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ABSTRACT 
Bone conduction hearing devices are generally the best treatment for patients 
with conductive or mixed hearing loss, or single-sided deafness, who cannot 
use conventional hearing aids. The aim of this thesis was to explore patients’ 
audibility and experiences of using an active transcutaneous bone conduction 
device and to develop a new method for objective verification of audibility in 
patients using bone conduction devices. In Study I, the results from the three-
year follow-up showed that the Bone Conduction Implant (BCI) generally 
resulted in the same or better improvement in audiometric results compared to 
the reference device (Ponto Pro Power on softband) and the unaided situation. 
In both audiometric measurement and quality of life questionnaires, the BCI 
and the reference device showed significantly better results compared to the 
unaided situation. The nasal sound pressure measurements were stable over 
time, and there were no adverse skin complications due to the magnetic force. 
Studies II and III contain results from the development and testing of a new 
method to objectively measure audibility with a skin microphone placed on the 
forehead. The results show that the method can be used for measuring 
audibility and can also be used for hearing aid adjustments in patients with 
different types of bone conduction devices. In Study IV, a qualitative approach 
was used to get a deeper understanding of patients’ experiences of using and 
living with the BCI. The data collection consisted of in-depth interviews, which 
were analysed according to the phenomenographic approach. The analysis 
resulted in four different themes, which were further represented through three 
or four categories.  
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The overall results showed that the BCI can be an effective and safe treatment 
for patients with conductive or mild to moderate mixed hearing loss. 
Furthermore, in the interviews, the BCI users stated that the audio processor is 
easy to use and handle. This new method, which relies on a skin microphone, 
can be used to measure individual dynamic range and audibility in patients who 
use bone conduction devices. The skin microphone can also be used to detect 
and improve a poor fitting. 
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rehabilitation, Objective measurements, Skin microphone, Questionnaires, 
Audiological research.   
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SAMMANFATTNING PÅ SVENSKA 
För patienter med konduktiv eller kombinerad hörselnedsättning som inte kan 
använda luftledda hörapparater, är benledda hörapparater ofta den bästa 
behandlingen. Syftet med denna avhandling var att utforska patienters 
hörbarhet och upplevelser av att använda en aktiv transkutan benledd 
hörapparat samt att utveckla en ny metod för objektiv verifiering av hörbarhet 
hos patienter som använder benledda hörapparater. I studie I visar resultatet 
från treårsuppföljningen att BCI vid ton- och talaudiometri ger ett signifikant 
förbättrat hörande jämfört med utan hörapparat, och att BCI generellt har 
samma eller något bättre resultat jämfört med referensapparaten (Ponto Pro 
Power på softband). I både audiologiska mätningar och livskvalitetsenkäter 
visade BCI och referensapparaten ett signifikant bättre resultat jämfört med 
situationen utan hörapparat. Näsmätningarna visade sig ge stabila svar över 
tiden och inga allvarliga hudkomplikationer uppstod på grund av 
magnetstyrkan. Studie II och III innehåller resultat från utveckling och 
testning av en ny objektiv mätmetod av hörbarheten hos patienter som 
använder benledda hörapparater. Resultaten visar att metoden kan användas på 
patienter med olika typer och modeller av benledda hörapparater för att mäta 
den individuella hörbarheten. För studie IV användes ett kvalitativt 
tillvägagångssätt för att få en djupare förståelse av patienternas erfarenheter av 
att använda och leva med BCI. Datainsamlingen bestod av intervjuer och dessa 
analyserades sedan enligt den fenomenografiska ansatsen. Resultaten från 
analysen resulterade i fyra olika teman som ytterligare representerades genom 
tre eller fyra kategorier. De övergripande resultaten visade att BCI kan vara en 
effektiv och säker behandling för patienter med konduktiv eller mild till måttlig 
blandad hörselnedsättning och i intervjuer uppger BCI-användarna att 
ljudprocessorn är lätt att använda och hantera. Den nya metoden, med hjälp av 
en hudmikrofon, kan användas för att mäta det individuella dynamiska området 
och den individuella hörbarheten hos patienter som använder benledda 
hörapparater. Hudmikrofonen kan också användas för att upptäcka och 
förbättra en mindre bra anpassning. 
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1 INTRODUCTION 
Most of us take the ability to hear what someone is saying for granted, without 
thinking about the importance of hearing for our ability to communicate. 
According to the World Health Organization (WHO), hearing is our most 
important sense for communication (WHO, 1991). Hearing loss can cause 
difficulties in communicating with other people and can have a negative impact 
on our life. Several studies have shown that people with hearing loss have an 
increased risk of social isolation and depression, which can affect the hearing-
impaired person's quality of life and mental health (Barker et al., 2017; Shukla 
et al., 2020). According to the WHO, hearing loss currently affects more than 
1.5 billion people worldwide (WHO, Accessed 1 May 2021), and according to 
estimates from Statistics Sweden (SCB), over 1.5 million people in Sweden 
have some degree and type of hearing loss (Statistics Sweden, 2021) 
 
The present thesis will focus on bone conduction devices (BCDs) in adult 
users. In 2012, the first patient was implanted with a new Swedish active 
transcutaneous bone conduction implant, the Bone Conduction Implant (BCI). 
The first of the four studies included in this thesis presents the audiometric 
measurements and subjective experiences after implantation of the BCI at the 
three-year follow-up. The second study is a pilot study about the development 
of an objective method that uses a skin microphone to measure the audibility 
of bone conduction devices. In the following study, the skin microphone was 
used to measure audibility in patients with different BCDs. The last study uses 
a qualitative approach to present the users’ experiences of using and living with 
the BCI. 

1.1 ANATOMY AND PHYSIOLOGY OF THE 
AUDITORY SYSTEM 

Hearing is one of our most important senses, and the ear and its different 
components are part of the auditory pathway to perceive sound. The ear (Figure 
1) consists of three parts: the external ear, the middle ear, and the inner ear. 
The external ear consists of the auricle and the ear canal and is separated from 
the middle ear by the tympanic membrane, which converts sound waves in the 
air to mechanical vibrations. In the middle ear, mechanical vibrations are 
transmitted through the three ossicles: the malleus, the incus, and the stapes. 
The stapes footplate is placed over the oval window and transfers the 
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mechanical vibrations to the inner ear, where the cochlea and vestibule are 
located. In the cochlea, which is fluid filled, the vibrations create a travelling 
wave in the basilar membrane. The resulting wave motion stimulates the hair 
cells and evokes an electrical signal that is transmitted via the auditory nerve 
and the brain stem up to the auditory cortex of the brain. When the brain 
registers the signal, we can perceive the sound (Pickles, 2015). The described 
sound pathway is called hearing by air conduction. Another way of hearing is 
through bone conduction, where sound is transmitted by skull vibrations to the 
inner ear, creating the same travelling wave in the basilar membrane as by air 
conduction, allowing sounds to be perceived even if the ear canal and/or 
middle ear is mechanically blocked due to congenital or acquired defects (von 
Békésy, 1960). 

 

 

Figure 1 Structures of the ear.  

Reprinted with permission from OpenStax AnatPhys fig.14.5 - The Structures of the Ear - 
English labels at AnatomyTOOL.org by OpenStax, license: Creative Commons Attribution. 
Source: book 'Anatomy and Physiology', https://openstax.org/details/books/anatomy-and-
physiology. 
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1.2 HEARING LOSS 
The Global Burden of Disease Expert Group on Hearing Loss defines hearing 
loss as the average value of the hearing thresholds being ≥ 20 dB HL, at the 
frequencies of 500, 1000, 2000, and 4000 Hz (PTA4) (Stevens et al., 2013).  
Hearing loss can be of different degrees and can affect one or both ears. Hearing 
loss is divided into three types: sensorineural, conductive, and mixed. The 
majority of those with a hearing impairment have sensorineural hearing loss 
caused by damage in the inner ear or in the auditory nerve. This type of 
impairment usually affects both ears symmetrically and results in chronic 
hearing loss. The treatment offered for sensorineural hearing loss is hearing aid 
fitting as one part of hearing rehabilitation. A small proportion of those with 
hearing loss have conductive hearing loss. This type of hearing loss is caused 
by diseases or obstructions of the outer ear, the ear canal, or the middle ear, 
and affects one or both ears. A combination of sensorineural and conductive 
hearing loss is called mixed hearing loss. Depending on the cause, the 
treatment offered for conductive and mixed hearing loss is either hearing 
rehabilitation with hearing aids or a surgical procedure, sometimes a 
combination of both. Some people with conductive or mixed hearing loss are, 
for various reasons, unable to use a conventional hearing aid due to temporary 
or chronic defects/diseases of the outer ear, the ear canal, or the middle ear. 
For these persons, a bone conduction hearing aid is a commonly used 
alternative, where the sound is transmitted through the skull bone into to the 
cochlea. 
 

1.2.1 HEARING MEASUREMENTS 

1.2.1.1 TONE AUDIOMETRY 
The purpose of tone audiometry is to detect and diagnose normal or abnormal 
hearing sensitivity and to determine the degree and type of hearing loss. Tone 
audiometry is the gold standard when testing air and bone conducted hearing 
thresholds. The procedure involves presenting tonal stimuli, generated by an 
audiometer according to the international standard (ISO, 8253-1:2010), and the 
results are documented in an audiogram.   

1.2.1.2 SPEECH AUDIOMETRY 
Speech audiometry is a term for a wide range of psychoacoustic tests that use 
speech signals as stimuli. Speech audiometry can be used for different 
purposes but aims to measure a person’s ability to discriminate speech sounds 
(Meister, 2017). One common measure used in speech testing in Sweden is the 
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Figure 1 Structures of the ear.  

Reprinted with permission from OpenStax AnatPhys fig.14.5 - The Structures of the Ear - 
English labels at AnatomyTOOL.org by OpenStax, license: Creative Commons Attribution. 
Source: book 'Anatomy and Physiology', https://openstax.org/details/books/anatomy-and-
physiology. 
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1.2 HEARING LOSS 
The Global Burden of Disease Expert Group on Hearing Loss defines hearing 
loss as the average value of the hearing thresholds being ≥ 20 dB HL, at the 
frequencies of 500, 1000, 2000, and 4000 Hz (PTA4) (Stevens et al., 2013).  
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impairment usually affects both ears symmetrically and results in chronic 
hearing loss. The treatment offered for sensorineural hearing loss is hearing aid 
fitting as one part of hearing rehabilitation. A small proportion of those with 
hearing loss have conductive hearing loss. This type of hearing loss is caused 
by diseases or obstructions of the outer ear, the ear canal, or the middle ear, 
and affects one or both ears. A combination of sensorineural and conductive 
hearing loss is called mixed hearing loss. Depending on the cause, the 
treatment offered for conductive and mixed hearing loss is either hearing 
rehabilitation with hearing aids or a surgical procedure, sometimes a 
combination of both. Some people with conductive or mixed hearing loss are, 
for various reasons, unable to use a conventional hearing aid due to temporary 
or chronic defects/diseases of the outer ear, the ear canal, or the middle ear. 
For these persons, a bone conduction hearing aid is a commonly used 
alternative, where the sound is transmitted through the skull bone into to the 
cochlea. 
 

