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ORIGINAL ARTICLE

An audibility model of the headband trial with a bone conduction device in 
single-sided deaf subjects

Guido Cattania�, Koenraad S. Rhebergena,b and Adriana L. Smita,b 

aDepartment of Otorhinolaryngology, Head and Neck Surgery, University Medical Center Utrecht, Utrecht, The Netherlands; bBrain Center 
Rudolf Magnus, University Medical Center Utrecht, Utrecht, The Netherlands 

ABSTRACT 
Objective: Modelling the head-shadow effect compensation and speech recognition outcomes, we aimed 
to study the benefits of a bone conduction device (BCD) during the headband trial for single-sided deaf-
ened (SSD) subjects.
Design: This study is based on a database of individual patient measurements, fitting parameters, and 
acoustic BCD properties retrospectively measured on a skull simulator or from existing literature. The sen-
sation levels of the Bone-Conduction and Air-Conduction sound paths were compared, modelling three 
spatial conditions with speech in quiet. We calculated the phoneme score using the Speech Intelligibility 
Index for the three conditions in quiet and seven in noise.
Study sample: Eighty-five SSD adults fitted with BCD during headband trial.
Results: According to our model, most subjects did not achieve a full head-shadow effect compensation 
with the signal at the BCD side and in front. The modelled speech recognition in the quiet conditions did 
not improve with the BCD on the headband. In noise, we found a slight improvement in some specific 
conditions and minimal worsening in others.
Conclusions: Based on an audibility model, this study challenges the fundamentals of a BCD headband 
trial in SSD subjects. Patients should be counselled regarding the potential outcome and alternative 
approaches.

Abbreviation and Acronym Disambiguation: AC: Air Conduction; ANSI: American National Standards 
Institute; BAHAVR : Bone Anchored Hearing Aid (registered by CochlearTM); BC: Bone Conduction; BCD: Bone 
Conduction Device; CR: Compression Ratio; CROS: Contralateral Routing of Signals; FL: Force Levels, refer-
ence 1 mN; HRTF: Head-Related Transfer Function; ISO: International Standard Institute; ISTS: International 
Speech Test Signal; RCT: Randomised Controlled Trial; PTA: Pure-Tone Average; SII: Speech Intelligibility 
Index; SL: Sensation Level; SPL: Sound Pressure Level, reference 20 mPa; SSD: Single-Sided Deafness; TA: 
Transcranial Attenuation
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Introduction

Patients with single-sided deafness (SSD) experience deteriorated 
speech intelligibility in noise and sound localisation abilities and 
an increased listening effort compared to a normal listening situ-
ation (Kitterick, Smith, and Lucas 2016). These problems might 
affect social interaction, communication, and quality of life 
(Lucas, Katiri, and Kitterick 2018). To alleviate SSD consequen-
ces, Contralateral Routing of Signals (CROS) solutions, applied 
by wireless hearing aids or by a Bone Conduction Device (BCD), 
are commonly offered. Unfortunately, these options cannot 
restore binaural hearing but only compensate for the head- 
shadow effect (Kitterick, Smith, and Lucas 2016). A trial period 
with a BCD positioned on the mastoid using a headband is rec-
ommended before placing the percutaneous implant (Snik et al. 
2005; Pennings, Gulliver, and Morris 2011). This trial period 
aims to test whether the head-shadow effect compensation is 

beneficial to the patient. Theoretically, the BCD attached to a 
headband (transcutaneous) must provide near equivalent results 
compared to a BCD fitted on an implant (percutaneous) to 
achieve a meaningful results of the trial. Furthermore, the BCD 
must offer equivalent audibility of the signal from the poor and 
the better-ear-side (Dillon 2012, 515) to compensate fully for the 
head-shadow effect.

Based on current literature, there is a lack of evidence about 
the BCD effectiveness on the headband as a treatment to restore 
hearing function in SSD subjects. Wendrich et al. (2017) per-
formed a systematic review of the acceptance and rejection of 
BCDs after a headband trial period, finding that between 32% 
and 70% of SSD patients did not choose implantation. One of 
the most common reasons patients stopped the treatment was a 
lack of benefit, specifically in noisy situations (Wendrich et al. 
2017). In a cohort of 46 SSD patients, Kompis et al. (2011) did 
not find any relevant patient-related factors (age, sex, aetiology, 
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duration of deafness, transcranial attenuation, or hearing thresh-
olds) related to the decision for or against the BCD implantation 
after the headband trial.

