and the operator. No specifi c fi tting algorithms 
taking the patients ’  hearing thresholds into account have been devel-
oped so far. A description of the AP ’ s digital signal processor can be 
found in Taghavi et   al (2014). All patients were provided with up to 
four programs with different frequency characteristics to be tested in 
various listening situations. For the audiometric tests in this clinical 
study, the program (and volume control setting) that was preferred 
during normal listening situations was used.   

 Audiometric testing 
 Four audiometric test methods were used to evaluate the hearing with 
and without the device (aided and unaided condition), both directly 
after the fi tting procedure and also 1, 3, 6, and 12 months after this 
procedure. The audiometric tests performed are listed below. 

  Sound fi eld warble tone thresholds were tested at 250, 500, 750, 1. 
1000, 1500, 2000, 3000, 4000, 6000, and 8000 Hz with sound 
coming from a loudspeaker in front of the patient according to 
standard (ISO 8253-1, 2010).  
  Sound fi eld speech recognition thresholds (SRT) in quiet were 2. 
measured from frontal direction, using lists of Swedish spondees 
and following standard ISO 8253-3, 2012.  
  Sound fi eld speech recognition score (SRS) in noise with speech 3. 
at 4 dB higher level than the noise was measured at 63 dB SPL 
for both aided and unaided condition. Lists with 50 Swedish 
phonemically balanced words and pre-recorded noise were 
played from frontal direction, and the test followed the procedure 
in standard ISO 8253-3, 2012.  
  Sound fi eld signal-to-noise ratio thresholds (SNR-threshold) that 4. 
yields 50% intelligibility with fi ve-word sentences (Swedish 
Hagerman sentences (Hagerman, 1982)) was done for the aided 
condition with both speech and noise from the frontal direction 
following the procedure in Hagerman (1993). The speech level 
was kept constant at 63 dB SPL, while the noise level was 
adjusted in order to achieve 50% speech intelligibility.  

 The speech material for SRS was played from the CD  ‘ Tal i brus ’ , 
and the speech material for SRT and SNR-thresholds from the CD 
 ‘ Svensk talaudiometri ’ . The speech and noise levels were controlled 
by an AC40 (Interacoustics AS, Assens, Denmark) audiometer. All 
audiometric testing was performed in a sound insulated room of 16 
m 3 . Prior to the clinical study, all equipment was calibrated accord-
ing to standard procedures. 

 Blocking of the non-test ear was applied during all measurements 
for patients with AC hearing better at the non-implanted ear than 
at the implanted ear, if anatomically feasible. These preconditions 
applied to patients 1, 3, 5, and 6. The purpose of blocking was only 
to remove the AC sound in the contralateral ear, which was done 
effectively by inserting a foam ear-plug (E-A-R Classic Soft) as deep 
as possible to minimize the occlusion effect (Stenfelt  &  Reinfeldt, 
2007), and also covering the ear with circum-aural earmuffs (Pel-
tor  ™   3M  ™   Svenska AB, Sollentuna, Sweden). The non-implanted ear 
should not be masked, since that would reduce the sensitivity of the 

  Table 1. Type of hearing loss, implant side, gender, and age at 
implantation described for each patient (Uni    �    unilateral, 
Bi    �    bilateral, R    �    right, L    �    left, F    �    female, M    �    male).  

 Patient  Hearing loss 
 Implant 

side  Gender 
 Age 

(years) 

1 Uni tympanosclerosis R F 42
2 Bi radical cavities L M 49
3 Uni atresia R M 18
4 Bi chronic external otitis L F 67
5 Bi tympanosclerosis R F 48
6 Bi otosclerosis L M 49
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non-implanted ear to vibrations transmitted by the implant, which 
is not the case in real life. 

 To minimize the order effects, the measurement order was varied 
between the follow-up visits for each patient. However, for practi-
cal reasons, the measurements had to be performed in two blocks 
 –  unaided and aided condition. All unaided measurements were 
performed in one sequence, either before or after all aided measure-
ments. The order of the two blocks was randomized.   

