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Introduction: A new external, adhesive, no-pressure bone-
conduction device provides rehabilitation for conductive
hearing loss and single-sided deafness (SSD). The purpose of
the study is to evaluate speech recognition performance with
the bone-conduction contralateral routing of signal (aBC-
CROS) and compare it to an air-conduction CROS (AC-
CROS) used by subjects for at least 1 year.

Methods: Ten SSD patients underwent speech understanding
in noise tests with their AC-CROS, the aBC-CROS, and
unaided. The 1st test session took place the day the aBC-CROS
was fitted, with the second session after 2 weeks of aBC-CROS
use. Two configurations were used: speech presented on the
deaf side and noise on the normal side and the reverse.
Results: The speech recognition threshold (SRT) improved
with both devices when speech was presented to the deaf
side. Nine patients showed significant improvement
(p <0.016) with the AC-CROS (mean: 2.8 dB) and the aBC-
CROS (mean: 3.0dB). Mean difference of improvement was

significant between unaided and aBC-CROS (p=0.001) or
AC-CROS (p=0.006). The SRT deteriorated by an average
of 2.3dB with the AC-CROS with noise presented on the
deaf side, with significance found for six patients
(p<0.016). The aBC-CROS did not affect performance in
this configuration (mean improvement: 0.3 dB) and only one
patient had a significant SRT degradation (p < 0.016). Mean
difference of improvement was significant between the AC-
CROS and aBC-CROS (p=0.021) or unaided (p =0.05).
Discussion: The aBC-CROS is a good alternative to the
existing CROS devices for SSD rehabilitation, as it offers
the same benefit with none of the drawbacks when noise is
on the patient’s deaf side. Key Words: Adhesive
device—Audiology—Bone conduction—Contralateral routing
of signal—Speech in noise.
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Single-sided deafness (SSD) has an estimated preva-
lence of 12 to 27 patients per 100,000 people (1). Patients
with SSD have monaural hearing that prevents them from
benefitting from binaural advantages. Although speech
understanding in quiet is not problematic (2), difficulties
become apparent in noisy environments (3,4). These
difficulties are explained by the following three effects,
underscored by the inability to combine acoustic cues as
interaural level differences and interaural time differences
(5,6). First, due to the head-shadow effect, sound coming
from a source on the deaf side of a subject reaches the
normal ear later than the deaf ear with a lower intensity
contributing to a 4 to 7dB hearing loss in noise (7,8).

The head-shadow attenuates the high frequencies (by
20 dB) more than the low frequencies (by 3—6 dB). Then,
Squelch effect, based on combining information in the
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brain from the two ears, is absent for SSD patient. It refers
to the segregation of speech relative to background noise
when both stimuli are on a horizontal plane (4,9,10). In
normal-hearing listeners it results in a benefit of about
3dB (4,11,12). Finally, the summation effect which results
from the addition of the signal presented to both ears, is
absent in SSD patient. In normal hearing listeners it
provides a moderate benefit of 1.5 to 2.9dB (4,11,12).

SSD patients can also have socio-behavioral issues,
difficulties in everyday activities and decreased quality
of life or social interactions (13—17). Tinnitus, spatial-
ization problems and balance or posture disorders are
further problems that may arise (18).

SSD patients can be rehabilitated using contralateral
routing of signal (CROS) by air conduction (AC-CROS)
or bone conduction (BC-CROS) to capture the sound
signal on the impaired ear and transfer it to the contra-
lateral healthy cochlea. BC-CROS uses the principle of
transcranial transfer; the sound is transmitted both to the
ipsilateral cochlea as well as to the contralateral inner ear
through the vibration of the skull bones. This results in
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attenuation that depends on the sound frequency, the
transducer, and the type of conduction (on average 50—
60 dB with AC and 0—5 dB with BC). The advantage of
BC-CROS over AC-CROS is that the hearing ear’s
external auditory canal is not obstructed. CROS does
not restore stereophony which requires two functional
ears to process information in the brain (19).

Many patients who are good CROS candidates end up
rejecting the system. In a literature review, Wendrich et al.
(20) found that 32 to 69.6% of patients refused implanta-
tion of a BC-CROS after a trial period, mainly due to
limited benefit. Hill et al. (21) reported that 72.5% of users
of an AC-CROS system chose to keep it after a 30-day
trial, while Linnebjerg and Wetke (22) showed that only
42.5% of users wore it more than 4 hours a day. These
issues may be explained by problems with gain (23).