Very few studies highlight the speech perception performance 
of a band-worn BCD in an SSD population during the trial, all 
including a small sample of patients. For example, in a series of 
nine SSD patients, Hol et al. (2010) found a comparable speech 
perception in noise with and without the testband-worn BCD in 
the listening condition with the noise in front and the signal at 
the poor-ear side. In other studies, diminished speech recogni-
tion in quiet and noise was found with the testband-worn com-
pared to the percutaneous BCD (e.g. Kurz et al. 2014; Monini 
et al. 2015; Snapp, Morgenstein, and Kuzbyt 2019).

A testband-worn BCD has some drawbacks compared with a 
percutaneous system. The major limitation is that the skin 
attenuates the vibrations, causing a linear loss of the power out-
put that the BCD can deliver to the better-ear. This acoustic 
damping is approximately 5-10 dB at 1 kHz and increases to 
about 20 dB with frequencies up to 4 kHz with significant differ-
ences between individuals (Kurz et al. 2014; Verstraeten et al. 
2009; Gr€under et al. 2008). Another major factor limiting the 
output of a testband-worn BCD is transcranial attenuation (TA). 
In the case of SSD, the headband is typically applied on the mas-
toid behind the deaf ear, while the vibrations must travel along 
the skull to stimulate the better ear on the other side, resulting 
in energy loss. This effect was measured by Stenfelt (2012) in a 
group of 28 subjects with SSD. If the stimulation was applied at 
the mastoid, the TA was small at frequencies up to 1.8 kHz, 
increased at higher frequencies (10 dB between 3 and 5 kHz) and 
decreased at the highest measured frequencies (4 dB at 8 kHz). 
Additionally, a considerable variation between individuals was 
found (range 44 dB at 0.5 kHz, 18 dB at 1 kHz, 33 dB at 2 kHz, 
and 38 dB at 4 kHz).

Besides TA, another central aspect regarding SSD is the head- 
shadow effect, which consists of the acoustic filter effects caused 
by the head and torso as a function of the incidence angle and 
frequency of the incoming sound. These acoustic effects can be 
quantified measuring the Head-Related Transfer Function 
(HRTF). Stenfelt (2005) studied the HRTF providing a dummy 
head and torso with a BAHAVR (CochlearVR , Sydney, Australia) 
positioned at the implant location.

In a subject with SSD using a BCD, the signal will reach the 
better-ear cochlea along two different sound paths (Supplemental 
Online Material 1). The first path is the air conduction path 
across the ear canal and the middle ear, after filtering by the 
head, according to the HRTFAC. The second path is the bone- 
conduction path (BC-path). Along this path, the signal is filtered 
by microphone effects (location effects and polar plot, HRTF- 

BCD), by the BCD output characteristic (functional gain of the 
BCD, FGBCD), and by the transcranial attenuation (TA). In the 
case of a testband-worn fitting, the BC signal is also attenuated 
by the headband and skin (Askin). Both sound paths combine in 
the better-ear cochlea in a complex way, frequency-dependent. 
The contribution of the two sound paths can be summarised 
with a modification of the equation written by Stenfelt (2005):

CochleaBE ¼ HRTFAC aBEð Þ
� �

þ HRTFBCD aPEð Þ �
FGBCD

TA� Askinð Þ
�

�

(1) 
In Equation (1) all variables are frequency dependent, but 

HRTF also depends upon the incidence angle between the signal 
source and the considered ear (aBE for the better-ear and aPE for 
the poor-ear).

According to Stenfelt (2005), a subject with SSD can benefit 
from the BCD if the acoustic energy of the targeted speech signal 
reaching the better-ear through the BC-path is higher than the 
acoustic energy through the AC-path. In other words, the differ-
ence between the sensation levels elicited by the two sound paths 
(bone-conduction versus air-conduction) must be greater than 0. 
This condition is essential for the BCD user to achieve a favour-
able signal-to-noise ratio in the case of a speaker on the deaf side 
and, simultaneously, competitive signals on the better-ear-side. So 
far, whether a BCD applied on a headband could effectively com-
pensate for the head-shadow effect is unknown. Thereby, it is 
unclear whether a trial of a BCD on the headband is of additional 
value in deciding for or against BCD implantation. Therefore, in 
this study, using data from a headband trial in SSD patients, we 
aimed to model the difference between the sensation levels elicited 
by the two sound paths, the speech intelligibility index (SII; ANSI 
S3.5-1997) and the phoneme score (CVC-score) of the testband- 
worn BCD for different listening conditions.

Materials and methods

To demonstrate if a BCD applied on a headband could compen-
sate for the head-shadow effect, as our primary goal of the study, 
we calculated sensation levels, SII values and CVC-score simulat-
ing different spatial conditions in quiet and noise based on data 
of a headband trial in SSD patients. To make our model, we 
used the better-ear AC thresholds, the BC-direct thresholds, and 
the BCD output measured on the skull simulator based on the 
registered BCD settings.