1.2.1 HEARING MEASUREMENTS 

1.2.1.1 TONE AUDIOMETRY 
The purpose of tone audiometry is to detect and diagnose normal or abnormal 
hearing sensitivity and to determine the degree and type of hearing loss. Tone 
audiometry is the gold standard when testing air and bone conducted hearing 
thresholds. The procedure involves presenting tonal stimuli, generated by an 
audiometer according to the international standard (ISO, 8253-1:2010), and the 
results are documented in an audiogram.   

1.2.1.2 SPEECH AUDIOMETRY 
Speech audiometry is a term for a wide range of psychoacoustic tests that use 
speech signals as stimuli. Speech audiometry can be used for different 
purposes but aims to measure a person’s ability to discriminate speech sounds 
(Meister, 2017). One common measure used in speech testing in Sweden is the 
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speech recognition score (SRS) in quiet or in noise (ISO, 8253-3:2012; 
Magnusson, 1995). The SRS contains a list of 50 phonemically balanced 
words, and participants are asked to repeat the exact words. The number of 
correctly repeated words is then calculated and presented as a precent. Other 
measures include the speech recognition threshold (SRT) and signal-to-noise 
ratio (SNR) threshold. SRT measures the minimum hearing threshold where a 
person can correctly repeat 50% of the presented words, and SNR threshold 
speech tests, such as Hagerman’s five-word sentences or the Hearing in Noise 
Test (HINT), measure at what level (as a ratio of the speech signal and noise) 
a person reaches 50% speech intelligibility (Hagerman & Kinnefors, 1995; 
Nilsson et al., 1994). Speech tests provide information about a person’s ability 
to handle auditory information in both quiet and noisy situations, but speech 
tests also involve cognitive and linguistic abilities, which can affect speech 
audiometry results (Gordon-Salant & Fitzgibbons, 1993). A speech test can 
also be important as a complementary measure to cross check the accuracy of 
the pure tone audiometry thresholds and as a predictor of hearing aid use. 
Furthermore, it is an important evaluation tool for hearing aid fitting 
(Magnusson, 1995; Tye-Murray, 2019).  

Speech tests can be conducted both with audiometric headphones (TDH39) for 
diagnostic purposes and in sound field measurements for evaluation purposes. 
Sound field measurements (both tone and speech audiometry) are often used 
to measure the improvement in hearing with a hearing aid fitting by comparing 
unaided results to aided results. One of the speech test signals developed for 
sound field measurement is the International Speech Test Signal (ISTS), which 
is internationally validated and contains real speech from six different 
languages mixed together (Holube et al., 2010). The ISTS is presumed to have 
less impact on automatic functions in hearing aids, such as noise and feedback 
reduction systems. 

 

1.2.2 HEARING REHABILITATION 
In the WHO’s definition, rehabilitation is an important part of universal health 
coverage and aims to help a person to be as independent as possible in everyday 
life through “a set of interventions designed to optimize functioning and reduce 
disability in individuals with health conditions in interaction with their 
environment” (WHO, 2023). For persons with hearing loss, hearing 
rehabilitation can include medical, technological, pedagogical, social, and 
psychosocial interventions, which all aim to facilitate hearing as much as 
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possible by reducing the individual's limitations in various listening situations 
and increasing the ability to communicate in different everyday activities 
(Bennett et al., 2021; Montano, 2020; Tye-Murray, 2019). In hearing 
rehabilitation, the focus is often on the technical part (i.e. hearing aid fitting) 
and less on other parts though in some cases, these parts may be equally 
important as hearing aids alone may not be enough to compensate for hearing 
loss (Boothroyd, 2007; Ferguson et al., 2019). To achieve successful hearing 
rehabilitation, we should not underestimate the importance of the person's own 
motivation and commitment in their hearing rehabilitation process. If the 
individual is not motivated to participate, hearing rehabilitation will not be 
effective. According to the WHO, the goals of hearing rehabilitation for adults 
are to improve quality of life by reducing limitations caused by hearing loss 
and to improve the ability to communicate (WHO, 2023). 

 

1.2.2.1 HEARING AID EVALUATION  
To evaluate a hearing aid fitting, it is possible to use questionnaires to try to 
capture the patient´s perceived satisfaction with the hearing aid, as well as how 
the patient uses and benefits from the hearing aid. Another method is to use 
sound field measurements to capture the improvement of tone or speech signals 
with and without the hearing aid. For air conduction hearing aids, an objective 
measurement, real ear measurement (REM) can be used to ensure that the 
hearing aid is providing the amplification that the patient needs. All these 
evaluation methods can be used separately, but a combination of methods 
creates a more complete picture of how the hearing aid is benefiting the 
individual patient. For bone conduction hearing devices, we still lack an 
objective way to measure the individual amplification. 

 

1.3 BONE CONDUCTION HEARING DEVICES 

1.3.1 HISTORY 
The development of BCDs has progressed since Richard Rhodes was granted 
a patent for the Audiphone in 1879 (Rhodes, 1879). The Audiphone was made 
of hard rubber and had the shape of a fan that was pressed against the upper 
teeth, which then transmitted vibrations to the inner ear via the skull. Some 
decades later, in 1932, Hugo Lieber obtained a patent for a bone conductor that 
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could be pressed against the skin behind the ear, using a band around the skull 
to transmit vibrations through the skull bone to the inner ear. This method is 
still used in patients today during a try out period for a BCD or while waiting 
for surgery to receive a BCD. Patients who are unwilling or unable to undergo 
surgery may also choose this option as a permanent solution to improve their 
hearing. 
The next decisive event occurred during the 1950s when Professor Per-Ingvar 
Brånemark discovered that one of his titanium research instruments would not 
come off when he tried to remove it from bone tissues. It turned out that bone 
tissue had grown into the spaces on and around the titanium, and Per-Ingvar 
Brånemark named this process osseointegration (Brånemark, 1983; 
Brånemark, 1959). This turned out to be an important discovery, and the 
technology is still used today for a variety of implants. 
Brånemark also discovered that a titanium implant could be used to transmit 
sound in the skull bone to the cochlea (Tjellström, 2015). In 1977, the first 
patient was implanted with a percutaneous titanium implant for a bone-
anchored hearing aid at the Department of Otorhinolaryngology, Head and 
Neck Surgery, Sahlgrenska University Hospital in Gothenburg. The surgeon 
was Professor Anders Tjellström, and he developed the surgical procedure for 
the bone-anchored hearing aid (Mudry & Tjellström, 2011; Tjellström et al., 
1981). The inventor and constructor of the actual hearing aid was Bo 
Håkansson, professor of biomedical engineering at Biomedical Signals and 
Systems, Department of Electrical Engineering, Chalmers University of 
Technology (Håkansson et al., 1986; Håkansson et al., 1985; Tjellström et al., 
1980). Since 1977, there has been continuous progress in the development of 
titanium implants, surgical methods, and the actual hearing aid used in BCDs. 
 

1.3.2 BONE CONDUCTION DEVICES 
For many years, the percutaneous bone anchored hearing aid has been, and still 
is a common choice in hearing rehabilitation for patients with conductive or 
mixed hearing loss. In the percutaneous solution, an implant (of titanium) is 
positioned in the skull bone, and the skin is penetrated by a titanium abutment, 
which is attached to the implant (Tjellström et al., 1981). Complications such 
as skin infections/inflammation or loss of the implant have led to the 
development of active transcutaneous implantable bone conduction devices 
(BCD) (Eeg-Olofsson et al., 2014; Huber et al., 2013) leaving the skin intact (de 
Wolf et al., 2009; Hol et al., 2013; Holgers et al., 1987; Powell et al., 2015). By 
keeping the skin intact, compared to the percutaneous solution, it is possible to 
decrease skin complications (Aukema et al., 2023; Hol et al., 2013; Zernotti & 
Sarasty, 2015). Disadvantages of transcutaneous implantable devices are that 
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they require a more extensive surgical procedure (Amin et al., 2021; Carr et al., 
2017) and there will be image artefacts around the implant when a magnetic 
resonance imaging (MRI) investigation of the area around the implant is 
performed (Jansson et al., 2015).  
 
Implantable BCDs are divided into two groups (see Figure 2): direct drive bone 
conduction, where the transducer has direct contact with the bone, and passive 
skin drive bone conduction, where the transducer is attached to the skin. Direct 
drive bone conduction is divided into percutaneous and active transcutaneous 
bone conduction systems, where the percutaneous bone conduction system 
transmits vibrations from the transducer directly to the bone through a skin-
penetrating, bone anchored titanium implant (see Figure 3a). In active 
transcutaneous bone conduction systems, the transducer is implanted under 
intact skin (see Figure 3b). The skin drive bone conduction systems are divided 
into the passive transcutaneous and conventional system. The passive 
transcutaneous bone conduction system uses a retention magnet implanted 
under the skin (see Figure 3c), and the conventional BCD bone conduction 
system is attached to the skin by a headband/softband or an adhesive adapter 
(see Figure 3d). The nomenclature regarding BCDs has not been agreed 
nationally (in Sweden) or globally. In Figure 2, the suggested nomenclature for 
the different BCD systems is a result of an ongoing national guideline process 
for BCDs in Sweden. 
 
 

 

Figure 2 Overview of bone conduction devices.  
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Figure 3. Overview of bone conduction hearing device systems: (a) percutaneous system; 
(b) active transcutaneous system, the Bone Conduction Implant; (c) passive transcutaneous 
system; and (d) conventional system.  

Reprinted with permission: 3a from Oticon Medical, 3b Chalmers, and 3c from Cochlear 
Limited.  

 

1.3.3 THE BONE CONDUCTION IMPLANT 
In a research project between Chalmers University of Technology and 
Sahlgrenska University Hospital, a new Swedish active transcutaneous BCD 
was developed, the Bone Conduction Implant (BCI) (see Figure 4).  
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Figure 4. A model of the BCI implant and the external audio processor.  

In this research project, 16 patients were implanted with the BCI (13 in 
Gothenburg and three in Stockholm). The first patient was implanted in 2012, 
and the first publication focused on the surgical and audiological aspects from 
the first BCI (Eeg-Olofsson et al., 2014). It was shown that tone and speech 
audiometry and SNR thresholds improved compared to the unaided situation. 
Furthermore, the surgical procedure was found to be uncomplicated and safe. 
The subsequent publications from the six-month, one year, three-year, 
(included in this thesis) and five-year follow-up showed that the patients using 
the BCI significantly improved their audiometric results compared to the 
unaided situation. In comparison with the reference device, a Ponto Pro Power 
on softband (Oticon Medical, Askim, Sweden), the BCI audiometric results 
were similar or better. All follow-ups show that the audiometric results are 
stable over time and that the audibility is good in the low and mid frequencies, 
but slightly poorer in the high frequencies (Håkansson et al., 2019; Persson et 
al., 2020; Reinfeldt et al., 2022; Reinfeldt et al., 2015).  