Results with CROS systems can vary depending on the
testing configuration (24—26). If the speech is presented
on the deaf side and noise on the hearing side (SsspNnp),
CROS provides better results since it improves the
signal-to-noise ratio (SNR) on the hearing ear. However,
when the noise is on the deaf side and speech on the
hearing side (SyyNssp) or from the front (SONgsp), the
SNR is impaired and performance subsequently declines
compared with unaided performance (26—39). In a meta-
analysis, Kitterick et al. (25) found a 2.5 dB benefit with
CROS in the SgspNny configuration; however, this led to
a 3.9dB (AC-CROS) or 2.3 dB (BC-CROS) degradation
of the SNR in the SygNggp test condition.

Recently, a new external bone conduction device for the
rehabilitation of conductive hearing loss and SSD entered
the market. It is composed of a BC audio-processor, which
is clipped via a connector to an adhesive adapter. It is then
stuck to the smooth part on the tip of the mastoid, but it can
also be adapted on a headband. The transmitting principle
is the same as other skin-driven BC devices and the
effectiveness and advantages seem to be comparable
(40). Moreover, the adhesive component avoids pressure
on the mastoid that other systems require to transmit the
vibrations through the skin. This could limit the amount of
pressure and soft tissue reaction or other adverse events
frequently found with BC devices (41).

We wondered whether the absence of mastoid pressure
might compromise the efficiency of the non-implantable
BC device in our study, and sought to determine whether
or not the device was able to provide results equivalent to
or better than other prosthetic solutions. We aimed to
evaluate the new BC device (aBC-CROS) in SSD
patients already fitted with an AC-CROS. We compared
speech understanding in noise in the aided and unaided
conditions. These devices have already been evaluated in
a similar population (42,43), with no significant differ-
ences found between aBC-CROS and the unaided con-
dition for speech understanding in noise. However,
Mertens et al. (42) used the testing configurations
SONO, SONgsp, and SsspNny (0 =in front of the patient;
SSD = impaired ear; NH =normal ear). We limited our
study to the head shadow effect, using the SypNssp
condition (as in Cho et al. (43)) to place the patients
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in a complex situation in which performance has been
shown to be the most affected. According to the litera-
ture, scores for the CROS system are expected to have the
greatest variations in this condition. We decided to limit
the study to this condition because adding further tests in
noise could have caused the patient to become fatigued.

MATERIAL AND METHODS

Aim of the Study

Speech recognition performance with the aBC-CROS
(ADHEAR, MED-EL, Innsbruck, Austria) was compared with
an AC-CROS that the patient had used on a daily basis for at
least 1year. Study participants tested the aBC-CROS for a
minimum duration of 15 days, after which period the speech
recognition tests with both devices were performed. In accor-
dance with the declaration of Helsinki, written informed con-
sent was obtained from the participants before their inclusion
into the study. The protocol of this clinical study was approved
on May 23, 2019 by the ““Comité de Protection des Personnes
Ouest 6’ (n° CPP 1155 DM2) ethics committee.

Population

Ten subjects were recruited in the Audition Conseil labora-
tories in Villeurbanne Gratte-Ciel and enrolled in the study
(seven females, three males), ranging in age from 18 to 63 years
(mean: 42.9 yr). All the subjects (six left ears and four right)
suffered from long-standing SSD (PTAq s 1 2,4kn, > 70 dB HL
and PTA s 1 2.4k, better ear <30 dB HL, as defined by Van de
Heyning et al. (44)). The mean auditory thresholds of the
contralateral normal ear are represented in Figure 1. Etiologies
were seven acoustic schwannomas (one intra-cochlear), one
meningioma, and two unknown (congenital or acquired during
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FIG.1. Mean pure-tone threshold, measured with headphone, of
the contralateral ears (unaided) and mean pure-tone threshold in
free-field with the ADHEAR. Error bars indicate the standard error.
The dashed curve represents the mean attenuation of the earplug,
according to the data provided by the manufacturer Quies.
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childhood). Before the study began, all patients were regular
users of an AC-CROS (RITE Audéo by Phonak) for more than
1 year.