Participants

Audiometric and BCD fitting data used in this study were 
attained from SSD subjects included in a single-centre 
Randomised Controlled Trial (RCT), in which different treat-
ments were compared in adult patients with SSD (Peters et al. 
2015). This RCT is registered by the Dutch Trial Register under 
the code NTR4580 and is ethically approved by the Institutional 
Review Board of the University Medical Centre Utrecht 
(NL45288.041.13). All participants provided written Informed 
Consent before trial participation.

As part of this trial, eighty-five patients aged 18 or older were 
fitted with a testband-worn BCD between 2014 and 2019. All 
participants suffered from SSD between three months and ten 
years before inclusion. The air conduction Pure Tone Average 
(PTA), measured at four-octave frequencies between 0.5 and 
4.0 kHz at the impaired ear, was �70 dB. On the contralateral 
“normal hearing” ear, the PTA was � 30 dB. The average air- 
bone gap at the normal ear was � 10 dB (at four-octave frequen-
cies between 0.5 and 4.0 kHz). The hearing thresholds were 
measured in an audiometric test room, with permissible ambient 
noise fulfilling ISO 8253-1 (2010) requirement. Air- and bone- 
conduction thresholds were measured, following the modified 
Hughson-Westlake procedure (Carhart and Jerger 1959), using a 
headphone TDH39 (Telephonics, Farmingdale, USA) and a bone 
conductor B71 (RadioEar, Eden Prairie, USA). Participants could 
use the testband-worn BCD for six weeks.

Devices and fitting

The BCDs were provided by the manufacturer CochlearTM 

(Cochlear Benelux NV, Mechelen, Belgium). According to the 
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manufacturer’s prescriptions for SSD, a “power” BAHAVR was 
used. From the start of the study until December 2016, 49 
patients received a device model BahaVR 3 Power (BP110). From 
January 2017 to the end of the inclusion in the study, 36 
patients received a device type BahaVR 5 Power Sound Processor 
(BAHA5P). The testband-worn BCDs were fitted accordingly to 
the manufacturer’s standard method, measuring the hearing 
thresholds in situ (at 0.5, 1, 1.5, 2, 3, 4 kHz) according to the 
“direct BC” procedure (Carlsson, Håkansson, and Ringdahl 
1995; Flynn and Hillbratt 2012). The fitting target was the gain 
prescribed by the manufacturer. The manufacturer fitting for-
mula makes an estimate of the skin damping and TA, trying to 
compensate for this loss. For the BAHA5P, we determined the 
maximum stable gain with a feedback test. The settings of the 
instruments were stored in a database for all consecutive 
patients.

The pure tones produced by the BCD during the “direct BC” pro-
cedure were measured on the skull simulator in the test box of the 
VerifitVR 2 (AudioscanVR , Dorchester, Canada) to determine the refer-
ence values (RETFL) expressed in dB force level (reference 1 mN).

We loaded retrospectively the saved settings on the BCD 
for every patient and measured the instrument force-level out-
put on the skull simulator in the test box. The International 
Speech Test Signal (ISTS, Holube et al. 2010) was chosen as 
the input signal. We measured the BCD output twice, with the 
ISTS signal set at 55 and 65 dB SPL. The average level deliv-
ered by the BCD, measured in dB force levels (reference 1 
mN) per one-twelfth octave band, was stored in a database. 
For the measurement in the box, the microphone was set 
omnidirectional.

After the measurements with first-fit settings, the manufac-
turer settings were manually adjusted, setting the gain at the 
maximum stable level at 1 kHz and higher frequencies. This 
maximum stable level was measured during the BCD fitting for 
the single BAHA5P-group subject. After the gain optimisation, 
we measured the output force levels with the ISTS at 65 dB SPL. 
In the BP110-group, the gain was already at the maximum stable 
level at 1 kHz and higher frequencies.

Data post-processing

Calculations and statistical analysis were performed using Python 
3.7 and related libraries (Numpy, Pandas, and Scipy).

Note that all variables presented in the equations in this 
method section are frequency dependent. A dependence from an 
angle is explicit presented in the formula with the notation “(a).”

Modelling the difference in sensation levels
The BC-direct thresholds (TBC direct) were transformed in dB 
force levels (TBC FL) using the reference values (RETFL) for every 
single patient, according to the following formula:

TBCFL dBFL½ � ¼ TBCdirect þ RETFL (2) 

After this, the BC-direct thresholds (senza virgolette) (at 0.5, 
1, 1.5, 2, 3, and 4 kHz), expressed in dB force level, were loga-
rithmically interpolated to obtain values for each one-third oct-
ave band.

