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Behavioral and Subjective Performance 
with Digital CROS/BiCROS Hearing 

Instruments

Erin C. Schafer, Nicole Baldus, Miranda D’Souza, Katherine Algier,  
Paige Whiteley and Margaret Hill

Universtiy of North Texas

The efficacy of wireless digital CROS and BiCROS hearing instruments was determined for 
12 adults with single-sided deafness (SSD) and 12 adults with asymmetrical hearing loss. 
Participants’ speech-recognition performance in noise (with a loudspeaker arrangement 
that was disadvantageous) significantly improved when using the CROS/BiCROS devices 
as compared to the unaided condition. Ratings on three subjective questionnaires yielded 
positive average CROS/BiCROS ratings from the participants in this study. Given the 
results of the present study and results from previous investigations, these instruments 
may be considered on a trial basis for individuals with SSD or asymmetrical hearing loss. 

Asymmetrical hearing loss, defined as a substantial difference in hearing 
loss (> 20 dB HL) between ears, or single-sided deafness (SSD), defined as 
substantialor total hearing loss in one ear with normal hearing in the opposite ear, 
result in adverse social, emotional, and communication consequences for patients 
with this diagnosis. In particular, some patients with asymmetrical hearing loss and 
SSD report communication problems in social situations, noise, reverberation, and 
with spatial hearing (Bosman, Hol, Snik, Mylanus, & Cremers, 2003; Newman, 
Jacobson, Hug, Sandridge, 1997; Noble & Gatehouse, 2004; Wazen et al., 2003).
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Both groups of patients experience substantial hearing-related challenges, 
and in some cases, individuals with asymmetrical hearing loss report greater 
difficulties hearing speech and localizing sound than individuals with symmetrical 
hearing loss (Noble & Gatehouse, 2004).

Patients with asymmetrical hearing loss and SSD experience difficulty 
hearing speech in background noise because they cannot take advantage of 
binaural hearing benefits including summation, squelch, enhanced localization, 
and they experience detrimental head-shadow effects. Binaural summation 
increases perceptual loudness of a stimulus (Hirsch, 1948), while binaural squelch 
suppresses the effect of noise presented from spatially separated speech and noise 
sources (Jerger, Brown, & Smith, 1984; Levitt & Rabiner, 1967). Localization 
or the ability to correctly identify the direction of a sound is greatly decreased 
in individuals with asymmetric hearing loss or SSD because only one ear can 
be used to locate the source. Likely the largest decrement in speech recognition 
is related to the head-shadow effect, i.e., the physical attenuation of sound at 
one ear when sound is presented to the opposite ear. The head-shadow effect 
is particularly challenging for individuals with SSD or asymmetrical hearing 
loss because sounds presented to the side of the poorer-hearing ear must travel 
over or around the head to be processed by the better-hearing ear (Bronkhorst & 
Plomp, 1989). Although the authors could not locate a direct comparison between 
behavioral performance of individuals with asymmetrical hearing loss or SSD, 
people with asymmetrical hearing loss are likely to exhibit even greater difficulty 
hearing in background noise due to decreased thresholds and audibility in the 
better-hearing ear.

Non-Invasive Management Strategies

Audiological management strategies for patients with SSD and asymmetrical 
hearing loss range from non-invasive, low-risk approaches to more invasive 
surgical procedures, such as auditory osseointegrated implant systems (AOIS; 
also referred to as bone anchored hearing aid [BAHA]) or cochlear implants. 
The cochlear implant on an ear with severe-to-profound deafness is a relatively 
new surgical approach in the United States; however, it has been used more 
extensively in Europe to manage problems associated with SSD and cases of 
severe, debilitating tinnitus (Vlastarakos, Nazos, Tavoulari, & Nikolopoulos, 
2013). 
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Non-invasive intervention strategies for individuals with SSD include (1) a 
traditional contralateral routing of the offside signal (CROS) hearing instrument, 
which wirelessly transmits sound to a digital hearing instrument worn on the 
better-hearing ear and (2) a transcranial CROS, consisting of a deeply fitted 
hearing instrument fitted on the poorer-hearing ear that takes advantage of bone 
conduction. Both of these strategies aim to transmit information to the better-
hearing ear. Two intervention strategies for individuals with asymmetrical hearing 
loss include a bilateral contralateral routing of the offside signal (BiCROS) 
hearing instrument and a unilateral hearing aid worn on the better-hearing ear. As 
described in more detail below, the BiCROS instrument attempts to provide the 
user with information presented to both ears. The unilateral hearing instrument 
only addresses audibility of sound presented to the better-hearing ear and 
does nothing to address sounds directed to the poorer-hearing ear. Behavioral 
comparisons of some of these invasive and non-invasive management strategies 
will be addressed later in the introduction. 