Material

Tests were performed using a Madsen Astera audiometer, a
TDH 39 headphone, a BC vibrator (Radioear B71), and a pair of
Triangle loudspeakers. The speech intelligibility tests in noise
consisted of 40 lists of 10 dissyllabic words (45) uttered by a
male talker (20 syllables for each list). For better precision,
performance was measured by the percentage of syllables
correctly repeated (this test normally counts the number of
correct words). Cocktail-party noise, which is more represen-
tative of real-life situations than the white noise, was used. All
the tests were carried out in an audiologic test room with very
low reverberation (T60 < 0.5 s at 500 Hz).

Procedure

During the first session (D0), AC and BC thresholds were
measured after an otoscopy to confirm SSD, exclude deafness
of the hearing ear, and avoid any conductive component. This
first session also allowed for adaptation of the aBC-CROS and
for the examiner to provide explanations and instructions
regarding the usage and care of the device. Subsequently, tests
in noise were performed. The aBC-CROS was then loaned to
the patient for a trial of at least 15 days, after which point tests in
noise were performed during a second session (D15).

The aBC-CROS’s default program was selected (omnidirec-
tional microphone with ambient noise reduction and anti-feed-
back algorithms) for all tests. The processing time of the aBC-
CROS is 8 ms. The anti-feedback algorithm is a phase cancel-
lation algorithm which operates by subtracting an internal
estimate of the hearing-aid feedback signal from the micro-
phone signal. The noise reduction algorithm is built upon a
high-resolution 128-band filter bank. The signal-to-noise ratio
(SNR) in each band determines the maximum amount of
attenuation to be applied to the band; the poorer the SNR,
the greater the amount of attenuation. Simultaneously, in each
band, the masking threshold variations resulting from the
energy in other adjacent bands is taken into account. Finally,
the noise reduction gain is also adjusted to take advantage of
the natural masking of ‘‘noisy’’ bands by speech bands over
time.

For the AC-CROS tests, the patient’s usual fitting was used
(omnidirectional microphone, noise reduction, and anti-feed-
back algorithms). Pure-tone, free-field audiometry with the
aBC-CROS was carried out to measure the threshold in the
deaf ear with the normal ear obstructed with an earplug. The
intelligibility test in noise was carried out in three conditions
(unaided, patient’s own AC-CROS, aBC-CROS). Two loud-
speakers were placed at ear height 1 m away from the patient’s
head. One of the loudspeakers played a list of 10 dissyllabic
words while the other played a cocktail party noise. The three
conditions were tested in two configurations: 1) SgspNny: five
lists; speech at 55 dB SPL on the deaf side; noise on the hearing
side varying from 45 to 65 dB SPL (signal to noise ratio [SNR]:
from +10 to —10 dB-SNR); 2) SyuNssp: five lists; speech at
55dB SPL on the hearing side; noise on the deaf side varying
from 50 to 70dB SPL (SNR: from +5 to —15 dB-SNR).

Statistics
For each testing configuration, the following effects were
evaluated: intensity, time, and tested condition (Unaided, AC-
CROS, or ADHEAR). Logistic regression analysis (logit model

with likelihood maximization) was applied with score as
dependent binary variable and intensity, time and tested condi-
tion as predictor variables. The Wald chi-squared test was used
to test the significance of the predictor variables and to compare
the quantitative variables 2-by-2.

Significance level was fixed to 0.05. When systems were
compared 2-by-2, Bonferroni correction was applied to fix the
significance level to 0.016.

For each patient, the SNR at which the subject had 50%
intelligibility (SRT50) was evaluated from the logistic
regression model.

For all the patients and for each testing configuration, mean
SRT50 were compared between the tested conditions with a
Friedman test and post-hoc Nemenyi tests. Significance level
was fixed to 0.05.

RESULTS

Figure 1 shows the mean unaided pure-tone threshold
of the contralateral healthy ears (measured with ear-
phone), together with the mean aBC-CROS-aided
pure-tone threshold measured in free-field with an ear-
plug in the normal ear. The mean attenuation of the
earplug is between 36 and 47 dB. The mean aBC-CROS-
aided thresholds were poor at 250 Hz and above 3000 Hz.
This was not due to the noise reduction or feedback
algorithm, as due to the nature of the signal (warble tone)
they were not working during the audiometry test. Poor
thresholds could be due to the transcranial and transcu-
taneous attenuation (46).