The output force levels per one-third octave band (L1/3octave) 
were corrected according to the BAHAVR HRTF (Stenfelt 2005) for 
an azimuth of 0-, 90-, (BCD-side), and 270-degree angle (better- 
ear-side) respectively, to account for the BCD microphone loca-
tion effects on the head. This correction was applied under the 
hypothesis that the gain provided by the BCD was approximately 

independent of the input level, using the following equation:

LBCD að Þ dBFL½ � ¼ L1
3octave þHRTFBCD (3) 

To verify our hypothesis that the gain was independent of the 
input level, we calculated the compression ratio, which was 
defined as the fraction of the difference between the ISTS-signal 
input levels (10 dB) and the difference in the one-third octave 
band output levels measured with the skull simulator at 65 and 
55 dB SPL:

CR1
3octave ¼

10
L651

3octave − L551
3octave

� � (4) 

The sensation level (SL) elicited by the BC path was calcu-
lated at each one-third octave band as the difference between the 
output value measured with the skull simulator and the direct 
BC threshold, both in dB force level:

SLBCD að Þ dB½ � ¼ LBCD að Þ − TBCFL (5) 

Regarding the air conduction path, we proceeded similarly. 
The spectrum of the ISTS signal per one-third octave band 
(LISTS), at 55 and 65 dB, was filtered according to the HRTF 
(Stenfelt 2005) for an azimuth of 0 and 90 and 270-degree angle, 
using the following equation:

LAC að Þ dBSPL½ � ¼ LISTS að Þ þHRTFAC að Þ (6) 

The air-conduction thresholds were converted into free-field 
thresholds using data about the Real Ear to Dial Difference 
(REDD) provided by Bentler and Pavlovic (1989). Bentler’s ori-
ginal data were modified using the Reference Thresholds Sound 
Pressure Level (RETSPL) of the used TDH39 headphone, accord-
ing to ISO 389-1 (1998). The octave free-field thresholds were 
finally logarithmically interpolated to obtain thresholds (in dB 
SPL) for each one-third octave band (TAC). The SL elicited by 
the AC path was calculated, per one-third octave band, as the 
difference between the corrected output of the ISTS signal (LAC) 
and the free field threshold (TAC):

SLAC að Þ dB½ � ¼ LAC að Þ − TAC (7) 

The calculation of the SL for the AC and BC paths was per-
formed under three different conditions: 1) with the signal com-
ing from the front of the subject, 2) with the signal coming from 
a 90-degree angle at the BCD-side and, 3) with the signal coming 
from a 270-degree angle at the better-ear-side.

In the end, the difference between the SL elicited by the two 
different sound paths was determined using Equation (8):

DSL að Þ dB½ � ¼ SLBCD að Þ − SLAC að Þ (8) 

Qualitative analysis of the BCD fitting audibility
Note that a positive SL difference does not mean that the signal 
through the BCD path is also audible. A positive value could be 
caused by an increased AC threshold relative to the BC direct 
threshold, also if the BC signal is not audible. With this in mind, 
we performed a “qualitative” analysis of the fittings, counting the 
cases that met two criteria:

1. The difference between the SL elicited by the BC and AC 
sound path is -3 dB or greater in all one-third octave bands 
between 2 kHz and 4 kHz (CROS-balance-criterium),

2. The bone-conduction path SL is greater than 0 dB in all one- 
third octave bands between 2 kHz and 4 kHz (BC-audibility 
criterium).
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We focused on the high-frequency bands because the fitting 
software applies a high-pass filter with a cut-off frequency 
around 1.5 kHz when a BAHA is fitted in a SSD subject (Pfiffner 
et al. 2011).

Modelling the SII and phoneme-score
An analysis of the overall audibility was performed using the 
Speech Intelligibility Index (SII, ANSI S3.5-1997) to study the 
BCD’s global performance. The SII was calculated according to 
the one-third octave frequency band method, using the impor-
tance of NU6 monosyllables presented in table B.2 of the ANSI 
standard. We used a level distortion factor L of one because of 
the moderate signal level (65 dB) applied in our simulation. To 
calculate the bone-conduction path audibility, we used the out-
put force levels per one-third octave band corrected according to 
the azimuth (LBCD(a)) and the BC-direct thresholds in dB force 
levels (TBC FL).

Besides the three conditions in quiet, the SII was calculated 
for seven conditions in noise, using the ISTS signal at a level of 
65 dB for both signal and noise:

1. Signal and noise directly in front of the subject,
2. Signal in front of the subject and noise from the BCD side,
3. Signal from the subject’s front and noise from the better-ear 

side,
4. Signal from the BCD side and noise from the better-ear-side,
5. Signal from the BCD side and the noise in front of the 

subject,
6. Signal from the better-ear-side and the noise from the BCD 

side,
7. Signal from the better-ear-side and the noise from the front 

of the subject

The SNR of 0 dB was chosen to simulate a challenging listen-
ing situation, sometimes occurring in real life.