The contemporary CROS and BiCROS hearing instruments, which are the 
focus of the present investigation, aim to overcome the negative effects of the 
head-shadow effect by transmitting sound from a microphone worn on the poorer-
hearing ear to a digital hearing instrument worn on the better-hearing ear. If the 
patient has normal hearing in one ear, he or she could use a CROS device, which 
consists of a hearing instrument with a deactivated microphone worn on the 
better-hearing ear and an active CROS transmitter worn on the poorer-hearing 
ear. Patients who have hearing loss in both ears may use a BiCROS device. It is 
similar to the CROS device, but the hearing instrument worn on the better-hearing 
ear has an active microphone in order to amplify signals from that side. 

Historically, CROS/BiCROS hearing instruments used analog technology 
and low satisfaction levels were reported for the devices available at the time 
(Harford & Dodds, 1966; Lotterman & Kasten, 1971). A literature review for 
more recent research (i.e., 2000 forward) yielded only two peer-reviewed, 
published investigations focused solely on examining performance with CROS 
and BiCROS hearing instruments (Hill, Marcus, Digges, Gillman, & Silverstein, 
2006; Williams, McArdle, & Chisolm, 2012). Hill et al. (2006) conducted the 
largest subjective CROS/BiCROS study, to date, that included 91 participants 
using mostly BiCROS and some CROS (n = 9) devices that were hard wired (i.e., 
cord between CROS microphone and hearing instrument). The study methodology 
consisted of a brief satisfaction survey and a calculation of return rates. Of the 
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91 patients, 25 returned the instrument with complaints about limited benefit, 
difficulty using the device, medical complications, or bothersome cords. A total of 
66 patients kept the device and 34 of those patients completed the survey. Survey 
results suggested moderate satisfaction for listening enjoyment, localization, 
background noise, hearing in the car, noise reduction, and communication with 
spouse and family. However, because only one-third of participants completed the 
survey, the results cannot represent the opinions of the entire sample. Furthermore, 
few CROS participants were included in the study, and overall satisfaction may 
have been affected because the devices were hardwired. The second and most 
recent study by Williams et al. (2012) consisted of 39 adults who were assessed 
with their older wireless BiCROS devices that varied in digital signal processing 
capabilities, physical design, and functionality as well as newer, digital, wireless 
BiCROS devices. Participants completed repeated speech-recognition measures 
and questionnaires that suggested no significant differences in word-recognition 
performance in noise with the two BiCROS devices. Conversely, subjective 
questionnaires yielded significantly improved ratings with the new device, 
particularly in noisy situations and for localizing sound. Williams et al. focused 
on comparing behavioral and subjective benefit with a new relative to an older 
BiCROS device that was being used by the participants. As a result, the study did 
not assess performance or subjective ratings in an unaided condition, as has been 
done in the present study. Neither did it include any data from participants using 
CROS devices. 

Comparisons of Management Strategies

Several previous studies have compared the performances of individuals 
with SSD or asymmetrical hearing loss when using a CROS/BiCROS hearing 
instrument versus an AOIS (Hol, Bosman, Snik, Mylanus, & Cremers, 2004; Hol, 
Kunst, Snik, & Cremers, 2010; Lin et al., 2006; Wazen et al., 2003). The AOIS 
may be evaluated on a temporary basis by using a non-invasive headband and an 
external bone conduction oscillator, but the permanent AOIS intervention consists 
of a surgically-implanted bone conduction titanium implant and an externally-
coupled hearing instrument. This device aims to transmit information from the 
side of the deafness to the better-hearing ear via bone conduction.

Baguley, Bird, Humphriss, and Prevost (2006) conducted a meta-analysis that 
included the three CROS/AOIS comparison studies (Hol et al., 2004; Lin et al., 
2006; Wazen et al., 2003), and expressed concerns about the methodologies used, 
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especially with the sequencing of the device trials. The CROS device was always 
trialed and tested prior to the AOIS, which may have led to patient bias toward 
the AOIS in the final trial. In addition, given the higher surgical risk and device 
commitment associated with the AOIS, we hypothesized that participants may 
report preference for the AOIS over the CROS.