Speech in Noise Tests

SsspNng Configuration

Figure 2 represents the SRT50 obtained for the AC-
CROS and aBC-CROS as a function of the SRT50
obtained in the unaided condition with speech presented
to the deaf ear and noise to the normal-hearing ear
(SsspNnm)- Nine patients showed significant improve-
ment with the AC-CROS (one p <0.016, Khi*=6.97;
four p <0.003, Khi*=8.64, 10.51, 11.36, 12.27; four
p < 0.0003, Khi* =15.99, 15.76, 27.14, 33.99) as well as
the aBC-CROS (three p < 0.003, Khi*=8.64, 10.11,
11.36; six p<0.0003, Khi*=13.40, 14.15, 16.74,
19.69, 18.03, 52.66). The linear regression lines show
a significant correlation between the SRT50 obtained in
unaided and aided conditions (AC-CROS: R*=0.62,
p<0.01; aBC-CROS: R*=0.57, p<0.05). Both the
AC-CROS and aBC-CROS provided a mean improve-
ment of about 2 to 3 dB-SNR (AC-CROS: y=
0.87x —2.5; aBC-CROS: y=1.09x —3.2).

Figure 3 compares the SRT50 with the aBC-CROS
versus the AC-CROS. One patient scored significantly
better with the aBC-CROS than with the AC-CROS
(p < 0.003, Khi* = 8.79), while one subject’s AC-CROS
score  was signiﬁcantly better than aBC-CROS
(p<0.016, Khi“=6.93). All subjects showed a statisti-
cally significant deterioration in performance when the
noise level was increased (p < 0.001). Only one patient
had a statistically significant effect of time in this
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FIG.2. SRT50 in aided condition AC-CROS (empty symbols) or
aBC-CROS (filled symbols), versus unaided condition, in
SsspNnH configuration, for the 10 patients. The various symbols
represent the various degrees of significance, between aided and
unaided condition. Dash-dotted line represents the linear regres-
sion for the AC-CROS, solid line represents the linear regression
for the aBC-CROS. Vertical dotted lines link the results for the
same patient.

configuration (improvement between DO and DIS5,
p<0.01, Khi* =7.42).

SvulNssp Configuration
Figure 4 represents the SRT50 obtained for the AC-
CROS and aBC-CROS as a function of the SRT50
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FIG. 3. SRT50 obtained with aBC-CROS versus SRT50
obtained with AC-CROS, in SsspNny configuration, for the 10
patients. The various symbols represent the various degrees of
significance, between aided and unaided condition.
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FIG.4. SRT50 in aided condition AC-CROS (empty symbols) or
aBC-CROS (filled symbols), versus unaided condition, in
SnuNssp configuration, for the 10 patients. The various symbols
represent the various degrees of significance, between aided and
unaided condition. Dash-dotted line represents the linear regres-
sion for the AC-CROS, solid line represents the.

obtained in the unaided condition with speech presented
to the normal-hearing ear and noise to the deaf ear
(SnuNssp)-

Six subjects’ performance deteriorated significantly
with the AC-CROS (one p < 0.016, Khi*=8.03; five
p<0.0003, Khi*=18.20, 18.76, 25.95, 27.50, 28.45).
One subject had significantly worse scores with the aBC-
CROS than in the unaided condition (p <0.016,
Khi® = 6.28), while one patient improved significantly
(p <0.016, Khi* = 6.09). A significant correlation was
found between the unaided and aBC-CROS-aided
SRT50 (R*=0.60; p<0.01), but not the AC-CROS-
aided SRT50 (R*=0.02; p > 0.05). The regression line
for the aBC-CROS is on the diagonal; i.e., the auditory
performance was not affected by the aBC-CROS
(the SRT was the same unaided and with the aBC-
CROS). However, for the AC-CROS condition, the
regression line indicates that performance in the aided
condition is independent of the performance in the
unaided condition.