Following the SII method, the highest speech and noise level 
values were selected for each 1/3 octave band to perform the 
calculation.

Finally, the obtained SII was used to calculate the phoneme 
score for Dutch monosyllables (Bosman and Smoorenburg 1992, 
1995) using Equation (9):

CVCscore ¼ 1 − 10
−SII
0:6ð Þ

� �0:9
(9) 

Statistical analysis

Results were analysed, calculating median and percentile (P10 
and P90) values. Distribution normality was checked using the 
Shapiro-Wilk test. The Levine test was used to assess the equality 
of variances. Comparison of continuous variables between the 
BP110 and BAHA5P group was performed using the independ-
ent T-test (in the case of a normal distribution in both groups) 
or the Mann-Whitney U test (both 2-sided). Proportions of cat-
egorical variables between the two device groups were studied 
using Fisher’s exact test (2-sided). Between-group comparison 
was assessed using the paired T-test (in the case of normal distri-
butions) or the Wilcoxon signed-rank test (2-sided). In particu-
lar, we used these tests to compare the CVC score with and 
without BCD.

A result was defined as statistically significant when the p- 
value of the applied test was lower than 0.05.

Results

Numerical results are summarised in Supplemental online 
Material 2 (Supplemental Table 1). Complete data, calculation 
results, analysis results, and graphics can be retrieved from the 
repository Zenodo at https://doi.org/10.5281/zenodo.5573872 
(Cattani, Rhebergen, and Smit 2022).

Participants

Eighty-five subjects were fitted with the testband-worn BCD, 49 
with a BP110 and 36 with a BAHA5P. The BC-direct thresholds 
were not complete for each frequency in 14 BP110 participants 
and in one BAHA5P participant. Due to this data loss, calculat-
ing the BC sensation level, SII values, and CVC score was only 
possible for 35 subjects in the BP110 group and 35 subjects in 
the BAHA5P group.

Output force-levels for first-fit settings

We found substantial differences in force-level output between 
the two devices (Supplemental online Material 3, violin plot) 
for first-fit settings. The BAHA5P (N¼ 36) provided, compared 
with the BP110 (N¼ 49), significantly higher output levels in 
the frequency range between 1.6 and 8 kHz. For example, at 
2 kHz the median value of the output level for the BAHA5P 
group is 86 dBFL and for the BP110 group 82 dBFL (t¼ 4.93, 
p< 0.0001).

Output force-levels after adjustment of the gain 
(BAHA5P-group only)

We found a significant difference between the output after opti-
mising the gain and the output provided by the first-fit settings 
for frequency bands lower than 4 kHz. The median value of the 
output difference ranged between 0.6 dB at 3.15 kHz (Wilcoxon 
signed rank statistic¼ 38.0, p< 0.001) and 2.9 dB at 2 kHz 
(Wilcoxon signed rank statistic¼ 9.0, p< 0.001).

Compression ratio

All compression ratio values in both BCD groups were near 1. 
For the BP110 group the median ranged between 0.93 at 
3.15 kHz and 1.1 at 0.25 kHz. For the BAHA5P group the 
median ranged between 0.92 at 4 kHz and 1.12 at 0.25 kHz.

Audibility modelling

Model in quiet with the speaker in front of the subject
The difference between the sensation levels elicited by the two 
sound paths (bone-conduction versus air-conduction) is pre-
sented in Figure 1.

In the frequency range between 2 and 4 kHz, the BAHA5P- 
group (N¼ 35) showed a more favourable performance than 
the BP110 group (N¼ 35). However, most cases with a 
BAHA5P could not achieve the 0 value. The sensation levels 
elicited by the bone-conduction path were generally lower than 
those produced by the air-conduction path. In the frequency 
range between 1.6 and 4 kHz, the P10 showed values between 
−26 and −12 dB.
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In the model in quiet with the speaker in front of the subject, 
we did not find any case fulfilling the CROS criterium and the 
BC-audibility criterium, as set in our “qualitative” analysis.

Model in quiet with the speaker at the BCD side of the subject
The difference between the sensation levels elicited by the two 
sound paths (bone-conduction versus air-conduction) is pre-
sented in Figure 2.

The BAHA5P group (N¼ 35) showed higher differences 
between sensation levels than the BP110 group (N¼ 35) in 

the frequency range between 1.6 and 4 kHz. However, most 
cases did not reach the 0 dB value. In the frequency range 
between 1.6 and 4 kHz, the P10 showed values between −20 
and −9 dB.

