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Accuracy and precision of direct bone conduction measurements

A. M. Sadeghi'?, M. Flynn®, T. Davison*, M Schulte’ and M. Hillbratt®

'Department of Audiology, The Sahlgrenska Academy, Institute of Neuroscience and Physiology, Goteborg, Sweden;
*Department of Audiology, Hearing activities organization, Habilitation & Health, Goteborg, Sweden; “Department of
Research and Applications, Cochlear Bone Anchored Solutions AB, Mdélnlycke, Sweden; ‘Department of Audiology,
Freeman Hospital, Newcastle, United Kingdom; *Horzentrum Oldenburg GmbH, Oldenburg, Germany

Key-words. Bone anchored hearing aid; bone conduction; direct bone conduction; single-sided deafness; hearing
implant; mixed hearing loss

Abstract. Accuracy and precision of direct bone conduction measurements. Objectives: Variability in Baha® sound
processor fittings arise from several sources including the nature of the implant-to-bone transmission and transcranial
attenuation in patients with single-sided sensorineural deafness. One method of improving the predictability of Baha
fittings is to measure the individual patient’s actual bone conduction thresholds via the implant, thereby removing the
influence of skin thickness and/or implant location site.

Methodology: One hundred thirty eight adult wearers of the Baha System participated in the study. Direct bone conduction
thresholds were obtained through the BC Direct feature of the Cochlear™ Baha Fitting Software combined with the
Cochlear Baha BP100 sound processor. Test-retest reliability measurement was performed in 58 participants.

Results: Improved transmission of sound through the implant rather than transcutaneously through the skin was confirmed.
On average, the BC Direct thresholds were closer to the patient’s unmasked thresholds than the masked values. In
patients with single-sided sensorineural deafness, BC Direct results were elevated compared to the contralateral bone
conduction thresholds due to transcranial attenuation. The test-retest reliability for the BC Direct measurements was
within +£5 dB, which is in within the accepted variability for audiometric test measurements.

Conclusions: Direct bone conduction measurement provides a validated method of comparing the transcutaneous
thresholds as measured through audiometry with the percutaneous responses from the Baha sound processor. The Baha
fitting based on direct measurements of bone conduction may require less fine-tuning and provide a greater understanding
of the variability of the bone conduction sound pathway.

Introduction

Osseointegrated bone conduction (BC) hearing
systems have been used for many decades to treat
conductive or mixed hearing loss' and to treat
single-sided sensorineural deafness by the
contralateral routing of signals.*® The Baha system
transmits sound by BC via an osseo-integrated
skin-penetrating titanium implant.

When hearing through BC, several factors must
be considered when programming a Baha sound
processor; e.g., the patient’s BC thresholds, output
characteristics of the sound processor, and skull
vibration characteristics of the individual. These
factors may vary between individual patients
because of the complex geometry of the cranium as
well as the combination of the structure of the
cranium and the soft tissues loaded on both sides of
it. Furthermore, Baha sound processors are
conventionally tested with a skull simulator and the

individual adjustments rely on psychoacoustic
measurements such as pure-tone audiometry and
BC thresholds, or free-field audiometry, which can
be time consuming and demanding for the patient.
Therefore, there is a clinical need for an individual
and objective measurement system when fitting
Baha sound processors.

When measuring a patient’s BC thresholds using
an audiometer, the transmission of vibrations can
be considered transcutaneous because sound must
pass via the skin to the cochlea in the temporal
bone. Conversely, when hearing through an
osseointegrated auditory implant such as Baha,
sound is considered to be transmitted percutaneously
because the implant is placed directly into the
temporal bone. Direct BC provides a more efficient
transfer of sound energy to the cochlea than
traditional BC because it sends the signal directly to
the cochlea and bypasses any outer and middle ear
pathology. Thus the degree of hearing loss to be
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compensated for is relatively mild compared with
typical hearing aid users.*

Similar to conventional air conduction hearing
aids, the latest Baha sound processors are fitted
using data collected during an audiometric
evaluation; in particular, the patient’s BC (BC)
thresholds. For air conduction hearing aids, these
thresholds are used to determine the degree of
amplification required to compensate for the
sensorineural and conductive hearing loss. For
Baha, the BC thresholds determine the degree of
force required to transfer sound through the skull
and compensate for any sensorineural hearing loss
(the conductive component is ignored as BC
bypasses the outer and middle ears). Therefore, at
any given frequency, the degree of force required to
ensure audibility is determined by conversion of
the patient’s BC threshold into a required direct BC
value.