 Patient related outcome measures 
 In addition to the audiometric testing, patient related outcome mea-
sures were completed in form of Swedish APHAB and GBI ques-
tionnaires, six months after fi tting of the BCI audio processor. In 
APHAB, four subscales are covered: ease of communication (EC), 
listening against background noise (BN), listening under reverberant 
conditions (RV), and aversiveness of sound (AV) (Cox  &  Alexander, 
1995). A difference between the unaided and the aided condition of 
at least 22 points was needed for individual subscales in EC, BN, and 
RV to be judged as a real difference (Cox  &  Alexander, 1995). The 
GBI is measuring the patient benefi t in the general, the social sup-
port, and the physical health subscale scores (Robinson et   al, 1996). 
The scores are given on a scale of    � 100 to    � 100, where positive 
scores imply benefi t in quality of life. 

 In the APHAB questionnaire, unaided and aided condition is 
evaluated every time that the questionnaire is completed. Therefore, 
in the present study, the unaided condition was evaluated both when 
comparing with the reference device (before the BCI surgery), and 
when comparing with the BCI after six months of use. The improve-
ment for each device was calculated by comparing the aided with the 
unaided condition as reported at each specifi c time.   

 Calculations 
 For each patient, the hearing improvement was calculated as the 
difference between the unaided and the aided condition. The 
results for the BCI and the reference device were separated in 
order to assess statistical signifi cance in improvement for each 
device, and to be able to compare the devices. The comparisons 
between the devices were made both at an individual level and at 
a group level. For the SNR-threshold test, however, comparing 
aided and unaided condition does not add to the discussion since 
they were measured at different speech levels. Instead, a useful 
result was obtained by comparing the aided BCI and reference 
device results directly. 

 Wilcoxon signed rank test was used to test signifi cant differences 
between unaided and aided condition (with null hypothesis of same 
thresholds unaided and aided), as well as between the devices (with 
null hypothesis of same improvement from the BCI and from the 
reference device).    

 Results  

 Audiometric outcomes 
 Figure 3 shows a graphic representation of the improvement of the 
warble tone thresholds at each tested frequency for the BCI, and 
for the reference device, in terms of mean improvement together 
with standard deviation. The BCI provided these patients with an 
improvement of 10 – 41 dB in the frequency range 250 to 8000 Hz. 
The corresponding improvement for the reference device was 3 – 31 
dB. Wilcoxon signed rank test showed that the improvements were 

statistically signifi cant over the unaided condition for both devices 
in all frequencies except at 8000 Hz. When comparing the improve-
ments of the devices, the null hypothesis (same improvement from 
the BCI and the reference device) could be rejected for frequencies 
of 750, 1500, 2000, 3000, and 4000 Hz, showing better improvement 
from the BCI than from the reference device. The PTA 4  improvement 
(average over 500, 1000, 2000, and 4000 Hz) for the BCI was in 
average 31.0    �    8.0 dB, while the PTA 4  improvement for the reference 
device was 23.7    �    6.8 dB. The PTA 3  improvement (average over 500, 
1000, and 2000 Hz) was 32.2    �    8.0 dB for the BCI, and 26.9    �    7.4 
dB for the reference device. 

 The SRT improvement using the BCI and the reference device is 
described in Table 2. Once again, the BCI was better than the unaided 
condition in all patients (27.0    �    7.6 dB). As can be seen in the table, 
four of the patients also had a better SRT with the BCI compared 
to the reference device, which had a lower mean (23.1    �    7.5 dB). 
The average improvement over the unaided condition was statisti-
cally signifi cant for both devices ( α     �    0.05) and slightly better (not 
statistically signifi cantly better) for the BCI as compared to the ref-
erence device. 