In the BP110 group, we did not find any case fulfilling 
the CROS criterium and the BC-audibility criterium, as set in 
our “qualitative” analysis. In the BAHA5P group, we found 3 
of 35 subjects (9%), with first-fit settings fulfilling those 
criteria.

We could not find any clear criterion based on the AC or 
BC-direct thresholds to identify the best fittings. The three 

Figure 1. Difference between the sensation levels elicited by the two different sound paths (bone-conduction versus air-conduction), modelled for the BAHA5P group 
(N¼ 35, red lines with circles) and for the BP110 group (N¼ 35, bluelines with squares) in the situation in quiet with the speaker in front of the subject. Input signal 
with ISTS spectrum set at 65 dB. If the difference of SL � 0 (black dotted line), a full head-shadow-effect compensation is reached. P50 solid line, P90 dashed line, 
P10 dotted line. No case fulfils our qualitative analysis criteria.

Figure 2. Difference between the sensation levels elicited by the two different sound paths (bone-conduction versus air-conduction), modelled for the BAHA5P group 
(N¼ 35, red lines with circles) and for the BP110 group (N¼ 35, bluelines with squares) in the situation in quiet with the speaker at the BCD side of the subject, with 
the ISTS set at 65 dB. If the difference of SL � 0 (black dotted line), a full head-shadow-effect compensation is reached. P50 solid line, P90 dashed line, P10 dotted 
line. Three cases from the BAHA5 group fulfil our qualitative analysis criteria.

INTERNATIONAL JOURNAL OF AUDIOLOGY 5



subjects with the most proficient results showed a flat BC-direct 
profile with thresholds around 30 dB (BC direct).

SII predictions of CVC score

We analysed the difference between the CVC score of the com-
bined transmission path versus the AC path. The AC path is 
equivalent to the unaided situation and the combination path to 
the aided situation (Figure 3).

In the “noisy” situations (SNR¼ 0 dB), the use of the BCD 
slightly improved the SII and, consequently, the CVC score when 
the signal was coming from the BCD side. For the BAHA5P 
group, the P10, median, and P90 of the CVC score improvement 
were 0%, 2%, and 9% in the condition with the signal at the BCD 
side and the noise at the better-ear side (Supplemental Online 
Material 4). For the BP110 group, the P10, median, and P90 were 
0%, 1%, and 8%. We also found a slight improvement in the situ-
ation with the signal at the BCD side and the noise in front of the 
subject. For the BAHA5P group, the P10, median, and P90 of the 
difference between the CVC score of the combined transmission 
path versus the AC path were 0%, 2%, and 5%, and for BP110 
0%, 1%, and 5% (Supplemental Online Material 5).

With the signal at the better-ear side and the noise at the BCD 
side we found a slight worsening of the CVC score compared to 
the condition without BCD, equivalent in the two groups (spazio 
dopo P10, Supplemental online material 6).

In the other situations in noise and the three situations in 
quiet, we found minimal or no benefits using the BCD (see for 
example Supplemental online material 7).

Discussion

Reflections on the results

We aimed in this study to model the difference between the sen-
sation levels elicited by the BC and AC sound paths, the audibil-
ity (SII values), and the CVC score for different listening 
conditions, using data attained from SSD subjects fitted with a 
testband-worn BCD during a headband trial.

We found that the BAHA5P performance was better com-
pared to the BP110 because of the significantly higher output 
levels measured in the high-frequency bands (Supplemental 
online Material 3, violin plot). However, we conclude that 

neither the BP110 nor the BAHA5P testband-worn trial condi-
tion can fully compensate for the head-shadow effect (Figures 1
and 2) according to our model.

Based on our qualitative analysis of BCD fitting audibility, the 
BAHA5P, with first-fit settings, could provide only 9% of SSD 
subjects of our study population with adequate head- 
shadow-effect compensation in the most favourable situation (i.e. 
with the signal at the BCD side). In the condition with the signal 
in front of the subject, the number of satisfactory fittings 
dropped to 0%. In other words, the probability of providing 
adequate head-shadow-effect compensation lowers gradually as 
the signal azimuth moves from the BCD side to the front. 
Slightly better results could be achieved after the optimisation of 
the settings. As demonstrated, a manual gain adjustment of the 
first-fit settings could eventually be valuable for individual 
subjects.

However, to provide at least 90% of our SSD participants 
with a consistent compensation for the head-shadow effect, the 
BCD must deliver much higher output levels (around 15 to 
20 dB relative to the first-fit, see Figure 2) without the occur-
rence of feedback. Nowadays, this is impossible to achieve with 
commercially available “power” devices similar to the BAHA5P.

In this study, the speech recognition outcomes modelled for 
the three simulated listening situations in quiet with the BCD 
were not improved, even with the signal at the BCD side.