BC Direct is a feature of the Cochlear™ Baha®
fitting software, which allows the patient’s BC
thresholds to be measured directly through the
Baha sound processor as well as through the
abutment and the fixture.

On average, the relationship between the
measured BC thresholds and the direct BC values
can be estimated with a high degree of certainty. An
examination of the data from published studies,
however, shows a high degree of variability in
terms of differences between BC and direct BC
thresholds as a result of each individual patient’s
values as opposed to average values. Due to this
variability, when fitting the Baha to specific
patients, there is a need to confirm the predicted
direct BC values or to provide new values based on
the patient’s own data.

A. M. Sadeghi et al.

The aim of this study was to investigate the
clinical applicability of direct BC threshold
measurements for Baha. In addition, we aimed to
determine the accuracy and test-retest reliability of
direct BC measurements in patients with conductive
or mixed hearing loss, or those with single-sided
sensorineural deafness.

Material and methods

Material

In total, 138 adults (166 ears) with skin-penetrating
titanium implants for standard attachment of a Baha
sound processor participated in the BC Direct
evaluation (Table 1). Each patient was selected for
the Baha procedure according to internationally
accepted patient selection criteria.®

Data were obtained across 4 sites: Cochlear Bone
Anchored Solutions AB in Molnlycke, Sweden
(N=59); Rigshospitalet in Copenhagen, Denmark
(N=24); Freeman Hospital in Newcastle, United
Kingdom (N=30); and Horzentrum in Oldenburg,
Germany (N=25).

This study was approved by the Ethics
Committees in Sweden, England, and Germany.
All investigations were performed in accordance
with the Helsinki declaration.

Eligible patients had conductive (n=65) or
mixed hearing loss (n=45), or single-sided sensori-
neural deafness (n=28).

For the purpose of this study, the type of hearing
loss was defined as:

e Conductive hearing loss: BC thresholds <20 dB
and an air-bone gap >15 dB averaged over 0.5,
1,and 2 kHz;

Table 1
Distribution of study subjects by group, age, and gender
Groups Sex N (Subjects) N (Ears) Mean age Min-max age
(years) (years)
Conductive HL. M 35 79 54 (12) 24-73
F 33
Mixed HL M 15 59 62 (8) 43-78
F 27
SSD M 17 28 56 (11) 30-80
F 11

Numbers within the parentheses are standard deviations.
M: male; F: female; SSD: single-sided sensorineural deafness; HL: hearing loss.
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e Mixed hearing loss: BC thresholds >25 dB and
an air-bone gap >30 dB averaged over 0.5, 1,
and 2 kHz;

* Single-sided sensorineural deafness: severe to

profound sensorineural hearing loss in one ear
and BC thresholds <55 dB in the other ear.

The average air and BC pure-tone thresholds for the
study subjects are shown in Figure 1.
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Figure 1
Average unaided air and bone conduction thresholds in patients
with (A) conductive hearing loss, (B) mixed hearing loss, and
(C) single-sided sensorineural deafness. The shaded area
represents 1 standard deviation from the mean.

Test materials, equipment, and procedure

The patients’ conventional BC thresholds were
compared with the direct BC thresholds using the
Baha sound processor placed on the patients’
implant as a transducer. The patient’s responses to
vibrations generated by the Baha sound processor
on the implant were obtained using the BC Direct
function available in the Cochlear Baha Fitting
Software (Figure 2). A subgroup (58 patients) was
tested during two different sessions in order to
evaluate the test-retest reliability.

The test device used was the Cochlear Baha
BP100 (Cochlear Bone Anchored Solutions AB,
Molnlycke, Sweden) sound processor in combina-
tion with the Cochlear Baha Fitting Software
version 1.0.