 

1.3.4 VERIFICATION METHODS 
In the technical part of hearing rehabilitation concerning hearing aid fitting, it 
is important that the hearing aid is programmed correctly so that it can provide 
an accurate individual benefit. When programming any hearing aid/hearing 
device, the routine is to proceed according to the respective company's 
recommendations in the company specific software so that the hearing 
aid/hearing device is programmed with an individual amplification based on 
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software algorithms, hearing thresholds, and age. From the proposed 
individual amplification in the software, any adjustments are then made 
manually, depending on how the patient experiences the sound from the 
hearing aid/hearing device. In all hearing rehabilitation processes and when 
programming a hearing aid, it is always important that there is good 
communication between the patient and the audiologist so that the hearing aid 
can be programmed according to the patient's wishes and  that the best possible 
speech intelligibility can be achieved. In some situations, for example, when 
working with small children or patients with disabilities, this communication 
may be limited or non-existent. In these cases, it can be extra important to have 
a method to objectively verify that the hearing aid provides accurate 
amplification and thus provides the patient with the best hearing possible 
(Ricketts, 2019). For conventional hearing aids, REM are used as an objective 
verification, where REM measures the sound pressure level (SPL) provided by 
the hearing aid at the ear drum (Humes et al., 1996). The traditional REM uses 
noise or tones, but speech signals have come to be used more and more. In fact, 
Stelmachowicz et al. (1996) and Scollie and Seewald (2002) state that a speech 
signal provides, in general, a more accurate measurement of aided speech 
levels (Scollie & Seewald, 2002; Stelmachowicz et al., 1996). By using REM 
and a Speechmap®system (Verifit 2, Audioscan, Canada), it is possible to 
show the maximum power output (MPO) of the hearing aid, the dynamic range 
(DR; DR is the audible area between the hearing thresholds and the MPO), and 
where in the DR the speech levels in the Speechmap graph end up for the 
individual patient. Without REM, it is impossible to know how much of the 
individual speech falls within the DR and is audible for the patient. Based on 
the speech levels from REM, any adjustments can then be made to achieve the 
best possible audibility for the patient. One advantage of objective 
measurements is that the patient is not required to actively participate, as 
opposed to subjective measurements where the patient needs to respond to 
different stimuli such as speech or tones (Moore, 2006). It is noteworthy, 
however, that the method is based on subjectively measured hearing 
thresholds. There is currently no clinical method for BCDs that is comparable 
to the REM for conventional hearing aids, which can objectively measure 
individual audibility. There are methods that have been used in different 
research studies, but none of them have been developed into clinical practice.    
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1.3.4.1 FUNCTIONAL GAIN AND EFFECTIVE GAIN 
Functional gain is another way to assess hearing aid performance and is a 
method that has been used for decades. The definition of functional gain is the 
difference between aided and unaided sound field thresholds (Haskell, 1987). 
For many years, this method was the only way to get some kind of objective 
measure of the performance of a hearing aid fitting. However, the use of 
functional gain for BCD can be misleading, because the greater the air-bone 
gap (i.e. the difference between the air conducted hearing thresholds and the 
bone conducted hearing thresholds), the greater the potential functional gain. 
Since functional gain does not assess the efficacy of the BCD, “effective gain” 
was presented as a better objective method. Effective gain is a method that has 
also been used for many years as an objective method to evaluate hearing aid 
fitting. The effective gain is calculated by taking the unmasked bone 
conduction hearing thresholds and subtracting the aided sound field thresholds, 
where the result shows how well a hearing aid can close the air-bone gap (Dias 
et al., 2023; Maier et al., 2022; Snik et al., 2019; van Barneveld et al., 2018). 
If the effective gain is zero, the air-bone gap is closed.  

 

1.3.4.2 MAXIMUM OUTPUT AND DYNAMIC RANGE 
From a clinical and rehabilitative perspective, it is essential to determine both 
the level of gain a hearing aid offers to a patient and the extent to which this 
gain is actually perceived by the patient. Several research studies have been 
published on different approaches to find a method that can objectively verify 
audibility in BCDs. In Merten et al. (2014), the authors presented a method in 
which they measured the maximum output (the highest output a hearing aid 
can produce) in three patients with Bonebridge (MED-EL, Innsbruck, Austria). 
The authors used a probe microphone from the Auricle REM system in the 
contralateral ear canal and measured the acoustic vibrations that were radiated 
from the wall of the ear canal when presenting a broadband stimulus at 
different levels. From these measurements, the input/output measures were 
obtained, and the individual area between the hearing thresholds and the 
maximum output from the hearing aid, the DR, could be determined (Mertens 
et al., 2014). This method requires some manual calculations and can only be 
used if the patient has normal ear canal anatomy. Furthermore, this method 
measures the maximum output and the DR, but it does not tell us anything 
about how the device performs at speech levels.  

 



Objective and subjective outcomes from bone conduction hearing devices 

10 

software algorithms, hearing thresholds, and age. From the proposed 
individual amplification in the software, any adjustments are then made 
manually, depending on how the patient experiences the sound from the 
hearing aid/hearing device. In all hearing rehabilitation processes and when 
programming a hearing aid, it is always important that there is good 
communication between the patient and the audiologist so that the hearing aid 
can be programmed according to the patient's wishes and  that the best possible 
speech intelligibility can be achieved. In some situations, for example, when 
working with small children or patients with disabilities, this communication 
may be limited or non-existent. In these cases, it can be extra important to have 
a method to objectively verify that the hearing aid provides accurate 
amplification and thus provides the patient with the best hearing possible 
(Ricketts, 2019). For conventional hearing aids, REM are used as an objective 
verification, where REM measures the sound pressure level (SPL) provided by 
the hearing aid at the ear drum (Humes et al., 1996). The traditional REM uses 
noise or tones, but speech signals have come to be used more and more. In fact, 
Stelmachowicz et al. (1996) and Scollie and Seewald (2002) state that a speech 
signal provides, in general, a more accurate measurement of aided speech 
levels (Scollie & Seewald, 2002; Stelmachowicz et al., 1996). By using REM 
and a Speechmap®system (Verifit 2, Audioscan, Canada), it is possible to 
show the maximum power output (MPO) of the hearing aid, the dynamic range 
(DR; DR is the audible area between the hearing thresholds and the MPO), and 
where in the DR the speech levels in the Speechmap graph end up for the 
individual patient. Without REM, it is impossible to know how much of the 
individual speech falls within the DR and is audible for the patient. Based on 
the speech levels from REM, any adjustments can then be made to achieve the 
best possible audibility for the patient. One advantage of objective 
measurements is that the patient is not required to actively participate, as 
opposed to subjective measurements where the patient needs to respond to 
different stimuli such as speech or tones (Moore, 2006). It is noteworthy, 
however, that the method is based on subjectively measured hearing 
thresholds. There is currently no clinical method for BCDs that is comparable 
to the REM for conventional hearing aids, which can objectively measure 
individual audibility. There are methods that have been used in different 
research studies, but none of them have been developed into clinical practice.    

 

Ann-Charlotte Persson 

11 

1.3.4.1 FUNCTIONAL GAIN AND EFFECTIVE GAIN 
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1.3.4.3 NASAL SOUND PRESSURE 
To verify the function of the BCI implant and the connected audio processor, 
the Nasal Sound Pressure (NSP) test was developed by Reinfeldt et al. (2019). 
This method was used in the BCI surgery and in all follow-up visits in the 
clinical study. To perform the NSP test, an ear plug with a probe microphone 
was inserted into the nostril on the same side as the BCI, and the nasal sound 
pressure created by vibrations from the BCI was measured with the probe 
microphone, which was connected to a preamplifier and then analysed by the 
Agilent 35670A. The main reason for performing NSP measurements was to 
be able to verify that the implant functioned correctly before closing the 
surgical wound (Reinfeldt et al., 2019). Another reason was to follow the 
implant functionality objectively over time. Even though the NSP is an 
adequate method, its use as a clinical tool can be complicated as it requires 
equipment that is not generally available at many clinics. 

  

1.3.4.4 OTHER PROPOSED VERIFICATION METHODS 
Hodgetts et al. (2010) presented two new methods for verification of 
percutaneous BCDs. Their study aimed to explore the feasibility of assessing 
audibility by calculating the sensation level (SL) based on the long-term 
average speech spectrum (LTASS) for individuals using percutaneous BCDs. 
SL is defined as the intensity of a sound in relation to an individual's hearing 
threshold and is used in speech tests to determine the starting level, and the 
LTASS is the configuration of speech energy and represents everyday speech 
measured in the aided situation. The first method is called “the real ear 
approach”, which is the same as REM for air conduction hearing aids. The 
difference is that the probe in the ear canal measures the sound radiated from 
the percutaneous implant via the skull bone and the cartilaginous parts of the 
ear canal at the same side as the BCD. With the real ear approach, the authors 
measured hearing thresholds and audibility through LTASS at 55, 65, and 75 
dB SPL, using the BEST transducer developed by Håkansson (Håkansson, 
2003). In the "accelerometer method", which is outlined as the second 
approach, an accelerometer is attached to the transducer that is connected to 
the abutment to measure the acceleration of vibrations. In the first method, the 
resulting sound pressure is measured in the ear canal in the unit dB SPL. In the 
second method, acceleration is measured from the back side of the transducer 
and is presented in acceleration level (AL) (dB AL; ref 1 m/s2). The authors 
then compared the two methods with a third method, “the aided sound field 
thresholds method”. In this third traditional method, the authors estimate the 
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SL by measuring aided hearing thresholds in sound field and then subtracting 
these from the unaided LTASS. When the authors compared the methods, they 
found that the methods did not give the same results even though they were all 
intended to measure the audibility. The authors concluded that the 
accelerometer method was the most accurate method, but that it can only be 
used for percutaneous implants and requires a normal ear canal. The 
accelerometer method also necessitates specific calibrations tailored to 
different BCD models and the use of specialised equipment that is not typically 
available in clinical settings. (Hodgetts et al., 2010).  

In a study by Nie et al. (2022), a verification method is proposed by using a 
piezoelectric thin-film force transducer placed between the skin and the BCD. 
The piezoelectric thin-film force transducer measures the force level at the skin 
stimulation position of the BCD, and the authors calculated the individual 
audibility from the bone conduction hearing thresholds measured by a B81 
transducer and the input from three different sound field levels: 55, 65, and 75 
dB SPL of pink noise. For the sound field measurements, the authors used a 
probe microphone placed in the ear canal and a reference microphone close to 
the BCD. To calculate the audibility in terms of force level, the authors took 
the aided force level for the pink noise at the three levels and subtracted the 
force level of the hearing thresholds. In the study, a comparison of the force 
level of the piezoelectric thin-film force transducer, the sound pressure from 
the ear canal, and an artificial mastoid was done. The results showed that the 
force level and the ear canal measurements gave similar results and that both 
methods differed significantly from the same measurements using the artificial 
mastoid. The method in this study can only be used in patients using a skin 
drive BCD attached by a headband or softband who have a normal ear canal 
(Nie et al., 2022).   

Skull vibrations from bone conduction stimulation can also be measured by a 
laser Doppler vibrometer, which has been used widely in research concerning 
bone conduction physiology (Dobrev et al., 2016; Eeg-Olofsson et al., 2008; 
Rigato et al., 2018). This method requires advanced tools and is not applicable 
in the clinical routine.  