 Table 2 also shows the statistically signifi cant improvement in 
SRS, both for the BCI and for the reference device ( α     �    0.05) over 
the unaided condition. Five of the patients performed better with the 

  Figure 3.     Tone threshold improvements for BCI and reference 
device, including mean improvement and standard deviation. 
BCI PTA 4     �    31.0    �    8.0 dB, and Ref PTA 4     �    23.7    �    6.8 dB. Stars 
are included at frequencies where the BCI has statistically higher 
improvement than the reference device ( α     �    0.05).  

  Table 2. Speech recognition threshold (SRT) and speech recognition 
score (SRS) improvements for BCI and reference device over the 
unaided condition for all patients, mean improvement and standard 
deviation (std).  

 Patient 

 SRT improvements (dB)  SRS improvements (%-units) 

 BCI  Ref  BCI  Ref 

1 27.3 18.6 50.0 26.0
2 23.6 29.6 46.7 38.7
3 26.5 30.0 40.0 58.0
4 13.4 8.8 44.4 22.4
5 37.3 27.3 62.0 54.0
6 33.6 24.1 64.0 62.0
 Mean  �  std  27.0    �    7.6  23.1    �    7.5  51.2    �    8.9  43.5    �    15.5 
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BCI than with the reference device. Furthermore, the average SRS 
improvement was higher using the BCI compared to using the refer-
ence device (BCI: 51.2    �    8.9 %-units, reference device: 43.5    �    15.5 
%-units); however, the difference between the devices was not sta-
tistically different. 

 Figure 4 shows the SNR-thresholds using the BCI and the ref-
erence device. Increasing negative SNR-thresholds means that the 
patient reaches the same speech intelligibility with a higher noise 
level. As can be seen in the fi gure, the BCI shows better or similar 
results compared to the reference device for all patients; however, 
it was not statistically different according to the Wilcoxon signed 
rank test. On average the BCI gave a SNR-threshold of    � 5.5    � 2.3 
dB, while the reference device gave an average SNR-threshold of 
   � 2.4 � 3.8 dB. It should be noted that in the unaided condition, the 
speech level of 63 dB SPL was too low and no patient reached 50% 
speech intelligibility even without noise.   

 Patient-related outcome measures 
 The APHAB and GBI questionnaires were completed by the patients 
for the reference device before the surgery, and for the BCI after six 
months. Patient-related outcome measure results for the reference 
device and for the six-month follow-up BCI are reported for all six 
patients in Figures 5 – 6. 

 The APHAB results (Figure 5), divided in the four subscales 
EC, BN, RV and AV, are presented as improvements from 
unaided to aided condition. For the subscales EC, BN, and RV, all 
patients experienced an improvement above the critical 22-point 
level with both devices over the unaided condition. All improve-
ments, seen in Figure 5, for the fi rst three categories, EC, BN, 
and RV, are statistically signifi cant, and no signifi cant differences 
between the devices were found, in support of the third hypothesis 
of this study. 

 An improvement in the GBI was experienced by all patients 
for the total score and for the general subscale score, and by 
almost all patients for the social support score. The GBI result 
showed statistically signifi cant improvement in the average 
total and general subscale scores for both devices ( α     �    0.05) 
(Figure 6). The social support score and the physical health score 
were not signifi cantly changed for either of the devices, and 
furthermore, no statistically signifi cant differences were found 
between the devices.    

 Discussion 

 The results obtained for the fi rst six patients in this clinical study of 
the BCI show statistically signifi cant hearing improvement over the 
unaided condition. Based on the surgical experience gained from 
the six patients, the surgical procedure is concluded to be safe and 
uncomplicated.  