The BC Direct function in the Cochlear Baha
fitting software allows the audiologist to measure
the patient’s BC hearing thresholds directly via the
sound processor. The test signals from the Baha
sound processor are transmitted directly to the
cochlea via an osseo-integrated implant. The results
of the measurement are then used in preference to
the standard audiometric test results as the basis for
calculating the gain.
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Figure 2
Schematic illustration of the BC Direct function enabling
measurement of responses through bone conduction in a Baha
sound processor. DSP refers to Digital signal processing; dB
HL refers to decibels hearing level.

Using this methodology, the Baha system will
ultimately amplify and deliver sound through the
abutment and implant. Therefore, it is logical to
determine thresholds through the abutment so the
variability related to each the patient’s hearing and
Baha sound processor are all relative to the same
signal delivery point. This is true for both the real-
ear and accelerometer approaches. The only
difference between the two approaches is mainly
the location of the hearing aid (ear canal vs.
backside of the head). Figure 2 illustrates the set-up
for direct BC measurement through the Cochlear
Baha BP100 sound processor. The calibration
methodology has been described elsewhere.’

Audiometric evaluation consisting of air and
bone conduction testing was performed in a sound-
insulated room. For comparison purposes, BC
thresholds were obtained at 250, 500, 750, 1000,
2000, 3000, 4000, and 6000 Hz, with masking of
the contralateral ear when required. Masked and
unmasked BC thresholds for each patient were used
when both were available.

Measurement of the direct BC threshold (BC
Direct) was conducted using the Baha Fitting
Software version 1.0 connected to the Cochlear
Baha BP100 sound processor with the microphone
turned off. Using this software, it was possible to
determine the softest sound level at which the
patient could respond through the direct BC.

A. M. Sadeghi et al.

Statistics

Descriptive statistics and pair-wise comparisons
were performed using a one way and/or general
linear model analysis of variance - ANOVA.
Simple mean effects tests with adjustment for
multiple comparisons (Bonferroni correction) were
used in order to overcome problems arising from
multiple tests.

The intraclass correlation coefficient was used
for test-retest reliability analyses. Wilcoxon’s
signed rank test was used to test for systematic
differences between the two measurements.

Results

Accuracy of measurements

Measured BC Direct results were compared with
masked and unmasked BC responses. On average,
the BC Direct thresholds, which are measured
unmasked, were closer to the patient’s unmasked
thresholds than the masked values (Figure 3 A-D).
In cases with mixed or conductive hearing loss in
which the Baha implant side had poorer hearing
thresholds than the non-Baha side, it might therefore
be the contralateral cochlea responding.

In patients with single-sided deafness, the BC
Direct results were elevated compared with the
contralateral BC thresholds due to transcranial
attenuation (Figure 4).

Therefore, when selecting thresholds to
determine the required amount of amplification, the
unmasked BC thresholds should be preferred to the
masked ones. In cases with single-sided sensori-
neural deafness (Figure 4), BC Direct allows
individual measurement of the threshold that
includes transcranial attenuation (Table 2).

Statistical analyses on the average BC thresholds
and BC Direct thresholds in the study subjects are
presented in Table 3.

Test-retest reliability

Because the test-retest reliability of the BC Direct
measurement was unknown, the reliability of the
BC Direct procedure was investigated. The average
test and retest BC Direct thresholds for 58 patients
with conductive or mixed hearing loss are presented
in Table 4. Only measurements at 500 Hz were
found to significantly differ in the test-retest
evaluation. Within the group, the variation (across
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Figure 3

Average unaided air conduction thresholds, unaided masked and unmasked bone conduction thresholds and BC Direct thresholds for
patients with (A, B) conductive or (C, D) mixed hearing loss. The shaded area represents 1standard deviation from the mean.

two separate visits) for the BC Direct measurements
was better than the clinically accepted requirement
of +5 dB."” BC Direct therefore provides a reliable
method of measuring the softest sound produced
through the Baha sound processor (Table 4).

Discussion

The aim of this study was to investigate the clinical
application and test-retest reliability of direct BC
measurements in patients with conductive or mixed
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Figure 4
Average unaided air conduction thresholds on the Baha side
and unaided bone conduction thresholds on the non Baha side
(good ear) and BC Direct thresholds for patients with single-
sided sensorineural deafness. The shaded area represents
Istandard deviation from the mean.

hearing loss or those with single-sided sensorineural
deafness.