We found a slight CVC-score improvement in some specific 
modelled situations in noise. The best improvement was found 
in the situations with the noise at the better-ear-side and the sig-
nal at the BCD side, and, in the second place, with the signal at 
BCD side and the noise in front. The BCD did not provide sub-
stantial benefits in the other simulated conditions.

As expected, the improvement of audibility (SII values) and 
CVC score lowered gradually as the signal location moved from 
the BCD side to the front. With the noise at the BCD side, we 
found a minimal degradation of speech recognition.

The result of our speech-recognition outcomes model is in 
line with the current literature. Kitterick, Smith, and Lucas 
(2016, table 3) found in their review that a BCD could be benefi-
cial for speech perception in noise when the SNR is more 
favourable at the device side but impairs speech perception when 
the SNR is more favourable at the better-ear side. They did not 
find benefits in quiet or when the SNR is similar on both sides. 
Peters et al. (2021, Figures 1–3) found similar results for speech 
recognition in noise outcomes with a CROS device and a percu-
taneous BCD. Note that the CROS and percutaneous-BCD data 
presented by Peters et al. are about subgroups of subjects who 
took part in this current research.

The minor differences in outcomes between the aided and the 
unaided conditions that we found could be explained by the 
insufficient output levels provided by the testband-worn BCD 
due to technical constraints (e.g. the device’s maximal output 
power and the occurrence of feedback) and damping effects 
(transcranial and skin attenuation). Probably a “superpower” 
device (e.g. CochlearTM BahaVR 5 SuperPower) could provide 
more subjects with full head-shadow-effect compensation. It is 
also possible to place the processor on the deaf ear and the 
transducer on the better-ear side with a long cable, bypassing 
the TA. On the other hand, feedback mechanisms could limit the 
BCD output, especially when a “superpower” device is applied 
along with poorer BC-direct thresholds (Bosman et al. 2018).

Also, using a steel testband instead of a plastic headband 
could improve audibility, increasing the pressure of the BCD on 
the subject mastoid. Verstraeten et al. (2009) found slightly 

Figure 3. Heatmap representation of the median of the difference between the 
CVC score of the combined transmission path versus the AC path in the different 
conditions in quiet and noise. The AC path is equivalent to the unaided situation, 
and the combination path is equivalent to the aided situation.
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favourable aided thresholds and speech-reception thresholds with 
the steel testband vs. the headband in 10 subjects cohort. 
However, the difference was not significant. In practice, the steel 
testband and the “superpower” device are not easy to wear by 
the patient.

Based on our study, it seems impossible to achieve sufficient 
audibility to fully compensate for the head-shadow effect with a 
BCD on the headband in a trial phase for SSD patients. We 
could not find any relation between AC or BC-direct thresholds 
and an “audible” BCD fitting, as demonstrated in our “qualitative 
analysis.” The three subjects with the “best” fitting had a rela-
tively flat BC-direct audiogram between 1 and 4 kHz, with 
thresholds around 30 dB (BC direct). This characteristic could be 
part of future studies to analyse more detailed BCD-fitting 
audibility.

Strengths and weaknesses of this study

The data used in this study was based on SSD patients included in 
an RCT. An extensive analysis of audibility outcomes with a test-
band-worn BCD in trial situations could be performed based on 
modelling. The subjects were enrolled based on a well-defined 
protocol, which is a strength of this experiment. On the other 
hand, the controlled setting limits the generalisation of results to all 
SSD subjects because of the strict inclusion and exclusion criteria. 
Moreover, the study suffers from data loss due to practical and 
logistic limitations. This data loss was slight and so it is unlikely 
that this (could)  influence(d) the results and conclusions.

Another limitation is that the RCT protocol did not provide a 
speech-reception assessment during the trial period with 
the testband-worn BCD. Therefore, we could not validate our 
approach, comparing the results of an actual test with our mod-
elled CVC score.

Our research is based on audibility. Nowadays, it is easy to 
clinically assess the audibility achieved with a conventional 
hearing aid or even with a CROS system using a Real- 
Ear-Measurement system. The introduction of the AudioscanVR 

skull simulator, combined with the BC-direct procedure, made it 
possible to test the audibility in the test box.

Using the SII makes it possible to transform audibility into a 
functional result, calculating the CVC score. The SII is based on 
monaural hearing, so it is very suitable in the case of SSD. In the 
SII model, the signal with the highest acoustic energy in the con-
sidered frequency band “wins.” We based the SII calculation for 
the combination path on the maximum between the level of the 
signal and noise via AC path versus BC path. This method sim-
plifies the complex frequency-dependent combination of vibra-
tions in the cochlea, neglecting the phase information and 
eventual constructive or destructive interactions. At this moment, 
we do not know if it is necessary to consider the phase shift 
between AC and BC paths introduced by both acoustical and 
transcranial delay. Tringali et al. (2015) analysed the cochlear 
microphonics (CM) in 5 one-side-deafened chinchillas using 
tonal stimuli. They did not find any subtraction effects due to 
phase shift, but they observed effects compatible with a linear 
summation of bone and air stimuli. This linearity is surprising 
because CM are believed to be generated primarily by outer hair 
cells. Additional studies will be needed to verify this outcome 
and base future research on it. Currently, we could not find in 
the literature a better model accounting for the combination of 
two signals in the cochlea with a different transmission modality.