In 2010, Hol et al. attempted to address the criticisms of Baguley et al. (2006) 
by comparing behavioral performance and subjective reports from 10 participants 
with SSD. The participants used three randomly-ordered devices: (1) a hard-wired 
traditional digital CROS hearing instrument, (2) a deeply-fitted, completely in-
the-canal hearing instrument, which was designed to provide transcranial transfer 
of sound to the better-hearing ear (i.e., transcranial CROS), and (3) a non-surgical 
AOIS worn on a headband. Results from speech-recognition measures in noise 
were mixed. The traditional CROS resulted in the best performance with speech 
toward the poorer ear and noise in the front as compared to all other devices. 
The unaided condition and the canal instrument showed the best performance 
with speech toward the better ear and noise in the front as compared to the other 
devices. Overall, the subjective questionnaires yielded highly favorable ratings 
related to the traditional CROS as compared to the canal instrument and the AOIS. 
As a result, there could be some validity to concerns raised by Baguley et al. 
(2006) related to device order effects in previous comparison studies. However, 
the Hol et al. (2010) study used a non-surgical AOIS rather than the surgical 
option in the AOIS/CROS comparison studies, and it was not clear whether Hol 
and colleagues accounted for potential differences in transcranial attenuation 
(interaural attenuation) when programming the AOIS devices (Stenfelt, 2005). 
Additionally, long-term use of a headband with the non-surgical AOIS device 
may not be desirable for some adults due to comfort, retention, and cosmetic 
concerns.

There is a wide range of options for clinical management of patients with 
asymmetrical hearing losses or SSD including CROS/BiCROS instruments, 
AOIS, and several other transcranial CROS, middle-ear implant, and cochlear-
implant options, which are outside the purview of this study. However, up-to-date 
research on the most current, non-invasive technology should be considered prior 
to any higher-risk surgical intervention. Given the limited recent investigations 
on digital CROS and BiCROS instruments and the need to examine subjective 
opinions regarding the potential benefits of these devices, the primary goal of the 
current investigation was to examine speech-recognition performance in noise 
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and subjective ratings following use of digital CROS or BiCROS instruments. A 
secondary goal of this study was to examine and compare the sensitivity of three 
different rating scales for identifying difficulties faced by a sample of individuals 
with SSD or asymmetrical hearing loss. To determine and compare the sensitivity 
of each scale, effect sizes between unaided and aided subscales were calculated 
and compared across the three rating scales. 

Materials and Methods

Participants

A total of 24 adults, ages 20 to 85 years, participated in the study. The ages, 
previous hearing aid use, and duration of hearing loss are provided in Table 1. 
Prior to participating in the study, candidacy was determined by measuring pure-
tone hearing thresholds in each ear with a GSI 61 clinical audiometer and ER-
3A insert earphones. Effective masking levels were used to obtain accurate air 
conduction thresholds from 250 to 8000 Hz. In addition, previous audiological 
records were obtained to examine progression of hearing loss, type of hearing 
loss, speech-recognition performance in quiet, and hearing aid use. 

As shown in Figure 1a, the first group of 12 participants had normal hearing, 
defined as a pure-tone average (PTA) thresholds at 500, 1000, and 2000 Hz of CROS/BiCROS Performance 
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Table 1 
Participant Demographics 

 
CROS 

Subject # 
Age 
(yrs) 

Previous  
HA use 

(yrs) 

Duration  
HL (yrs) 

BiCROS 
Subject # 

Age 
(yrs) 

Previous  
HA use 

(yrs) 

Duration  
HL (yrs) 

1 44 - 33 1 53 - 34 
2 79 - 76 2 68 - 3.5 
3 43 - 3 3 39 - 35 
4 20 - 20 4 79 - 50 
5 62 0.5 2 5 58 - 25 
6 69 - 0* 6 55 - 2 
7 55 - 30 7 60 1 50 
8 82 0.5 22 8 70 17 17 
9 28 - 3 9 85 10 47 

10 24 2.5 4 10 56 - 3 
11 47 - 37 11 67 5 6 
12 40 - 39 12 68 - 43 

Note. - = no previous hearing aid use; HA=hearing aid; HL=hearing loss; yrs=years; 
*=new identification. Note. - = no previous hearing aid use; HA = hearing aid; HL = hearing loss; yrs = years;

* = new identification.