Hearing achieved through BC can be affected by
factors such as the BC thresholds of the patient,
output characteristics of the sound processor, and
skull vibration characteristics of the individual,
which may vary due to the complex geometry and
structure of the cranium'' as well as the soft tissues

Table 2

A. M. Sadeghi et al.

present on both sides of it. Thus, it is important to
test the functionality of an osseointegrated auditory
implant when connected to a titanium implant
percutaneously (i.e., no skin in between).

This study presents a novel measurement system
for evaluating osseointegrated auditory implant
performance in situ. Using the BC Direct thresholds
as a reference provides clinicians with an
opportunity to improve the outcome of a Baha
fitting. BC Direct provides a validated method for
comparing the transcutaneous thresholds measured
through audiometry with the percutaneous
responses from the Baha sound processor. Based on
the current study, it could be argued that simply
measuring the unmasked BC thresholds would
make tools like BC Direct redundant; however, the
patient’s chart commonly only includes the masked
values as the unmasked values are considered to be
‘noise’. Similarly, while the average values are
correlated, there is a great level of variability in
results between individual patients.

Discrepancies at low and high frequencies

There are several areas of potential error involved
in pure-tone BC audiometry. In particular, threshold
measurements using a BC transducer are prone to
variability as a result of both the transducer
placement and air radiated vibrations.

Variability in the results at low frequencies (e.g.,
250 Hz) between the BC direct and standard BC
measurements found in this study may be explained
by the fact that responses with a B-71 (Radio Ear
B71 bone driver transducer) are often better than
expected due to vibrotactile effects and occlusion
effects.”” Additionally, implant placement” and

Degree of mean transcranial bone conduction attenuation in patients with single-sided sensorineural deafness

Frequency (Hz)

Measure 250 500 1000 2000 3000 4000 6000
Mean BC Direct thresholds 22 24 15 16 21 26 27
SD 10.3 9.8 112 84 14.0 14.6 12.7
SEM 20 19 2.1 1.6 2.6 2.7 24
Mean Unaided BC thresholds — Non Baha Side (Good ear) 8 12 8 11 14 17 14
SD 112 10.2 10.2 10.6 142 15.1 14.8
SEM 4.1 1.9 19 20 27 29 34
Transcranial attenuation® 14 12 7 5 7 9 13

*The differences between mean BC Direct thresholds — mean unaided BC thresholds on the non Baha Side (good ear): Transcranial

attenuation. SD: standard deviation; SEM: standard error of the mean.
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Table 3

Comparison of average of bone conduction (BC) thresholds with average BC Direct thresholds in patients with conductive hearing
loss (HL), mixed HL, and single-sided sensorineural deafness (SSD)
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Mean threshold in dB HL (Hz)
Groups Thresholds 250 500 1000 2000 3000 4000 6000
Conductive HL Unmasked BC 0(2) 7(1) 7(1) 18 (1) 21 (1) 20 (2) 21 (3)
BC Direct 11 (1) 13 (1) 9(1) 17 (1) 20 (2) 25(2) 32 (3)
p* 3k * ES E3
Conductive HL Masked BC 3(Q2) 9(2) 10 (2) 23 (2) 24 (2) 20 (3) 27 (4)
BC Direct 10 (1) 8 (1) 7(2) 18 (2) 20 (2) 23 (3) 31 (4)
p* * * * *
Mixed HL Unmasked BC 11 (3) 24 (2) 29 (1) 44 (1) 43 (2) 41 (3) 33 (3)
BC Direct 24 (2) 25 (2) 27 (1) 38 (2) 39 (2) 45 (2) 39 (4)
p* * * * * *
Mixed HL Masked BC 13 (4) 26 (2) 31 (2) 42 (2) 46 (3) 51 (3) 44 (4)
BC Direct 18 (3) 21 (3) 23 (3) 35(2) 37 (3) 42 (3) 42 (6)
p* %k k 3k 3k
SSD BC - Good Ear 8 (4) 12 (2) 8(2) 11 (2) 14 (3) 17 (3) 14 (3)
BC Direct 22 (3) 24 (2) 15(2) 16 (2) 21 (3) 26 (3) 27 (3)
p* * * %k k % k *

* Indicates significant difference (p <.05) between groups.