Despite all the available methods described above, none have been developed 
to such a degree that they have been accepted as a standard clinical method.  
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1.3.5 SUBJECTIVE EVALUATION 

1.3.5.1 AUDIOMETRIC TESTS 
To measure and evaluate whether a hearing aid improves the ability to hear 
speech, different tone and speech tests can be performed (see 1.2.1). In 
Sweden, one common speech test is the Swedish version of SRS in quiet or in 
noise. The Swedish version of SRS in noise has a fixed speech-to-noise ratio, 
where the speech is 4 dB higher than the noise and is set to prevent a floor and 
ceiling effect (Magnusson, 1995). Speech tests in sound field are normally used 
to compare aided results with unaided results. 

 

1.3.5.2 QUESTIONNAIRES 
Additional approaches to evaluating hearing rehabilitation include the use of 
questionnaires. There are several different questionnaires that can be used 
depending on what is being investigated. One commonly used questionnaire is 
the Abbreviated Profile of Hearing Aid Benefit (APHAB), where the patient’s 
subjective hearing improvement is reported by a comparison between unaided 
versus aided situations (Cox & Alexander, 1995). Another questionnaire is the 
International Outcome Inventory of Hearing Aids (IOI-HA), which focuses on 
the patient’s experiences of using the hearing aid in daily life (Cox & 
Alexander, 2002). The Glasgow Benefit Inventory (GBI) questionnaire is used 
to assess changes in quality of life for patients undergoing surgical or medical 
interventions in otolaryngology (Robinson et al., 1996), while the Speech 
Spatial and Qualities of Hearing scale (SSQ) contains questions concerning 
hearing speech in different situations, directional hearing, and perceived 
special hearing in everyday situations (Gatehouse & Noble, 2004). 

  

1.3.5.3 QUALITATIVE EVALUATION 
To get an even deeper understanding of patients’ experiences and perceptions 
of using BCDs, a qualitative approach can be used. Unlike quantitative 
methods where numerical and objective data are collected and used to measure 
different variables, qualitative approaches deal with open-ended data 
collection, observations, or patients’ experiences of an event or a phenomenon. 
For example, a qualitative approach may be based on answers to questions such 
as, What is a meaningful life? What is health? How do we understand and 
relate to the world we live in, our social relationships, and how we 
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communicate? The world and the reality we live in can be interpreted in many 
different ways depending on the individual. Existing qualitative approaches are 
quite different, but they all have in common that they consider dimensions of 
the human being and human actions, such as how a person feels, thinks, or acts 
in different situations. A qualitative approach can also include physical 
reactions and social interaction (Bourgeault et al., 2010; Knudsen et al., 2012; 
Marton, 1981).  

The qualitative approaches used in this thesis is phenomenography. 
Phenomenography was developed at the Department of Education and Special 
Education at the University of Gothenburg, Sweden during the 1970s and was 
first officially introduced by Ference Marton in 1981 (Marton, 1981). When 
Marton introduced phenomenography, it was from a first-order perspective, 
which means that aspects of reality are described. When the second-order 
perspective was developed, it was instead about studying how someone 
experiences something in his or her life and how this something is experienced 
and perceived by the individual. Phenomenography aims to discover and 
describe variations in thoughts and ideas about a phenomenon or an event. 
Phenomenography also assumes that phenomena in the world can have 
different meanings for different people. (Larsson, 1986; Marton, 1986).  

The use of qualitative methods in studies of users of BCDs is very rare, and 
only two published studies have been found. In the study by Almugathwi et al. 
(2020), the authors examined text messages from an online support group for 
patients with percutaneous BCDs or who were candidates for a BCD solution. 
The authors wanted to learn more about the decision-making process and how 
information from the support group helped the patients to decide whether to 
have BCD surgery. As the authors acknowledged, the study had certain 
limitations. First, it was possible that not all patients used the support group 
for information, and second, the authors only looked at one internet support 
group. To get a broader perspective, the authors believed that a study 
conducted with interviews would have provided more information, especially 
information about why certain patients reject BCD solutions (Almugathwi et 
al., 2020).  

In the second study by McFarland et al. (2021), which also used a qualitative 
approach, the authors conducted telephone interviews to ask patients why they 
declined or accepted a BCD solution. The results showed that the reasons for 
declining or accepting a BCD solution were multifactorial, and each participant 
considered factors from different personal perspectives. Thus, the decision to 
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accept or decline a BCD solution was highly individual, and it is therefore very 
important to help individual patients with their concerns. As all patients came 
from the same audiological clinic, the authors also discussed whether results 
would have been different if more clinics had participated (McFarland et al., 
2021).  

Qualitative and quantitative methods are often seen as two contrasting 
methods, but they have also been described as methods that complement each 
other, increasing knowledge and enriching the description of what is being 
investigated (Mahoney & Goertz, 2006; Malterud, 2001). Malterud (2001) 
likens the relationship to a triangulation process, where ancient surveyors used 
different angles to create more valid maps (Malterud, 2001). The use of both 
qualitative and quantitative methods in the same study is called mixed methods 
(Creswell, 2007; Fetters et al., 2013). A mixed methods approach can be very 
useful when a phenomenon or event is described from several angles, as it 
makes it easier to get a better understanding of what is being investigated. 
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2 AIM 
The overall aim of this thesis was to investigate patients’ audibility and 
experiences of using an active transcutaneous bone conduction device and to 
develop a new method for objective verification of audibility in patients using 
a BCD. Below are the primary aims for each study. 

 
Study I  

• To measure the audiometric and subjective results at the 
three-year follow-up of BCI patients. 

Study II  

• To measure the audibility of a conventional skin drive BCD 
on normal hearing subjects, using a method based on a skin 
microphone placed on the forehead.  

Study III  

• To measure the audibility of patients with different BCD 
solutions by using a skin microphone placed on the 
forehead.  

Study IV 

• To investigate patients’ experiences of using and living with 
the BCI through a qualitative scientific method.  
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3 MATERIALS AND METHODS 

3.1 PARTICIPANTS 
Normal hearing persons and patients with conductive hearing loss, mixed 
hearing loss, and single-sided deafness who use different kinds of BCDs have 
participated in the studies included in this thesis (see Table 1).  

Table 1 Overview of participants in the four studies.  

Study Age Male Female Hearing Number 
I 18-64 5 5 Hearing loss 10 
II 24-67 3 2 Normal hearing 5 
III 27-86 14 15 Hearing loss 29 
IV 28-76 4 6 Hearing loss 10 

 

Study I 

In Study I, data were collected from the first ten BCI users at the three-year 
follow-up. The BCI users all have a conductive or mixed hearing loss. In the 
clinical trial for the BCI, the inclusion criteria were:  
 

• unilateral or bilateral conductive hearing loss with an air-bone gap of 
at least 20 dB for pure tone average over 500, 1000, 2000, and 4000 
Hz (PTA4),  

• PTA4 for bone conduction thresholds of 30 dB HL or better, 
• unable to use, or has rejected, a conventional air conduction hearing 

aid, and 
• able to make follow-up visits according to the protocol and be 

motivated to use the BCI. 
 
Study II 

Five persons, two female and three males aged 24 – 67 years, with an average 
age of 43.6 years, participated in the study. The average PTA  was 5.8 dB HL 
on the tested ear (range 1.3 – 10 dB HL). All five participants were part of the 
research group. 
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Study III 

In this study, 29 patients with different BCDs participated, including 15 
females and 14 males aged 27 – 86 years (mean 63.8 years). Twenty patients 
had mixed hearing loss, and nine had conductive hearing loss.  

Study IV 

In Study IV, 10 BCI users participated, including six females and four males 
aged 27-76 years. The participants received the BCI either in Gothenburg or in 
Stockholm. 

 

3.2 METHODS 
All audiometric tests were performed in a soundproof room (16 m3) using an 
AC40 (Interacoustics AS, Assen, Denmark), and for the sound field 
measurements, the loudspeaker was placed one metre in front of the patient. 
All equipment was calibrated according to standard procedures (ISO, 389-
8:2004, 8253-1:2010, 8253-2:2009, 8253-3:2012). 

 

3.2.1 STUDY I 
In the three-year BCI follow-up study, audiometric measurements were 
performed, and questionnaires were completed in accordance with the BCI 
clinical trial protocol. Before the patients were implanted with the BCI, they 
all used a reference device, Ponto Pro Power (Oticon Medical, Askim, 
Sweden) on a softband for a period of four weeks. The patients then competed 
questionnaires and participated in the same audiometric evaluation that was 
conducted after implantation of the BCI. The follow-up visits took place at 1, 
3, 6, 12, 36, and 60 months after fitting, and the same audiometric 
measurements were repeated at all visits.  

The audiometric tests used were:  

• Warble tone thresholds, 
• Speech recognition score in noise +4 dB, measured at 65 dB SPL using 

phonemically balanced 50-word lists, 
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Hz (PTA4),  
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• unable to use, or has rejected, a conventional air conduction hearing 

aid, and 
• able to make follow-up visits according to the protocol and be 

motivated to use the BCI. 
 
Study II 
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on the tested ear (range 1.3 – 10 dB HL). All five participants were part of the 
research group. 
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Study III 

In this study, 29 patients with different BCDs participated, including 15 
females and 14 males aged 27 – 86 years (mean 63.8 years). Twenty patients 
had mixed hearing loss, and nine had conductive hearing loss.  

Study IV 

In Study IV, 10 BCI users participated, including six females and four males 
aged 27-76 years. The participants received the BCI either in Gothenburg or in 
Stockholm. 

 

3.2 METHODS 
All audiometric tests were performed in a soundproof room (16 m3) using an 
AC40 (Interacoustics AS, Assen, Denmark), and for the sound field 
measurements, the loudspeaker was placed one metre in front of the patient. 
All equipment was calibrated according to standard procedures (ISO, 389-
8:2004, 8253-1:2010, 8253-2:2009, 8253-3:2012). 

 

3.2.1 STUDY I 
In the three-year BCI follow-up study, audiometric measurements were 
performed, and questionnaires were completed in accordance with the BCI 
clinical trial protocol. Before the patients were implanted with the BCI, they 
all used a reference device, Ponto Pro Power (Oticon Medical, Askim, 
Sweden) on a softband for a period of four weeks. The patients then competed 
questionnaires and participated in the same audiometric evaluation that was 
conducted after implantation of the BCI. The follow-up visits took place at 1, 
3, 6, 12, 36, and 60 months after fitting, and the same audiometric 
measurements were repeated at all visits.  

The audiometric tests used were:  

• Warble tone thresholds, 
• Speech recognition score in noise +4 dB, measured at 65 dB SPL using 

phonemically balanced 50-word lists, 
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• Speech recognition thresholds in quiet using Swedish spondees and, 
• Signal-to-noise ratio thresholds using Hagerman’s five-word 

sentences with a fixed noise level of 63 dB SPL.  

The audiometric tests were performed both with and without the BCI, except 
for SNR thresholds where only the aided situation was tested. In all 
audiometric tests, a deeply inserted earplug (E-A-R Classic Soft) and an 
earmuff (Peltor, 3M Svenska AB, Sollentuna, Sweden) blocked the non-test 
ear for all patients, with hearing thresholds similar or better in comparison to 
the hearing thresholds on the BCI side. This was done to prevent as much air-
conducted sound as possible from reaching the non-test ear’s cochlea. The 
deeply inserted earplugs also minimised the occlusion effect (Stenfelt & 
Reinfeldt, 2007).  