 Audiometric results 
 The audiometric testing showed statistically signifi cant hear-
ing improvements for the BCI over the unaided condition, which 
supports the fi rst hypothesis of this study. In general, the hearing 
improvements were similar or better for the BCI as compared to 
the reference device, which also support the second hypothesis. 
The BCI gave statistically better results than the reference device 
for the tone thresholds at 750 and 1500 – 4000 Hz. It should be noted 
that the 750-Hz tone threshold difference is underestimating the per-
formance of the Ponto Pro Power, because of that it is tailor made 
for the percutaneous application. A plausible explanation for the 
better SNR-threshold of the BCI could be that the high frequencies 

  Figure 5.     APHAB improvements in the four categories (ease of 
communication (EC), listening against background noise (BN), listening 
under reverberant conditions (RV), and aversiveness of sound (AV)) 
for the BCI and for the reference device (Ref). Mean improvements 
(bars) and standard deviations (error bars) are included.  

  Figure 6.     GBI results in the categories total score, general subscale 
score, social support score, and physical health score. Results for both the 
BCI and the reference device (Ref) are presented. Mean improvements 
(bars) and standard deviations (error bars) are included.  

  Figure 4.     Signal-to-noise ratio threshold (SNR-threshold) for 
50% intelligibility for the BCI, and the reference device for 
all patients, mean improvement, and standard deviation. BCI 
SRT-threshold    �     �    5.5    �    2.3 dB, and Ref SRT-threshold    �     �    
2.4    �    3.8 dB.  



414    S. Reinfeldt et al.

in the speech signal, which are present in normal speech, are more 
attenuated when vibrations pass through the skin, as in the refer-
ence device. 

 The audiometric and questionnaire results in this study are similar 
to results in studies of the other active transcutaneous BCD, Bonebri-
dge (MED-EL, Innsbruck, Austria). Manrique et   al (2014) presented 
the surgical technique and audiological outcomes of fi ve patients 
using the Bonebridge. They concluded a 35.62    �    12.09 dB improve-
ment by comparing the preoperative unaided PTA 4 -AC (with head-
phones) with the aided PTA 4  in sound fi eld. For the same calculation 
in this study, the improvement was 34.1    �    9.6 dB. Ihler et   al (2014) 
concluded from six Bonebridge patients that the average improve-
ment (called  ‘ functional gain ’  and calculated in the same way as in 
Manrique et   al (2014)) was 33.6    �    7.2 dB, and that the mean GBI 
improvement was    �    36.1 points. These results are also similar to 
the results of this study. Speech tests in Manrique et   al (2014) and 
in Ihler et   al (2014) were performed in quiet, and are therefore not 
comparable to the ones in this study, where a speech-to-noise ratio 
of 4 dB was used. By observing the sound fi eld warble tone thresh-
old data that Sprinzl et   al (2013) obtained from 12 patients after 
three months with Bonebridge, their average improvement in aided 
sound fi eld PTA 4 , calculated as in this study, was approximately 25 
dB. Their improvement in SRT between unaided and aided condi-
tion was on the average 25.3 dB. Barbara et   al (2013) presented an 
average sound fi eld PTA 4  improvement of 36.5 dB and an aver-
age SRT improvement of 36 dB for four patients with Bonebridge. 
Hence, there are some variations in the improvement data for the 
Bonebridge, and the BCI results in this study are at least equal to 
the Bonebridge results. 

 The standard deviations are high in some of the measurements, 
especially for the SRS data of the reference device, as seen in 
Table 2. Variations may depend on many different factors, such as 
cognitive factors, level of fatigue, mood and concentration at that 
specifi c measurement time, and variation in fi tting accuracy. 

 It should be emphasized that comparing two different BC devices, 
besides the psychoacoustic variance, always means uncertainties due 
to stimulation position, tissues for sound transmission, transducer 
characteristics, and fi tting procedure. For SRT in quiet, patient 2 
performs worse compared to the reference device. A possible expla-
nation could be that the BCI transducer is positioned further back 
due to a radical mastoid cavity. On the other hand, patient 2 performs 
better in SRS in noise, while patient 3 performs worse with the BCI 
than with the reference device in both SRT in quiet and SRS in 
noise. Both devices perform signifi cantly better than the unaided for 
all these patients so the differences between the devices might be 
considered as minor as compared with the total rehabilitation effect 
relative to unaided condition. More patients are needed to increase 
the accuracy of the results and give more detailed inclusion criteria 
for the BCI. 