loudness growth' are more likely to affect the
lowest frequencies. Moreover, 250 Hz is highly
susceptible to airborne radiation into the ear canal,
leading to responses that are better than predicted"
and it has the highest degree of error for BC
testing.'® Furthermore, it has been reported that the
standard bone vibrator used in audiometry
(Radioear B-71) has high harmonic distortion at
low frequencies,” leading to thresholds that are
higher than reality. At 250 Hz, the patient’s
threshold is often not due to listening to the
fundamental but rather the second or third
fundamental (harmonic). For these reasons, the
British Society of Audiology and American
Academy of Audiology recommend not testing the
BC threshold at 250 Hz.

At high frequencies, standard BC audiometry
can also give rise to a false or exaggerated high
frequency (air-bone gap). Part of the problem
appears to be related to excessive air-borne sound
from the bone vibrator at these high frequencies.

Examining the results led to a number of
interesting comparisons. The measured BC Direct
results were compared with the measured masked
and unmasked BC responses (Figure 2A-D).
Masked BC responses were included because these
are what the audiologist would have readily

available from the audiometric testing, and what
hearing aid databases such as Noah use as the
default BC values. This analysis thus therefore
allows us to compare direct BC values with standard
clinical practice as recommended by American
Speech-Language-Hearing Association in 2005.

In patients with mixed hearing loss, the average
BC Direct values were consistently 5-10 dB better
(Figure 2D) across the frequency range than the
patient’s masked BC thresholds in the test ear. This
variation is outside the normally accepted
audiometric error rate of £5 dB.

This leads to the conclusion that in cases where
the side with the Baha implant has poorer hearing
thresholds than the non-Baha side, it is possible that
the contralateral cochlea could respond during BC
Direct testing. Consequently, the assumption made
in a previous study'" that masked and unmasked
thresholds can be treated equally may not apply
here.

Clinical implications and case examples of benefit

While the transfer function between the implant
and the skin can be predicted, there are a number of
patients for whom direct measurement is essential
in order to calculate the required amplification.
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Table 4
Test-retest reliability of pure-tone thresholds using the BC-Direct function in 58 patients

Frequency Test Retest Difference Within ID SD 1CcC P-Value
250 Hz 17.6 (10.8) 17.6 (10.3) 0.0 (5.6)

39 0.864 0.8982
N=58 15.0 (0.0; 40.0) 15.0 (0.0; 45.0) 0.0 (-10.0; 15.0)
500 Hz 15.7 (11.1) 179 (114) 22 (4.6)

3.6 0.900 0.0002
N=58 15.0 (-5.0; 40.0) 15.0 (-5.0; 45.0) 0.0 (-5.0; 15.0)
750 Hz 12.4 (10.8) 133 (10.8) 09 (52)

37 0.884 0.2640
N=58 12.5 (-5.0; 40.0) 15.0 (-5.0; 35.0) 0.0 (-10.0; 20.0)
1000 Hz 147 (11.4) 16.1 (11.5) 14(5.8)

42 0.869 0.0930
N=58 12.5 (-10.0; 40.0) 15.0 (-10.0; 40.0) 0.0 (-10.0; 20.0)
1500 Hz 154 (13.6) 169 (13.3) 1.5(6.3)

4.6 0.886 0.0475
N=58 15.0 (-10.0; 50.0) 15.0 (-10.0; 50.0) 0.0 (-20.0; 20.0)
2000 Hz 22.8 (12.2) 242 (114) 1.3 (6.5)

4.7 0.844 0.1930
N=58 20.0 (5.0; 50.0) 25.0 (0.0; 50.0) 0.0 (-12.0;20.0)
3000 Hz 27.2 (13.6) 28.1 (13.9) 09 (5.4)

38 0.923 0.2339
N=58 30.0 (5.0;55.0) 30.0 (0.0; 60.0) 0.0 (-10.0; 15.0)
4000 Hz 32.0 (15.1) 33.1 (14.5) 1.1 (7.6)

54 0.867 0.5139
N=58 37.5 (5.0; 60.0) 35.0 (5.0; 60.0) 0.0 (-10.0; 45.0)
6000 Hz 34.1(164) 344 (17.6) 03(5.5)

39 0.948 0.7635
N=58 35.0 (-5.0; 65.0) 35.0 (5.0; 70.0) 0.0 (-10.0; 15.0)
8000 Hz 42.5 (18.5) 44.6 (19.2) 2211.7)

8.3 0.804 0.2635
N=57 450 (5.0;75.0) 450 (5.0;71.0) 0.0 (-35.0; 40.0)

ICC: Intraclass Correlation Coefficient. The ICC values correspond to ICC (2,1) in Shrout and Fleiss notation.
Note: Data are presented as mean (standard deviation [SD]) / median (min; max). Differences are calculated as second value — first

value.