To measure patient-related outcomes, the questionnaires GBI, APHAB, and 
IOI-HA were used. The GBI consists of 18 questions, 12 of which concern 
general health, three social support, and three physical health. The GBI focuses 
on a potential change in health status after a medical or surgical intervention. 
The answers result in a score between -100 to +100, where scores over 0 
indicate a benefit. The medical intervention in this study is the reference device 
on a softband and the BCI implantation. The APHAB questionnaire has 24 
questions divided into four subgroups. These questions concern daily 
experiences in: Ease of Communication (EC), Reverberation (RV), 
Background Noise (BN), and Aversiveness of sounds (AV). The questionnaire 
compares the patient’s report in the unaided versus the aided situation, and the 
score is calculated as a percentage from 0 to 100%. The third questionnaire, 
which was used for the first time at the three-year follow-up in this study, is 
the IOI-HA. This questionnaire aims to evaluate aspects of hearing and the 
effectiveness of hearing aid treatment. It consists of seven questions that are 
scored from 1 to 5, where a low score indicates insufficient hearing 
rehabilitation, and a high score indicates sufficient hearing rehabilitation. The 
questions focus on the daily use of the hearing aid, the benefit, user satisfaction, 
participation difficulties, impact on others, and quality of life. The questions 
can be seen as separate but can also be clustered into two factors. Factor 1 
contains the questions about time of use, benefit, satisfaction, and quality of 
life, and all these questions are about “me and my hearing aid”. Factor 2 
contains the questions regarding residual activity limitation, residual 
participation restriction, and impact on others, and these questions deal with 
the “world outside”. As a supplement, one additional question asked how many 
days per week the BCI was used. 
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At all visits, measurements of NSP were conducted to check the function of 
the implant. The magnet retention force on the audio processor placed over the 
implant was also measured and documented.  

 

3.2.2 STUDY II 
The setup to measure audibility can be seen in Figure 5a. This setup consists 
of an early, modified, custom-made version of the skin microphone presented 
by Hodgetts et al. (2018), (Hodgetts et al., 2018). The early customized skin 
microphone (SM) used in studies II and III is a battery-operated skin 
microphone unit with a preamplifier circuit incorporated in a metallic, sound-
insulated casing (see Figure 5b). In Figure 5c, the SM is placed on the forehead 
and held in place by a softband. An earmuff (Peltor Otime III; Figure 5d) was 
placed over the SM to prevent the microphone from picking up sound that does 
not pass through the BCD. The BCD used for all participants was an Intenso 
from Cochlear BAS (Mölnlycke, Sweden), which was attached to a softband. 
The BCD was placed on the right side, and the gain, tone control, and volume 
were set at the same level for all participants.  

For the sound field measurement of warble hearing thresholds and MPO, a 
loudspeaker was used, which was placed one metre in front of the test subject. 
The loudspeaker was driven from an AC40 audiometer (Interacoustics AS, 
Assen, Denmark) via a power amplifier (Rotel RB-976MkII). To measure the 
audibility, noise floor, and bypass leakage, the ISTS was used at three different 
levels (55, 65, and 75 dB SPL). The ISTS was presented from a laterally 
placed, small loudspeaker (Edifire), 25 cm from the BCD, using a Callisto 
system (Interacoustics AS, Assen, Denmark). The Callisto system was also 
used to control the output sound level through a reference microphone placed 
near the BCD microphone.  

To measure the output signal from the SM, a Fast Fourier Transform power 
spectrum analyzer, Agilent 35670 (Keysight Technologies, CA, USA) was 
used for all measurements, which are presented in dB re 0.01 mV. We have 
chosen to present the FFT power spectra as an “eSPL-o-gram”, where “e” 
refers to the electrical output voltage. In this case, SPL has no psycho-acoustic 
value.  
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Figure 5. The compete set-up (a) for measurements with the skin microphone (b), 
which is placed on the forehead and held in place by a softband (c). For extra 
shielding, an earmuff (d) is placed over the skin microphone. The measurement set-
up also consists of an audiometer (AC40), an Agilent 35670, and a Callisto system 
with a reference microphone.  

 

To avoid hearing via the ear canal and bypassing the BCD, earplugs (EAR™ 
Classic™, 3M, SA) were deeply inserted bilaterally for all sound field 
measurements. The attenuation of the earplugs was assessed by measuring the 
hearing thresholds in sound fields with and without earplugs.  

 

3.2.3 STUDY III 
The same setup for the measurements as in Study II was used for Study III.  

To minimise any error source from the BCDs, the BCDs were set in an 
omnidirectional mode and all automatic functions, such as noise manager, 
feedback manager, and impulse manager were switched off during all 
measurements. The BCDs used were the patients’ own devices and no other 
adjustments were made. The BCD measured in the study can be seen in Table 
2. For verification of the improvement in audibility, the speech tests SRS and 
SNT were used before and after the adjustment on two patients.   
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Table 2. Overview of the different BCDs measured with the skin microphone. In total, 
31 BCDs were measured, since two patients were bilaterally fitted. No. = number of 
the BCD. The two patients with bilateral BCDs used Baha 6 Max. 

Conventional on 
softband/headband  

 No. Percutaneous   
(BAHA) 

No. Active 
transcutaneous 

 No. 

Baha 6 Max 1 Ponto 3 2 BCI Chalmers 2 

Ponto 3 Super 
Power 

1 Ponto 4 1 BCI Fusion 4 

  Ponto 5 1 BCI Sentio 1 

  Ponto 3 Super 
Power 

2 Bonebridge 1 

  Baha 6 Max 10   

  Baha 5 Power 5   

  

3.2.4 STUDY IV 
In study IV, a qualitative method was used to explore and get a deeper 
understanding of the patients’ experiences of using and living with the BCI. 
The data was collected through semi-structured interviews, where the opening 
question was “Can you describe your experience of using and living with the 
BCI?” Based on the participants’ answers, follow-up questions would then be 
asked to gain a deeper understanding of their experiences. Depending on what 
the participants described, the interviews progressed differently. All interviews 
were recorded and then transcribed verbatim. A phenomenographic approach 
using Alexandersson’s four steps (Alexandersson, 1994) was then used in the 
analysis, where the first step consisted of reading through the interview texts 
several times to create an understanding of the content. In step two, similarities 
and differences in the participants’ statements were identified and marked in 
the text. In step three, the various statements were categorized into categories, 
and in the fourth step, the authors reflected on the categories. These reflections 
were then used to form different themes that describe the participants’ 
experiences of using and living with a BCI.  
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3.3 STATISTICAL ANALYSIS 
In Study I, calculations were performed in MatLab R2018b (Math-Works Inc., 
Natick, MA, USA) using Wilcoxon signed rank test and linear regression 
analysis. For the BCI and the reference device, the improvement for warble 
tone thresholds was calculated as the difference between the aided three-year 
follow-up thresholds and the average unaided thresholds. For each audiometric 
frequency, the statistical significance was tested at a significance level α <5% 
with the null hypothesis meaning that there is no difference between the aided 
and unaided warble tone thresholds when using the Wilcoxon signed rank test. 
The same test was used to compare the aided warble tone thresholds between 
the BCI and the reference device. To look for trends over time, linear 
regression analysis was performed for each patient and then tested for group 
trends using the Wilcoxon signed rank test. For the speech test, the 
improvement was analysed analogously.  

In studies II and III, all calculations were performed in Excel (Microsoft® 
Excel® for Microsoft 365 MSO, Version 2312), and only mean values and 
standard deviations have been used. 

In Study IV, the data were analysed using the phenomenography approach 
according to Alexandersson’s four steps, which begins with familiarization, 
collation, and grouping of statements followed by categorisation. As a final 
step, reflections were made on the categories, and different themes were 
formed based on the participants’ experiences (Alexandersson, 1994). The 
findings in the participants’ statements were also discussed and tested by one 
of the co-authors. For the data management, NVIVO 12 software was used.  

  

3.4 ETHICAL CONSIDERATIONS 
Study I was approved by the Swedish Ethical Review Board (Dnr 445-12) with 
addendums T1005-13, T396-14, T833-14, T471-16, and by the Swedish 
Medical Products Agency (461:2012/513308).  

Studies II and III were approved by the Swedish Ethical Review Authority 
(Dnr 2019-05103 and addendum (Dnr 2022-04951-02). 

Study IV was approved by the Swedish Ethical Review Authority (Dnr 2022-
02767-01). 
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In all studies, the participants received both written and verbal information. All 
participants signed an informed consent before entering the study, which states 
that participation is voluntary and that participants can end participation at any 
time without giving a reason. 

Research ethics includes an assessment of the benefit of a study versus the risks 
it may pose to participants. Ethical considerations must be made at all stages 
of the research process, such as the planning of the study design and method 
and deciding how the results are presented. This also means ensuring that all 
research data is kept confidential. It is also important to be open and honest, 
and to report data clearly in a manner that is not misleading (Connelly, 2014). 
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4 RESULTS 

4.1 STUDY I 
In the three-year follow-up of the BCI, the results from the audiometric test for 
warble tone thresholds showed an average PTA4 (0.5, 1, 2, and 4 kHz) 
improvement for BCI of 31.7 dB (range 19.8-42 dB and median 31.6 dB) over 
the unaided condition, and for the reference device, 25.4 dB (range 8.1-35.7 
dB and median 28.4 dB), where the calculation is the average unaided tone 
thresholds from all visits. In the statistical analysis using the Wilcoxon signed 
rank test, the improvement was statistically significant (p<0.05) at all 
frequencies except for 250 and 8000 Hz. Using the unaided PTA4 only from 
the 3-year follow-up did not alter the results. In a comparison between the BCI 
and the reference device, the BCI generally showed better results, but there 
was only a statistical significance at 750, 2000, and 4000 Hz.  

In the speech tests for SRT and SRS, there were statistically significant 
improvements for both the BCI and the reference device over the unaided 
situation (see Figure 6). The average improvement for SRT was 27.5 dB (range 
17.5-41 dB and median 26.6 dB) for the BCI, and for the reference device, the 
SRT improvement was 27.2 dB (range 7.9-37.3 dB and median 28.6 dB). For 
SRS, the average improvement for the BCI was 42.6% (range 28-58% and 
median 41%), and for the reference device, the improvement was 43.8% (range 
20-60% and median 46%.). For the SNR thresholds, nine out of ten patients 
showed improved thresholds compared to the reference device (see Figure 6), 
but there was no statistically significant difference between the BCI and the 
reference device when using the Wilcoxon signed rank test. 
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Figure 6. The left and middle boxplot shows aided speech recognition thresholds in quiet 
and speech recognition score in noise for the BCI (blue) and the reference device (pink) 
compared to the unaided condition. The boxplot shows the 25th–75the percentiles, where 
the median is the horizontal line, the mean is represented by the green stars, and data 
points are grey dots. In the right boxplot, the signal-to-noise ratio thresholds for each 
patient when using Hagerman five-word sentences are presented, where the blue stars 
represent the BCI, and the pink stars represent the reference device. 