 An interesting comparison can be made to the fi rst patients who 
were treated by BAHA. In a study by Tjellstr ö m and H å kansson 
(1995), approximately 120 patients (110 – 127 patients depending on 
which test) who had received the HC 200 processor was tested with 
practically the same protocol as was used in this study. It was found 
that the improvement with the HC 200 over the unaided condition 
was (present BCI results within parentheses): PTA 4     �    29.4 (31.0) 
dB; SRT    �    26.5 (27.0) dB; SRS    �    41.6 (51.2) %. Obviously, the fi rst 
generation BCI performs a bit better than the fi rst generation BAHA, 
but one should keep in mind that the patient selection criteria was a 
bit different. For more comparison details, see Reinfeldt et   al (2015b) 
and Carlsson et   al (1986). 

 As an effi ciency parameter for BCDs, the closure (or non-closure) 
of the air-bone gap (ABG) is often used. Although the ABG is impor-
tant as an indication for BCD in general (a substantial ABG implies 
better speech perception with a BCD as compared to conventional 
air-conduction hearing aids (de Wolf, 2011)), it can be quite mislead-
ing. If the contralateral BC function is much better than the ipsilat-
eral BC function at some frequencies, the functional (aided) ABG is 
determined by the contralateral BC and ipsilateral AC thresholds. For 
these reasons, the ABG is not addressed in this paper. See Reinfeldt 
et   al (2015b) for more details. 

 Learning effects from the speech audiometry tests are considered 
negligible for the patients in this study. Hagerman and Kinnefors 
(1995) investigated learning effects for patients with and without 
hearing impairments, and with hearing impairment divided into 
patients with SRT-threshold better than and worse than 0 dB. They 
concluded that the learning effects are negligible for patients with 
SRT-thresholds better than 0 dB, which applies to all patients in the 
current study. 

 The fi tting of the BCI device was mainly done manually in an 
interaction between the patient and the investigator, considering the 
patient ’ s preoperative AC and BC hearing thresholds. Moreover, all 
subsequent adjustments were based on feedback from the patient. 
Although the devices are fi tted using the same methodology in order 
to achieve reliable data, the outcome of the audiometric measure-
ments are naturally affected by the fi tting of the device.   

 Patient-related outcome measures 
 In general, there were signifi cant improvements for the BCI over the 
unaided condition. No signifi cant differences were found between 
the BCI and the reference device, in support of the third hypothesis 
of this study. However, the AV category in APHAB gave somewhat 
worse results for the devices compared to the unaided condition. 
Furthermore, the physical health score in GBI was worse for the 
reference device compared to the unaided condition. In the EC, BN, 
and RV categories, all patients improved with both the BCI and the 
reference device above the critical 22-point level (Cox  &  Alexander, 
1995), which is unusual in studies of bone conduction devices, where 
previous investigations have shown improvements of 16 to 34% of 
the patients (Desmet et   al, 2014; de Wolf et   al, 2010). 

 In the APHAB questionnaire, the patient answers questions about 
the unaided condition and the aided condition. Therefore, in the pres-
ent study, the unaided and the reference device was evaluated before 
surgery, and the unaided (once again) and the BCI was evaluated after 
six months of use. The improvement for each device was calculated 
by comparing the aided with the unaided condition as reported at 
each specifi c time. However, a general fi nding, also reported by Pfi ff-
ner et   al (2011), is that the unaided condition is considered slightly 
worse in later sessions. This might be a refl ectance of patients being 
more aware of their diffi cult unaided hearing situation, as an outcome 
of participating in the study (Pfi ffner et   al, 2011).   