Examining the data, four groups of participants for
whom additional investigation is required are
identified:

1- Patients with asymmetrical sensorineural hearing
thresholds

Transcranial attenuation is generally estimated to
be between 5-10 dB."” If the patient’s thresholds
differ by 10 dB or more and the Baha sound
processor is placed near the poorer-hearing ear, it is
possible that the contralateral cochlea may hear the
sound, leading to cross hearing or loudness
summation. As seen in Figure 5SA (Case 1), the BC
Direct threshold may lie between the measured BC
thresholds of the two ears. Atindividual frequencies,
the BC Direct thresholds differ by more than 10 dB
from the masked thresholds, indicating that the BC
Direct measurement will provide a more exact
fitting.

2- Patients with single-sided sensorineural deafness

For patients with single-sided sensorineural
deafness, the transmission of vibrations to the
contralateral cochlea may be predicted through the
approximate 5-10 dB transcranial attenuation.”?'
Transcranial attenuation can, however, vary
between 0-30 dB at any given frequency.” Direct
BC values would therefore provide a preferred way
of measurement of the degree of interaural
attenuation and increased gain required to overcome
this attenuation. In case 2, the differences between
individual frequencies can be seen in Figure 5B.

3- Patients with non-optimal implant placement

Depending on the implant placement, the predicted
values could differ from actual values because the
sound intensity varies inversely with distance from
the cochlea.”” In case 3 (Figure 5C), the unpredicta-
bility of the values in these patients is demonstrated
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Figure 5

Patients with (A) asymmetrical hearing threshold mixed hearing loss, (B) single-sided sensorineural deafness, (C) implant placed in a
non-optimal position, and, (D) Baha sound processor fitted on a Softband.
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where the BC Direct measurements show a patient
requiring more gain than predicted from the BC
thresholds.

4- Variability in the transfer of sound across the
skin

This variability can occur because of changes in the
place of excitation, the amount of soft tissue
resulting in different skin damping properties, or
temporal bone quality.** Thus, it will be
important to compensate when fitting the Baha
sound processor on a Softband or Headband. Figure
5D demonstrates a patient fitted with a Baha sound
processor on a Softband where the attenuation of
the skin requires substantially more gain in the
higher frequencies, as indicated by the BC Direct
thresholds.

In each of these scenarios, the difference between
the actual and predicted direct BC may result in
the patient being under- or over-amplified and
potentially result in poorer than predicted perform-
ance with the Baha sound processor. Given the
complexity of correcting the audiogram versus
the simplicity of measuring BC Direct (under 2-
3 minutes), BC Direct provides an improved
method of compensating for the variability in the
individual patient that is fitted with a Baha sound
processor. BC Direct should also be performed in
cases where unmasked bone-conduction thresholds
are not available.

Conclusions

The findings of this study demonstrate that the BC
Direct provides accurate measurements of BC
thresholds that can be used as the basis for Baha
fitting. These measurements increase the accuracy
of the data supporting better sound processor
settings. Basing the calculation on the direct BC
thresholds removes the need to average factors for
an individual fitting such as head-related transfer
function or transcranial attenuation, providing a
more exact prescription. BC Direct will also reduce
the amount of fine tuning required.

BC Direct measurements add value as part of the
standard Baha fitting routine. This is especially true
among challenging cases such as patients with
asymmetrical sensorineural hearing loss, single-
sided sensorineural deafness with a large trans-
cranial attenuation, in those with non-optimal
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implant placement where the transfer of sound to
the cochlea may be hard to predict, and for Softband
fittings where attenuation of the signal by the skin
can vary between individual patients.
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