Reprinted with permission from Audiology and Neurotology (Creative Commons CC-BY-
NC): Persson AC, Reinfeldt S, Håkansson B, Rigato C, Fredén Jansson KJ, Eeg-Olofsson 
M. Three-Year Follow-Up with the Bone Conduction Implant. Audiol Neurootol. 
2020;25(5):263-275. doi: 10.1159/000506588. Epub 2020 Apr 8. PMID: 32268333; 
PMCID: PMC7592927. 

The results from the GBI questionnaire showed a statistically significant 
benefit for both the reference device and the BCI, except for the reference 
device and physical health. Over time, no statistically significant difference 
was seen between the devices (see Figure 7). In Figure 8, the APHAB results 
over time are illustrated, and the four subscales in the APHAB show an 
improvement from the unaided to the aided situation. For all follow-up visits, 
the difference in favour of the aided situation in subscales EC, BN, and RV 
were statistically significant according to Wilcoxon signed rank test for both 
the reference device and the BCI, but no statistically significant difference was 
seen between the devices. For subscale AV, no statistically significant 
difference was seen between the unaided and the aided situation. The IOI-HA 
questionnaire was introduced at the three-year follow-up. Table 3 presents 
scores for each patient and averages for each question. The mean score range 
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Reprinted with permission from Audiology and Neurotology (Creative Commons CC-BY-
NC): Persson AC, Reinfeldt S, Håkansson B, Rigato C, Fredén Jansson KJ, Eeg-Olofsson 
M. Three-Year Follow-Up with the Bone Conduction Implant. Audiol Neurootol. 
2020;25(5):263-275. doi: 10.1159/000506588. Epub 2020 Apr 8. PMID: 32268333; 
PMCID: PMC7592927. 

The results from the GBI questionnaire showed a statistically significant 
benefit for both the reference device and the BCI, except for the reference 
device and physical health. Over time, no statistically significant difference 
was seen between the devices (see Figure 7). In Figure 8, the APHAB results 
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the reference device and the BCI, but no statistically significant difference was 
seen between the devices. For subscale AV, no statistically significant 
difference was seen between the unaided and the aided situation. The IOI-HA 
questionnaire was introduced at the three-year follow-up. Table 3 presents 
scores for each patient and averages for each question. The mean score range 
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for all questions in IOI-HA was between 3.7 and 4.6. Divided into two factors, 
the mean score for factor 1 was between 3.9 and 4.6 and between 3.7 and 4.1 
for factor 2 (see Table 3). The extra question showed that the BCI, on average, 
was used 5.6 days a week.  

 

Figure 7. Scores for the Glasgow Benefit Inventory after using the reference device 
and at the 6, 12, and 36-month follow-up with the BCI, where 0 represents the 
unaided situation.  

 

Figure 8. The average score from the Abbreviated Profile of Hearing Aid Benefit 
after using the reference device and the BCI at the 6, 12, and 36-month follow-up. 

 

Ann-Charlotte Persson 

29 

 

Table 3. Score from International Outcome Inventory for Hearing Aids at the 36-
month follow-up for the ten BCI patients and averages for each question.  

Patient Use Benefit 

Residual 
participation 

restriction Satisfaction 

Residual 
activity 

limitation 

Impact 
on 

others 
Quality of 

life 
1 5 5 3 5 5 4 5 
2 5 5 4 5 4 4 2 
3 4 3 4 4 5 5 3 
4 5 5 5 5 3 1 5 
5 1 2 2 4 3 5 3 
6 5 5 3 5 3 4 5 
7 5 5 4 5 4 4 5 
8 5 5 5 5 5 5 4 
9 5 5 3 4 4 5 5 

10 3 5 4 4 4 4 2 

Average 4.3 4.5 3.7 4.6 4.0 4.1 3.9 
 

The NSP measurements showed sufficient contact to the bone in all patients 
over time, with low intraindividual variability but a large interindividual 
difference between the patients. The magnetic retention force was also 
measured at all visits, and the average at the three-year follow-up was 
0.71±0.22 N (mean ± SD). No skin problems have been reported due to 
retention force.  

 

4.2 STUDY II 
The results from the audibility measurements using a SM are presented in 
Figure 9, where the threshold measurements and MPO are based on warble 
tones in sound field at the audiometric frequencies. The ISTS speech sound 
power spectrum, which is a wideband speech signal, is presented from 250 to 
8000 Hz. Values lower and higher than the presented range (100 - 12900 Hz) 
have been left out since they are mainly below the noise floor or not of interest 
from a hearing perspective, where the focus in this case is the speech frequency 
range (also called the speech banana). In Figure 10, the average results for 
audibility in the five test subjects are presented normalized by thresholds set to 
0 dB, and the results show that most of the speech sound is audible except in 
the highest frequencies where there is a gradual decrease in audibility.  
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Figure 9. Hearing thresholds, MPO, and wide band spectrum of ISTS speech (55, 65, 
and 75 dB SPL) presented in eSPL-o-gram (dB re 0.010 mVrms) for each of the 
subjects, 1-5, and as averages. 

 

Figure 10. The average results for five subjects for normalized hearing thresholds (set 
to 0 dB), MPO, and ISTS speech at 55, 65, and 75 dB SPL. Standard deviations (±1) 
are shown for hearing thresholds, ISTS at 65 dB SPL, and MPO. 

Figures 9 and 10 were reprinted with permission from the International Journal of 
Audiology: Persson A, Håkansson B, Caveramma Mechanda M, Hodgetts W, Fredén 
Jansson K-J, Eeg-Olofsson M, Reinfeldt S (2023). A novel method for objective in-situ 
measurement of audibility in bone conduction hearing devices – a pilot study using a skin 
drive BCD, International Journal of Audiology, 62:4, 357-361,       
DOI: 10.1080/14992027.2022.2041739 
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4.3 STUDY III 
The measurements from 29 patients when using a skin microphone confirmed 
that the proposed method works as intended, and the overall average result 
showed good audibility for the 75 dB SPL ISTS speech. For the 55 and 65 dB 
SPL ISTS speech, audibility is lacking at the higher frequencies (see Figure 
11). The lack of audibility in the high frequencies was further analysed, and it 
was found that several patients in this heterogenic group of patients had very 
poor sensorineural hearing thresholds at higher frequencies. The results for the 
65 dB SPL ISTS level were therefore analysed in subgroups regarding the type 
of BCD. The results from that analysis revealed that the BCI patients had 
similar or better audibility in the frequency range from 500 to 4000 Hz than 
the average for the bone-anchored hearing aid (BAHA) users. 
 
 

 
 

Figure 11. Average result of MPO, thresholds, and ISTS speech at three different 
levels (55, 65, and 75 dB SPL) from 29 patients, normalized by thresholds.  

 
The better audibility for BCI patients compared to BAHA patients most likely 
relates to the fact that the BAHA patients have wider range of sensorineural 
hearing loss and higher average PTA4 of 26.8 dB HL (range 3.8 - 50 dB HL) 
compared to the BCI patients average PTA4 of 16.3 dB HL (range 2.5 - 30 dB 
HL). To get a more relevant comparison to the BCI patients, the BAHA 
patients were further divided into three subgroups, BC-PTA4 ≤30dB; BC-PTA4 
>30dB; and SSD patients (see Figure 12). The average BC-PTA4 (± SD) in the 
BAHA patient subgroups was 17.8 (8.0), 34.3 (5.2), and 21.9 (3.1) dB HL, 
respectively; for the BCI patients, it was 16.3 (9.2) dB HL; and for the Skin 
drive users, 36.9 (13.1) dB HL. The different BCD models can affect the results 
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because of their different power capacity but dividing the different BCDs into 
subgroups for comparison would not be meaningful in this study since the 
groups would be too small.  
 
 

 
Figure 12. The audibility results from the three subgroups of BAHA users, the BCI 
users, and the BCD used on softband/headband at 65 dB SPL ISTS.  

 
 
When analysing the results, we could see that the majority of the patients were 
well fitted. However, one of the patients was somewhat misfitted and was 
called back for an adjustment. At the return visit, the overall gain at 750 - 1000 
Hz and 3500 - 4500 Hz (see the red circles in Figure 13a) was increased to a 
perceived comfort level according to the patient. After the adjustment, the SM 
measurements were verified, and the results show an improved audibility (see 
Figure 13b). To validate the SM measurements, aided sound field of SRS in 
noise (63 dB SPL, S/N=+4 dB) and SNR threshold at speech level (Hagerman 
5-word sentences at 63 dB SPL) were performed. The SRS showed an 
improvement of 18% and the SNR threshold at speech level showed an 
improvement of 0.95 dB. The results from the SRS and SNR thresholds show 
consistent improvements in audibility for the patient. 
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Figure 13. Measurements of audibility before (a) and after (b) adjustments. The red 
circles in (a) show areas of low audibility and the red circle in (b) shows improved 
audibility in the dynamic range.   

 

4.4 STUDY IV 
The outcomes from the analysis of the interviews resulted in four themes, 
where each theme was further represented by three or four categories, 
reflecting the different experiences of the participants in their daily lives when 
using the BCI (see Table 4).  

The first theme, “Conceptions of the process receiving the BCI” describes the 
participants’ experiences regarding the surgical insertion of the implant, how 
they perceived their first experience of hearing with the BCI, and the follow-



Objective and subjective outcomes from bone conduction hearing devices 

32 

because of their different power capacity but dividing the different BCDs into 
subgroups for comparison would not be meaningful in this study since the 
groups would be too small.  
 
 

 
Figure 12. The audibility results from the three subgroups of BAHA users, the BCI 
users, and the BCD used on softband/headband at 65 dB SPL ISTS.  

 
 
When analysing the results, we could see that the majority of the patients were 
well fitted. However, one of the patients was somewhat misfitted and was 
called back for an adjustment. At the return visit, the overall gain at 750 - 1000 
Hz and 3500 - 4500 Hz (see the red circles in Figure 13a) was increased to a 
perceived comfort level according to the patient. After the adjustment, the SM 
measurements were verified, and the results show an improved audibility (see 
Figure 13b). To validate the SM measurements, aided sound field of SRS in 
noise (63 dB SPL, S/N=+4 dB) and SNR threshold at speech level (Hagerman 
5-word sentences at 63 dB SPL) were performed. The SRS showed an 
improvement of 18% and the SNR threshold at speech level showed an 
improvement of 0.95 dB. The results from the SRS and SNR thresholds show 
consistent improvements in audibility for the patient. 

 
 
 

 

 
 

Ann-Charlotte Persson 

33 

 

 

Figure 13. Measurements of audibility before (a) and after (b) adjustments. The red 
circles in (a) show areas of low audibility and the red circle in (b) shows improved 
audibility in the dynamic range.   

 

4.4 STUDY IV 
The outcomes from the analysis of the interviews resulted in four themes, 
where each theme was further represented by three or four categories, 
reflecting the different experiences of the participants in their daily lives when 
using the BCI (see Table 4).  

The first theme, “Conceptions of the process receiving the BCI” describes the 
participants’ experiences regarding the surgical insertion of the implant, how 
they perceived their first experience of hearing with the BCI, and the follow-
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up visits. The three categories are, “An easy or painful event”, “To practice 
hearing again is life changing”, and “Follow-up visits and hearing tests are 
demanding and valuable”. 