Figure 5 compares the SRT50 with the aBC-CROS
versus AC-CROS. For seven patients, the aBC-CROS
was significantly better than the AC-CROS (one
p<0.016, Khi*=7.06; two p<0.003, Khi*=9.05,
9.8; four p<0.0003, Khi*=20.35, 36.88, 37.17,
43.68). All subjects showed a statistically significant
deterioration in performance when the noise level was
increased (p < 0.001). The effect of time was significant
for three patients, with one improvement (p <0.05,
Khi’=5.09) and two deteriorations (p < 0.05,
Khi* =5.09; p < 0.001, Khi* = 15.76).
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FIG. 5. SRT50 obtained with aBC-CROS versus SRT50
obtained with AC-CROS, in SyyNssp configuration, for the 10
patients. The various symbols represent the various degrees of
significance, between aided and unaided condition.

Figure 6 shows the SRT50 in the SyyNgsp configura-
tion as a function of the SRT50 in SgspNyy configuration
for the unaided, AC-CROS and aBC-CROS conditions.

Group Results
In the SgspNny configuration, the mean difference in
improvement of both devices over the unaided condition
was significant (Friedman test p=0.0003): 2.8dB
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FIG.6. SRT50 measured with AC-CROS (empty circles) and aBC-
CROS (filled circles) in SyyNssp configuration versus in SsspNnH
configuration. Big symbols and error bars represent mean value and
standard errors. Small symbols represent individual data.

(SD=1.1dB; p=0.006 versus unaided) for the AC-
CROS and 3.0dB (SD=1.4dB; p=0.001 versus
unaided) for the aBC-CROS. In the SyyNgssp configura-
tion, the AC-CROS provided a mean degradation of
2.3dB (SD =1.8dB); the aBC-CROS a mean improve-
ment of 0.3dB (SD=1.2dB). Mean differences were
significant (Friedman test p=0.012): between AC-
CROS and aBC-CROS (p=0.021) or unaided
(p=0.05).

DISCUSSION

Our results show that speech recognition performance in
noise with the aBC-CROS varies depending on the con-
figuration. In the SggpNny configuration, both the AC- and
the aBC-CROS significantly improved the SRT50 in nine
out of 10 patients compared with the unaided condition,
with no significant difference between devices. Mertens
etal. (42) and Cho et al. (43) compared the AC-CROS with
the aBC-CROS in the same configuration, finding signifi-
cant benefit over the unaided condition for only the AC-
CROS device. The differences between our study and those
of Mertens et al. (42) and Cho et al. (43) could be due to the
type of noise used (speech-weighted noise and 8-talker
babble noise, respectively).

In the SyyNssp condition, the AC-CROS significantly
decreased intelligibility in noise in six out of 10 patients.
Seven patients had significantly better results with the
aBC-CROS than the AC-CROS, although the aBC-
CROS was not significantly different than the unaided
condition. These findings are supported by Cho et al. (43)
and Mertens et al. (42). Other studies in the SxyNssp
condition reported much poorer performance with AC-
CROS than BC-CROS devices, although both were
worse than the unaided condition (29-34,38). The BC-
CROS’s better performance could be linked either to the
CROS transmission modality (BC versus AC) or to the
bandwidth transmitted by the CROS, since BC systems
purportedly transmit low-frequency (LF) and high-fre-
quency (HF) sounds less efficiently than AC systems.

Decreased performance with CROS (AC- or BC-)
could be due to a comb-filtering effect that results from
the combination of the direct sound and the CROS sound,
which is delivered to the deaf ear with a delay corre-
sponding to the device’s processing time (47,48). The
spectrum of the resulting signal undergoes distortions
that manifest in an alternation of peaks separated by
notches or nulls. Peaks are spaced at frequencies that are
multiple integers of the reciprocal of the temporal shift.
Stone and Moore (47) assume that only the first five to six
peaks contain significant energy; this means that the most
important distortions depend on the processing time (D)
of the CROS and will occur until at least approximately
(6/D) Hz (about 750Hz for D=8ms). Moreover, the
periodic low-frequency components at each multiple
integers of 1/D (about 125 Hz, 250 Hz, ... for D =8 ms)
ms) could create a low-frequency periodic distortion that
could generate a ghost perception of a pitch that would
compete with that of the target voice. According to
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Johansen (49), sensitivity to this phenomenon is greatest
for shifts in the range of 1 to 20 ms, so to avoid it being
audible, direct and delayed sounds must have a difference
of more than 12 dB.