Table 1

Participant Demographics
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less than or equal to 25 dB HL (M = 10.8; SD = 7.5), in the better-hearing ear, 
and severe-to-profound sensorineural hearing loss, defined as PTA thresholds 
greater than or equal to 70 dB HL (M = 91.0; SD = 29.0) in the poorer-hearing 
ear. Two participants included in the first group had better PTA thresholds in the 
poorer ear (Participant 5: 62 dB HL; Participant 10: 63 dB HL) than the remaining 
participants. These participants were included in this investigation because, 
according to previous evaluations, they had poor speech-recognition abilities 
in quiet listening conditions, and they reported limited benefit from traditional 

CROS/BiCROS Performance 
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 Figure 1 
Figure 1. Average pure-tone hearing thresholds for the CROS group (a) and BiCROS group (b) with 
vertical bars representing one standard deviation.
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digital amplification on their poorer ears. As shown in Figure 1b, the second group 
of 12 participants varied in the severity of sloping sensorineural hearing loss in 
the better-hearing ear (M = 34.6; SD =19.5) and severe-to-profound sensorineural 
hearing loss in the poorer-hearing ear (M = 90.1 dB HL; SD = 24.1 dB). One 
participant in this group had a PTA that was better than 70 dB HL in the poorer ear 
(Participant 12: 55 dB HL), but he was included in the study because, according 
to his audiological records, he had poor speech-recognition performance of 0% at 
a +10 signal-to-noise ratio. As a result, he was likely not a good candidate for a 
traditional hearing aid in his poorer-hearing ear. The procedures used in this study 
were approved by the University of North Texas Institutional Review Board and 
all participants provided informed consent prior to participating in the study.

Hearing Instruments & Fitting Procedures

The fitting procedures for the two groups are summarized in Table 2. In the 
initial session, Group 1 (CROS group) was fit with a Phonak Audéo S SMART 
V behind-the-ear hearing instrument with an appropriate-sized, standard open 
dome, which was expected to produce minimal occlusion of natural sound, on the 
better-hearing ear and a Phonak CROS Transmitter on the poorer-hearing ear. The 
hearing instrument was set to provide National Acoustic Laboratories-Non-Linear 
2 (NAL-NL2) prescribed gain using the Phonak Target (1.2.3) programming 
software. Real ear measures, described below, were conducted to verify the fit of 
the CROS device using procedures described by Pumford (2005).

In the initial session for Group 2 (BiCROS group), only the Audéo hearing 
instrument with an appropriate-sized standard or power dome was fitted and 
was set to provide NAL-NL2 prescribed gain using the Phonak programming 
software. Following the fitting, the investigators conducted real ear measures 
with the Speechmap function of the Audioscan® Verfit™ to ensure that the NAL-
NL2 prescriptive targets were met with the Audéo worn on the better-hearing 
ear using 55, 65, and 75 dB SPL inputs and maximum power output with a 90 
dB SPL pure-tone sweep to ensure that output would not exceed the patient’s 
estimated uncomfortable loudness levels (UCLs). Following the initial session, 
the BiCROS group was given a one-week trial with the Audéo hearing instrument 
(i.e., no CROS Transmitter) to allow for a brief period of acclimatization. After 
this acclimatization period, participants in the BiCROS group returned to the 
laboratory for a second session focused on adjusting the hearing-instrument 
settings and fitting the CROS Transmitter. At the beginning of the second session 
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the investigators offered to make minor adjustments to the hearing instrument 
settings, but only two participants wanted to alter the settings. Participant 
complaints and concerns about the sound quality of the hearing instrument were 
addressed by using the Automatic Fine Tuning function in the Phonak software. 
It is possible that audibility was impacted following the fine tuning, but the 
investigators believed it was important that the participants were comfortable and 
satisfied with the sound quality of the instrument at the initial fitting. Following 
these adjustments the BiCROS program was activated in the manufacturer 
software.