The second theme “Conceptions of handling the BCI on a daily basis” deals 
with the participants’ practical experiences of handling the audio processor in 
day-to-day situations. Examples of handling the audio processor from the 
participants include the need to adjust the volume and change programmes, 
clean the audio processor, and adjust to different weather conditions. The 
participants also expressed a wish for more functions, such as Bluetooth, in the 
audio processor. The second theme consists of four categories: “Handling all 
the functions is both easy and difficult”, “To handle an audio processor that is 
not waterproof is difficult”, To handle the safety line is irritating but a security” 
and “Hoping for more functions to handle in future audio processors”.     

Theme three “Conceptions of hearing with the BCI” has four categories: 
“Improved hearing gives increased self-esteem”, “Difficulty hearing in certain 
situations is frustrating”, “Communication strategies are needed to facilitate 
hearing” and “The audio processor as a part of me”. In this theme, the majority 
of the participants reported generally improved hearing and increased self-
esteem, leading to a more active social life, but at the same time, all participants 
expressed a need for communication strategies to facilitate better hearing in 
challenging situations. In this theme, the participants reported a clear 
contradiction between the experience of improved hearing and remaining 
hearing difficulties, despite the use of BCI  Some of the participants also 
expressed a sense that the BCI became a part of them, not just a hearing aid, 
and that they cannot be without the BCI.  

In the last theme, “Conceptions of health care issues related to the BCI”, the 
participants describe conceptions related to health issues connected to the BCI. 
Here, some participants state that they at some point had problems related to 
the implant, while other participants reported that they never experienced any 
problems associated with the implant. Some of the participants expressed 
concerns regarding difficulties undergoing an MRI. In this theme, participants 
with previous experience of fluid from the ears, itching, or eczema in the ear 
canal described a complete resolution or an improvement of these issues since 
they received the BCI. The three categories in this theme are, “To have an 
implant can be painful”, To have an MRI with an implant is problematic” and 
“Improved ear health facilitates life”. 
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Table 4. Overview of the themes and categories formed from the interviews with BCI users. 
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5 DISCUSSION 
In this thesis, different aspects of the BCI have been investigated through 
questionnaires, audiometric measurements, and interviews. The objective 
audibility has also been investigated using a new method with a skin 
microphone.  

5.1 STUDY I 
In the three-year follow-up of the BCI, different questionnaires and 
audiometric measurements have been used to be able to elucidate several 
different aspects of the use of the BCI. In the three-year follow-up, there were 
no significant changes in the unaided bone conduction hearing thresholds for 
the ten patients over time, which is an important finding when comparing the 
results over time. When looking at any change in improvement over time for 
the BCI compared to the unaided situation, no significant trends were found 
for sound field warble tone at the four frequencies 500, 1000, 2000, and 4000 
Hz when using Wilcoxon signed rank test. The same test was used for SRT, 
SRS, and SNR thresholds and showed consistent results over time without any 
statistically significant differences at the group level. In all tests, the BCI and 
the reference device showed better results compared to the unaided situation, 
and a comparison between the BCI and the reference device showed similar 
results. It is worth noting that the reference device results were only obtained 
on one occasion. The reference device is also a power device, with a higher 
MPO compared to the BCI, although the device was used on a softband. Since 
the reference device was measured only once after about four weeks of use, 
unlike the BCI, which was measured repeatedly over time, there is a risk of 
outliers in the results. At the three-year follow-up, the SRT results were similar 
across devices. It is noteworthy that the SRS results showed less improvement 
with the BCI compared to the reference device. However, the SNR thresholds 
indicated better outcomes with the BCI. In all subjective measurements, many 
factors can affect the results, and one advantage of using more than one speech 
test is that it creates a broader understanding of speech perception. In the study, 
three questionnaires with different purposes were also used to get a more 
comprehensive picture of how BCI patients experience their hearing. The 
results from the APHAB and GBI were statistically significantly better for both 
the BCI and the reference device compared to the unaided situation, except for 
the subgroup, aversiveness in the APHAB. A possible explanation for this 
result could be that unpleasant sounds are also amplified by the hearing aid, 
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and the majority of the BCI users may not have previously perceived these 
sounds as unpleasant due to impaired hearing. In the GBI, it is notable that the 
patients report worse physical health with the reference device compared to the 
BCI even though it is not a significant difference. This result can perhaps be 
explained by the fact that the reference device is used on softband. Since the 
IOI-HA was used for the first time at the three-year follow-up, there are no 
previous results to compare with. The mean score is high for all questions and 
indicates that the BCI works well and improves hearing in the BCI users.  

The NSP measurements were done on all follow-up visits to verify the BCI 
implant functionality and contact to bone was stable over time. The retention 
force was also measured at every follow-up to check the magnetic strength to 
avoid pressure damage.  

In this study, different audiometric measurements and questionnaires show that 
the BCI provides an improvement in hearing and an increased quality of life. 
However, not all aspects can be measured, and one reason for patient 
satisfaction may be that there is no skin penetration when using the BCI. Intact 
skin has been shown to reduce skin infections and inflammation (Carr et al., 
2017; Hol et al., 2013), and with intact skin, no special skin care is needed 
around the abutment. Another advantage of the BCI (and other active 
transcutaneous BCDs) compared to percutaneous implants is that the audio 
processor is closer to the skull, which for some patients is aesthetically 
important. The BCI is also less sensitive to feedback from the audio processor 
since the transducer is under the skin. Compared to conventional systems on 
headband or softband, the BCI and other active transcutaneous BCDs have the 
advantage of less pressure on the skin. Due to the disadvantages of 
conventional and percutaneous systems, the currently used active 
transcutaneous BCDs have been developed, and considering the pace of 
research and technological development, we will likely see new solutions in 
the field in the coming years. 

 

5.2 STUDIES II AND III 
Objective measurements for BCDs that can be used in a clinical setting have 
long been requested. Today, audiologists often use sound field measurements 
in aided versus unaided conditions for verification, but the results from these 
measurements do not reveal the individual DR or audibility that enables a more 



Objective and subjective outcomes from bone conduction hearing devices 

36 

5 DISCUSSION 
In this thesis, different aspects of the BCI have been investigated through 
questionnaires, audiometric measurements, and interviews. The objective 
audibility has also been investigated using a new method with a skin 
microphone.  

5.1 STUDY I 
In the three-year follow-up of the BCI, different questionnaires and 
audiometric measurements have been used to be able to elucidate several 
different aspects of the use of the BCI. In the three-year follow-up, there were 
no significant changes in the unaided bone conduction hearing thresholds for 
the ten patients over time, which is an important finding when comparing the 
results over time. When looking at any change in improvement over time for 
the BCI compared to the unaided situation, no significant trends were found 
for sound field warble tone at the four frequencies 500, 1000, 2000, and 4000 
Hz when using Wilcoxon signed rank test. The same test was used for SRT, 
SRS, and SNR thresholds and showed consistent results over time without any 
statistically significant differences at the group level. In all tests, the BCI and 
the reference device showed better results compared to the unaided situation, 
and a comparison between the BCI and the reference device showed similar 
results. It is worth noting that the reference device results were only obtained 
on one occasion. The reference device is also a power device, with a higher 
MPO compared to the BCI, although the device was used on a softband. Since 
the reference device was measured only once after about four weeks of use, 
unlike the BCI, which was measured repeatedly over time, there is a risk of 
outliers in the results. At the three-year follow-up, the SRT results were similar 
across devices. It is noteworthy that the SRS results showed less improvement 
with the BCI compared to the reference device. However, the SNR thresholds 
indicated better outcomes with the BCI. In all subjective measurements, many 
factors can affect the results, and one advantage of using more than one speech 
test is that it creates a broader understanding of speech perception. In the study, 
three questionnaires with different purposes were also used to get a more 
comprehensive picture of how BCI patients experience their hearing. The 
results from the APHAB and GBI were statistically significantly better for both 
the BCI and the reference device compared to the unaided situation, except for 
the subgroup, aversiveness in the APHAB. A possible explanation for this 
result could be that unpleasant sounds are also amplified by the hearing aid, 

Ann-Charlotte Persson 

37 

and the majority of the BCI users may not have previously perceived these 
sounds as unpleasant due to impaired hearing. In the GBI, it is notable that the 
patients report worse physical health with the reference device compared to the 
BCI even though it is not a significant difference. This result can perhaps be 
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precise BCD fitting. The proposed method in this thesis, which uses a SM, 
seems to have the capability to solve this problem, since the results from both 
Study II and Study III have proved to be useful in determining audibility of 
different BCDs. In the measurements, we use power spectrum at the SM output 
for hearing threshold, MPO, and ISTS speech signal. To verify accuracy, we 
also use noise floor and bypass transmission of ISTS at 75 dB. The 
measurements from the SM in Study II were also compared with the same 
measurements made on a SS and an AM to further verify the method. In Figure 
14, the three methods, SM, SS, and AM show similar results, which is a strong 
indication that the SM method for measuring audibility is feasible.  

 

 

Figure 14. Comparison between the skin microphone, a Skull simulator, and an 
Artificial mastoid showing thresholds for MPO and speech spectrum from ISTS 65 
dB SPL, with standard deviation, presented normalized in an eSPL-o-gram in dB 
relative to the thresholds.  

Reprinted with permission from the International Journal of Audiology: Persson A, Håkansson 
B, Caveramma Mechanda M, Hodgetts W, Fredén Jansson K-J, Eeg-Olofsson M, Reinfeldt S 
(2023). A novel method for objective in-situ measurement of audibility in bone conduction 
hearing devices – a pilot study using a skin drive BCD. International Journal of 
Audiology, 62:4, 357-361, DOI: 10.1080/14992027.2022.2041739 
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Possible errors in this method could be that sound bypasses the BCD and 
reaches the SM directly, and noise interference from the system. We therefore 
did several different measurements to investigate whether sound bypassed the 
BCD or if any of the noise could affect the results. The noise floor was 
measured through the BCD and the SM and combined in: Noise floor BCD 
ON; Noise floor BCD OFF; and ISTS at 75 dB SPL BCD OFF, in order to 
measure the leakage of external speech sound bypassing the BCD (Figure 15). 
The results from these measurements show that the noise from the BCD and 
the SM, and the direct radiated sounds, are sufficiently below the speech level 
for all frequencies and therefore do not affect the results. 

Our choice to place the SM on the forehead can be discussed but from a clinical 
point of view, the forehead is easy to access and also independent of which 
side the BCD is placed on. This can be compared with an ear canal placement 
(Mertens et al., 2014) or a nasal probe (Reinfeldt et al., 2019), that needs to be 
measured at the same side as the BCD, and require a normal ear canal or nose 
anatomy. Another advantage of the SM is that the electrical output of the SM 
principally can be connected to already existing equipment that has the ability 
to perform sound probe measurements of REM in air conduction hearing aids, 
which are used in most clinics. 

This new method, where the SM is placed on the forehead to measure audibility 
in BCD patients, is based on the assumption that vibration transmission 
through the skull is linear. This means that, for example, a 5 dB increase in the 
mechanical output of the BCD will also create a 5 dB increase in the response 
at the forehead or at any other position on the skull and in the cochlea. The 
assumption that vibration transmission is linear for speech level sounds was 
originally presented by Håkansson et al. (1986, 1996) (Håkansson et al., 1996; 
Håkansson et al., 1986). We did some preliminary tests with the SM on both 
the right and the left side of the forehead that confirmed this assumption. 