In our study, the aBC-CROS’s satisfying results in
noise could be explained by the efficiency of the back-
ground noise elimination algorithm, or perhaps the fre-
quency bandwidth of the aBC-CROS makes the patient
less sensitive to noise when it is presented on the deaf
side. Indeed, the mean pure-tone threshold with the aBC-
CROS was highest in the mid-frequencies and attenuated
in the low (up to —20 dB) and high frequencies (by —25 to
—30dB). However, transcranial attenuation was lowest in
the frequency region around 1000Hz (by 7dB), and
slightly more in the low (by 8 dB) and high frequencies
(by 13dB) (50). The aBC-CROS therefore transmits low
and high-frequency noise with strong attenuation to the
contralateral ear in comparison to direct transmission.
Due to the head shadow, direct transmission takes up to
0.7 ms and strongly attenuates high frequencies by 20 dB
and low frequencies by 6 dB (51). Thus, no comb-filter-
ing effect results from the superposition of the direct and
delayed sounds because the difference between the two
sounds is more than 12 dB.

AC-CROS or BAHA systems (maximum response
centered around 800 Hz) have less attenuation than the
BC-CROS device in the low frequencies, which could
explain the negative results observed in the SypNgsp
configuration. The low frequencies are not strongly
attenuated and the comb-filtering effect results from
superposition of the direct and delayed low-frequency
sounds. This explanation seems consistent with literature
for the AC-CROS or BAHA systems. According to
Valente (52) and Valente et al. (53), the best benefit
with AC-CROS occurs either in patients who have mild
hearing loss in the first 1500 Hz or normal-hearing
patients provided with minimal gain below 1500 Hz
and significant gain above 1500 Hz.

Some studies on BAHA in SSD patients suggest that to
overcome the problem of SNR deterioration when noise
is presented on the deaf side, it would be sufficient to
modify the processor’s bandwidth by cutting the low
frequencies below 1000 or 1500 Hz (54,55). Pfiffner et al.
(56) validated the theory by evaluating the effect of low-
frequency attenuation in SSD patients implanted with
BAHA for three testing conditions corresponding to three
high-pass cut-off frequencies (270, 630, and 1500 Hz) in
the SsspNO and NgspSO0 configurations. They concluded
that when noise is presented on the deaf side, perfor-
mance remains unchanged between high-pass filtering at
1500Hz and the unaided condition, while high-pass
filtering at 270 and 630 Hz deteriorates the performance.

In our study, the AC-CROS had a mean benefit of 2.8 dB
in the SgspNnp condition, compared with a 2.3 dB deteri-
oration in the SyyNggp condition. For the aBC-CROS, we
found a 3.0dB benefit with no deterioration in these
conditions. Miiller et al. (28) found a 4.0 dB improvement
in SRT with the BC-CROS when noise was presented on
the normal-hearing side versus a 3.1 dB deterioration with
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noise presented to the deaf side. In a meta-analysis by
Kitterick et al. (25) the average decrease in performance on
the sentence in noise test (increase in SNR: AC-CROS:
3.9dB; BC-CROS: 2.3 dB) was similar to or larger than the
benefit observed when the SNR was more favorable at the
impaired ear (decrease in SNR: AC-CROS: 2.6 dB; BC-
CROS: 2.5 dB). Mertens et al. (42) showed no decrease in
SRT when speech was presented on the deaf side with the
aBC-CROS.

CROS does not restore binaurality (as squelch effect)
but transfers information from the contralateral SSD side
to the hearing ear as in the SgspNyy condition. When the
noise in on the SSD side, the effect of the AC-CROS is
detrimental compared with the natural head shadow
effect that attenuates the noise. However, with the
aBC-CROS in this study, there is no difference and
the natural head shadow effect is preserved.

One limitation of the study is that patient compliance
could not be assessed since the patients used the
ADHEAR system for only 15 days. Future longitudinal
studies should be planned over a longer time period.

In addition, the type of noise used (cocktail-party) as
well as the environment (audiometric test room) could
influence the results; a further study in real-world con-
ditions would be necessary to confirm the gain observed
with the aBC-CROS.

Our study suggests that the aBC-CROS seems to be a
good compromise in CROS usage. In the SggspNnpy
configuration, it provides the same benefit as other CROS
devices, while it outperforms in the SyyNgsp configura-
tion by not decreasing understanding compared with the
unaided condition.
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