The ANSI standard describes the SII calculation for air-born 
signals. We translated this approach to the BC path, assuming 

that the two transmission modalities produce the same percep-
tion mechanism in the cochlea. Specifically, the SII calculation 
for the combination path is based on the hypothesis that AC and 
BC-direct thresholds must correspond to equivalent vibration 
amplitude in de cochlea. Further studies are needed to test these 
assumptions.

We had to make some interpolations when applying the 1/3 
octave filter band method to calculate the SII. Furthermore, we 
used the HRTF measured by Stenfelt (2005) using a dummy 
head instead of individual data. The interpolations and the use 
of a simulated HRTF could cause an underestimation or over-
estimation of the actual individual audibility. Probably, these 
approximations have a low impact at a group level.

This project is based on a simulation of specific static listen-
ing conditions using particular stimuli and noise spectra. 
Obviously, this represents a simplification of the complex and 
dynamic listening conditions that a person with SSD has daily to 
deal with. Furthermore, our approach focused mainly on audibil-
ity and CVC score, leaving out other critical functional results 
such as the listening effort or the ease of communicating. On the 
other hand, our simulation bypassed some subject characteristics, 
e.g. cognition, concentration, memory, and speech and language 
abilities, which are well-known confounders in this kind of 
study. Moreover, we got rid of the test fatigue due to the long 
sessions needed to test different listening conditions. We could 
obtain a small spread in our results by focusing on audibility 
and using an objective method such as the SII.

Clinical recommendations

In our opinion, the restricted situations where the testband-worn 
BCD can provide benefits must be clearly addressed during the 
patient counselling before starting the headband trial.

Nowadays, it is possible to assess the audibility of the BCD 
with a commercially available skull simulator. In our experience, 
the skull simulator gives precious insights into the audibility and 
bandwidth offered by the BCD. We would encourage audiolo-
gists to use a skull simulator systematically while fitting a BCD, 
besides the psychoacoustic approach. However, we cannot 
directly compare the audibility of the BC path with that of the 
AC path. At this moment, this will require a custom-tailored cal-
culation program.

Future research

Currently, we lack validation of our model approach. The valid-
ation requires speech recognition in noise data assessed with 
multiple loudspeakers in an SSD population fitted with a test-
band-worn BCD. To demonstrate the validity of our model, a 
correlation between the modelled speech recognition score and 
the measured speech recognition score has to be founded. It is 
known that speech recognition tests can be prone to ceiling or 
floor effects and to the large spread of language proficiency and 
other top-down cognitive processes in subjects. These limitations 
could potentially make it hard to find a clear correlation. In this 
respect, the choice of the test conditions, speech material and 
score method are critical. An alternative is the measurement of 
aided free-field thresholds in silence. This method has some 
drawbacks too, specifically the influence of the BCD advanced 
features (e.g. compression, feedback and noise limiting). 
Furthermore, a reliable test with tonal signals demands an 
anechoic chamber, low noise floor levels and the fixation of the 
subject head.
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A validated model would be of future interest for studies and 
could make additional tests in patients redundant if modelled 
outcomes are reliable reflections of functional results, facilitating 
the often difficult process of selecting the optimal treatment for 
SSD subjects.

Conclusion

Compared to the BP110, the BAHA5P attached to the headband 
provides SSD subjects with significantly higher output levels in 
the high-frequency bands. Modelling the sensation levels, we 
demonstrated that most SSD participants could not achieve full 
compensation for the head-shadow effect. Our model showed 
that speech recognition in quiet did not improve with the test-
band-worn BCD compared to the unaided condition. Regarding 
speech recognition in noise, the model showed limited benefits 
in some specific conditions and minimal worsening in others, 
resulting from the insufficient output levels provided by the test-
band-worn BCD.

This study challenges the evidence-based fundamentals of a 
BCD headband trial in subjects with SSD, at least with the cur-
rent technology. An other option to compensate the head- 
shadow effect, as a CROS system, can be considered. Recent 
research (e.g. Peters et al., 2021) demonstrated that early cochlear 
implantation after unilateral worsening of the cochlear function 
can partially restore sound localisation and speech recognition in 
noise.
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