Using the same location for all SM measurements, in this case the forehead, 
means that the hearing thresholds (as voltage from the SM) can be used as the 
reference and therefore no calibration of the SM is needed from coupler to dial 
differences or to an equivalent BCD mechanic output in Newton from a SS. 
The purpose of presenting the results in an eSPL-o-gram is based on the idea 
that device output and hearing thresholds can be presented with the same 
reference as in FL-o-gram (dB re 1µN), audiograms (dB re HL), and SPL-o-
gram (dB re 20µPa).  
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Figure 15. Noise measurements from the BCD, the SM, and the direct radiated sound 
from the loudspeaker are all under the speech level and do not affect the results.  

 

 

Figure 16. Results of the skin microphone measurements on the same patient using 
different active transcutaneous devices due to a reimplantation. The different devices 
were the BCI Sentio (the original BCI implant from Chalmers with the audio 
processor Sentio from Oticon Medical) and the Bonebridge (MedEl, Austria).  

In this study, we also showed that the SM can be used to detect and help 
improve a poor fitting in a relatively simple way. The SM audibility 
measurements were also used in one patient who used both the BCI and the 
Bonebridge system at the same location during the study, due to an internal 
implant failure of the BCI. The patient received the BCI implant in 2013 and 
in 2023, the BCI implant was replaced by a Bonebridge system since there 
were no BCI implants from the original study available and the Bonebridge 
has a similar design. When fitting the Bonebridge, the recommended fitting of 
the company software was used, and when the patient returned two weeks later, 
the audibility was measured with the SM. The audibility was considered as 
quite poor, which the patient also expressed, and the gain below 1000 Hz and 
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around 2500 Hz was increased. As seen in Figure 16, the audibility of the 
Bonebridge was improved after adjustments, and the improvement was further 
validated by an increased SRS in noise of +44 % units. 

 

5.3 STUDY IV 
By using a qualitative approach with interviews, we aimed to gain a deeper 
understanding of the BCI users’ experiences of using and living with the BCI. 
We also wanted to discover variations in the phenomenon of using and living 
with the BCI. We therefore chose the phenomenographic approach for the 
analysis. Several studies have explored the surgical, audiometric, and 
subjective outcomes of the BCI and other active transcutaneous devices, but 
none of these studies have used a qualitative method (Eeg-Olofsson et al., 
2014; Goycoolea et al., 2020; Håkansson et al., 2019; Irmer et al., 2022; 
Persson et al., 2020; Reinfeldt et al., 2022; Seiwerth et al., 2022).   

Four themes were formed: “Conceptions of the process receiving the BCI”, 
“Conceptions of handling the BCI on a daily basis”, “Conceptions of hearing 
with the BCI” and “Conceptions of healthcare issues related to the BCI.” In 
combination with the categories, these themes constitute the results of this 
study, including the participants' descriptions of using and living with the BCI. 
From a clinical point of view, several conceptions regarding receiving, 
handling, and hearing with the BCI, as well as improved health, are common 
and expected in hearing rehabilitation. It is well known that hearing loss can 
affect not only the hearing impaired individual, but also family, friends, and 
work colleagues, and this was also reported by the participants, (Lieu et al., 
2020; Lin et al., 2011; Shukla et al., 2020).  

It is also clinically well known that hearing aid users describe improved self-
esteem and a more active social life as a result of hearing aid use, but at the 
same time, they describe residual difficulties hearing in certain situations, for 
example, in a restaurant environment where many people are talking. In a 
review article of qualitative studies on conventional hearing aids, the same 
experiences are described as for the BCI participants regarding self-esteem and 
problems hearing in certain situations (Oosthuizen et al., 2022). 

A novel finding in this study is that participants describe the safety line as an 
obstacle because it easily gets caught in the hair or clothing, which can be 
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problematic since the safety line is intended to prevent the audio processor 
from being lost or damaged. Another concern some participants reported is the 
inability to undergo an MRI examination. However, it is possible to undergo 
an MRI, but since the MRI causes artefacts around the magnet in the BCI 
implant, this can cause problems if the ipsilateral brain is the target of the 
examination (Jansson et al., 2015). If the ipsilateral brain is the target, it is 
possible to explant the implant and then do a reimplantation. It is apparent that 
the BCI users do not have enough knowledge about the BCI implant and the 
suitability of an MRI. This issue is clearly something that needs to be addressed 
clinically through better verbal and written information. 

 

5.4 LIMITATIONS 
Study I 

The three-year follow-up study included 10 BCI patients, since the BCI 
patients who received their BCIs in Stockholm were only followed for one year 
and the remaining three BCI patients from Gothenburg had not had their BCIs 
for three years when the article was written. To minimise any weakness in the 
study, multiple tests for both speech tests and questionnaires were used. 
However, when obtaining results from subjective measurements, it is 
important to remember that there can be many factors affecting the results, 
such as daily variations in the individual. Another limitation regarding 
questionnaires may be that not all questions are relevant to the respondent. 

 

Studies II and III  

In Study II, we could see a lower audibility in the higher frequencies and the 
ISTS speech at 55, 65, and 75 dB merged into the noise floor close to the 
hearing thresholds. The lower audibility in the highest frequencies is likely due 
to the use of a conventional BCD on a softband, which has a poorer sound 
transmission through the skin compared to a percutaneous BCD (Håkansson et 
al., 1984).  

If a patient has good inner ear function, there is a risk that the true hearing 
thresholds could be masked by any noise from the system or the BCD. To avoid 
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any masking effect, we increased the warble tone by 30 dB when doing the 
read-off value from the SM. Then 30 dB was subtracted from the response to 
obtain the true hearing threshold value. If a patient has more severe 
sensorineural hearing loss, this + 30 dB read-off may not be necessary since 
the threshold response signal from the SM will be higher and will not be 
affected by the noise floor. There is also a risk that the noise floor of the BCD 
itself can mask the threshold signal in patients with good cochlear function. 

 
Study IV 

A limitation regarding qualitative studies compared to quantitative studies is 
that the results cannot be generalised to a general population. Compared to 
quantitative studies, qualitative studies often contain fewer participants, but 
these studies can instead provide a deeper understanding of how a specific 
phenomenon is experienced. Another concern is whether the present study 
contained enough participants to get a reliable result. Kvale (Kvale, 1996) 
concludes that the number of participants should be around 15 ± 10, depending 
on the time and resources that are available. Sandelowski (Sandelowski, 1995) 
presents another approach to determine the sufficient number of participants. 
In this approach, the recruitment of new participants stops when no new 
information is added, which indicates that the investigated phenomenon has 
been sufficiently explored. In the present study, the four last interviews 
provided no new information. In study IV, the interviewer is well known to the 
majority of the participants, and this could be a possible limitation if the 
participants hesitated to express their thoughts and feelings openly. Another 
possible limitation could be that the interviewer was unable to capture the 
differences in the participants’ perceptions or that the participants described 
their experiences in a superficial way.  

To ensure a high level of trustworthiness, a co-examiner tested the results. This 
allowed the participants’ statements to be represented in the categories and 
ensured that the categories reflected the participants´ experiences and were not 
a product of the researcher’s expectations.  
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6 CONCLUSION 
Based on the results from this thesis, insights into different aspects of the BCI 
have been acquired, and the following conclusions can be drawn from the 
results presented in studies I-IV.  

Study I 

Using the BCI over a period of three years: 

➢ Resulted in the same or better hearing outcome compared to the 
reference device on softband. 

➢ Significantly improved audiometric threshold and speech 
discrimination in noise, compared to unaided. 

➢ Significantly improved quality of life and patient satisfaction 
compared to the unaided situation. 

➢ Does not alter the transducer performance and contact to the bone over 
time. 

➢ Did not result in any skin complications at the position of the audio 
processor. 
 

Studies II and III 

➢ The skin microphone method can be used to determine the dynamic 
range of individual patients with any kind of existing bone conduction 
device. 

➢ The skin microphone can be used to measure the audibility of 
individually fitted bone conduction devices and to improve audibility. 

➢ The skin microphone method can be used to detect and help improve 
a poor fitting. 
 

Study IV 

➢ The participants reported that the BCI provides improved hearing and 
increased self-confidence, which also has an impact on their lives and 
how they perceive themselves. 
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➢ In noisy environments, the participants had mixed feelings about using 
the BCI, since it is necessary for communication but also makes it 
more difficult to communicate in some ways.  

➢ The BCI is seen as easy to handle but the safety line is considered as 
an obstacle. 

➢ Some participants expressed concerns regarding MRI exams. 
 

,  
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7 FUTURE PERSPECTIVES 
Bone conduction hearing devices have evolved significantly over the last ten 
years, and the bone conduction hearing devices currently available on the 
market mostly focus on active transcutaneous implantation. Based on the 
results of this thesis, the following future studies would be of interest: 

Health economics: Developments in bone conduction hearing devices are 
moving towards more active transcutaneous implants. Few health 
economic studies have been done comparing percutaneous implants 
with active transcutaneous implants, and most of these studies focus 
on the surgical costs. In Sweden, no health economic survey has been 
carried out, and it would therefore be of interest to investigate surgical 
costs, complications, and quality of life. 

Objective measurements: There is a commercial version of the skin 
microphone under development which we would like to evaluate.  

Patients’ experiences: Continue to investigate patients' experiences of 
using and living with the different types of bone conduction hearing 
devices. Further research should investigate whether there are any 
differences in experiences between the different bone conduction 
implants, for example, percutaneous bone conduction versus active 
transcutaneous bone conduction. The results could increase the 
understanding and knowledge of how patients experience the 
different treatment methods. 

Questionnaire: There is currently no questionnaire aimed specifically at 
patients who use bone conduction devices, and a future research 
project could be to use the results from qualitative studies of patients 
using bone conduction devices to develop a questionnaire adapted to 
the group. 
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7 FUTURE PERSPECTIVES 
Bone conduction hearing devices have evolved significantly over the last ten 
years, and the bone conduction hearing devices currently available on the 
market mostly focus on active transcutaneous implantation. Based on the 
results of this thesis, the following future studies would be of interest: 

Health economics: Developments in bone conduction hearing devices are 
moving towards more active transcutaneous implants. Few health 
economic studies have been done comparing percutaneous implants 
with active transcutaneous implants, and most of these studies focus 
on the surgical costs. In Sweden, no health economic survey has been 
carried out, and it would therefore be of interest to investigate surgical 
costs, complications, and quality of life. 

Objective measurements: There is a commercial version of the skin 
microphone under development which we would like to evaluate.  

Patients’ experiences: Continue to investigate patients' experiences of 
using and living with the different types of bone conduction hearing 
devices. Further research should investigate whether there are any 
differences in experiences between the different bone conduction 
implants, for example, percutaneous bone conduction versus active 
transcutaneous bone conduction. The results could increase the 
understanding and knowledge of how patients experience the 
different treatment methods. 

Questionnaire: There is currently no questionnaire aimed specifically at 
patients who use bone conduction devices, and a future research 
project could be to use the results from qualitative studies of patients 
using bone conduction devices to develop a questionnaire adapted to 
the group. 
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