 Surgical procedure 
 The experience from six BCI implantations confi rms that the surgical 
procedure is straightforward, safe, and uncomplicated. Two explana-
tions for this conclusion are that the engagement in the mastoid bone 
is shallow and that the implant is far from delicate structures, such 
as the inner ear and the facial nerve. Moreover, the surgery required 
less space and was less time consuming by changing the method of 
securing the transducer casing from a titanium plate to the use of a 
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titanium wire. By using the titanium wire, it is also easier to remove 
and replace the implant if necessary. The titanium wire has shown to 
provide suffi cient retention force to ensure an effi cient transmission 
in the transducer-to-bone interface. 

 The BCI transducer is attached to the bone via a fl at surface 
contact, whereas in all other BCDs, a screw attachment is used. A 
reason not to use a screw attachment in the bottom of the recess 
is that the screw would have deepened the engagement into the 
bone. To use screws on the lateral sides of the transducer case 
was not considered, as the highest transmission sensitivity was 
found when stimulating as close as possible to the cochlea, and 
also that screws may be more diffi cult to handle at installation 
and in a possible future explantation. The transmission proper-
ties of this fl at surface contact have been investigated in preclini-
cal studies (H å kansson et   al, 2010; Taghavi et   al, 2013), showing 
equally good transmission properties as a screw attachment of the 
transducer. The transducer-to-bone contact improved over time, 
and indicated stiffer and osseointegrated bone close to the implant, 
in a long-term study on sheep (Taghavi et   al, 2013; Eeg-Olofsson 
et   al, 2014a). 

 The BCI design enables a straightforward surgical procedure in 
patients with normal temporal bones and no history of previous 
surgeries. In those cases, pre-operative CT-scanning is not neces-
sary since the BCI fi ts normal temporal bone sizes, as evaluated 
by Reinfeldt et   al (2015a). In all six patients, the BCI protrudes 
approximately 2 mm above the bone surface facilitating the appli-
cation of suffi cient retention force towards the bone. In patients 
with known defects of the mastoid or cavities after mastoid surgery 
on the BCI side, preoperative CT is recommended. A preoperative 
CT scan was done in patients number 2 and 3, and showed to be 
helpful in determining the location of the BCI transducer. Also 
in patient number 1, a preoperative CT was taken, but that was 
done mainly as a precaution as this was the fi rst patient treated 
with the BCI. 

 An exchange of the implant in patient 5 was decided after eight 
months, because the retention magnet came loose inside its tita-
nium capsule, which created a clicking sound when attaching and 
removing the AP from its position on the head. It was easy to 
remove the implant after cutting the titanium wire, since there was 
no adherence between the implant and the bone on the bottom of 
the recess. This event shows that in situations when explantation 
of the BCI implant is needed, e.g. for a necessary MRI of the brain 
where distortions of the MRI image must be avoided, the procedure 
is quick and safe.    

 Conclusions 

 The BCI is a new direct drive active transcutaneous bone conduction 
device that does not need a percutaneous abutment, like the BAHA. 
This paper reports the results of the fi rst six patients in an ongo-
ing clinical study using the BCI, approved by the Swedish Medical 
Agency and the Regional Ethical Review Board. At the six-month 
follow-up of this clinical study, it was found that: 

  The BCI offers the patients signifi cantly improved audiometric  •
results and subjective outcome compared to the unaided condi-
tion, in support of the fi rst hypothesis of the study,  
  The BCI audiometric results and the subjective outcome are  •
similar or better compared to a conventional bone conduction 
device (BAHA on softband), in support of the second and third 
hypothesis of the study,  

  The BCI leaves the skin intact and no skin complications were  •
seen, and  
  The BCI surgery was found to be straightforward, safe, and  •
uncomplicated.  

 Longer follow-up time in more patients is needed to further 
ascertain clinical outcomes and establish more defi nite audiologi-
cal parameters. In summary, it was found that the BCI can provide 
hearing rehabilitation for patients with mild-to-moderate conductive 
or mixed hearing impairments, and is a realistic alternative to bone 
conduction devices on the market. 
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