After fitting the CROS microphone in the first session for the CROS group 
and in the second session for the BiCROS group, the CROS/BiCROS fittings were 
verified using a modified version of the Pumford (2005) verification procedure, 
which aims to objectively measure the magnitude of the head-shadow effect 
in the aided condition. In both groups, the active Audéo and probe tube were 
placed in the better-hearing ear while the active CROS microphone was placed 
in the poorer-hearing ear. Given the two types of fittings (CROS/BiCROS), the 
microphone on the Audéo was not active for the CROS group, but was active for 
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Table 2 
Fitting Procedures for the CROS and BiCROS Groups 

CROS Group BiCROS Group 

Session 1:   
(1)  Pre-study questionnaires:    Unaided 

Condition 
(2)  Fitting CROS device: NAL-NL2 
(3)  CROS Real Ear Verification  
(4)  Counseling 

Session 1:   
(1)  Pre-study questionnaires: Unaided 

Condition 
(2)  Aid Fitting: NAL-NL2 
(3)  Aid Real Ear Verification 
(4)  Counseling 

Trial: 4-week trial with CROS device Session 2: 
(1)  1-week follow-up, aid adjustments 
(2)  CROS transmitter fitting 
(3)  BiCROS Real Ear Verification 

Session 2: 
(1)  Post-study questionnaires: CROS 

condition 
(2)  Speech-recognition testing 

Trial: 4-week trial with BiCROS device 

 Session 3: 
(1)  Post-study questionnaires: BiCROS 

condition 
(2)  Speech-recognition testing 

 

Table 2

Fitting Procedures for the CROS and BiCros Groups
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the BiCROS group. In both groups, the CROS transmitter microphone was active 
at all times. For the first measurement, the participant was positioned so that his 
or her better-hearing ear with the probe tube and Audéo was approximately three 
feet from and 45 degrees azimuth relative to the head-level signal speaker. In this 
position, the real ear response to a 55 and 65 dB SPL stimulus was measured. 
For the second measurement, the participant was positioned so that his or her 
poorer-hearing ear and CROS Transmitter was approximately three feet and 45 
degrees azimuth relative to the signal speaker. The probe tube and Audéo hearing 
instrument remained in the better-hearing ear during the second measurement. 
Again, in this position, the real ear response to a 55 and 65 dB SPL stimulus was 
measured. An appropriate fit of the CROS transmitter microphone was verified 
when the responses from the first and second measurements yielded similar 
outputs at each signal level. Average differences in the response curves at 55 and 
65 dB SPL from 250 to 6000 Hz were less than or equal to 3 dB for all participants, 
which suggested the head-shadow effect was eliminated for all participants.

During the trial period, participants could choose among three programs in 
the hearing instrument: Program 1, an automatic program, as well Programs 2 and 
3, which offered greater control over listening in noisy environments, which is one 
of the primary complaints of patients with asymmetrical hearing loss and SSD. 
These programs included: (1) SoundFlow; for everyday listening situations with 
the CROS microphone active, (2) Speech in noise; for situations with moderate 
levels of noise with the CROS microphone active, and (3) CROS microphone off; 
for situations with high-level noise. SoundFlow is Phonak’s automatic program 
that actively activates and integrates features in four basic programs (calm 
situation, speech in noise, comfort in noise, and music). The hearing instrument 
analyzes the patient’s listening environment to determine the most appropriate 
basic program or blend of basic programs for the environment. The speech in noise 
program activates the UltraZoom and SNR-Boost algorithms, which use adaptive 
beamformers (i.e., adaptive directional microphones). The CROS microphone off 
program is intended for high noise levels where additional noise from the poor-
hearing ear (where the microphone is located) could potentially reduce overall 
hearing abilities; this program was recommended by the manufacturer. Across 
participants, the noise reduction, wind reduction, and feedback suppression 
features were active in all programs, but the SoundRecover option (i.e., frequency 
compression) was disabled in all programs to avoid varied cutoff frequencies (i.e., 
where frequency compression begins) and amounts of sound compression due 
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to varied hearing thresholds. At the device orientation session, participants were 
given detailed explanations about the appropriate environments for each of the 
options (described in the procedures section below). 

Subjective Scales and Test Stimuli

The participants completed three scales and speech-recognition tests in 
the presence of background noise. The three scales included the Abbreviated 
Profile of Hearing Aid Benefit (APHAB; Cox and Alexander, 1995); the Speech, 
Spatial and Qualities of Hearing Scale (SSQ; Gatehouse & Noble, 2004); and an 
investigator-developed scale known as the Auditory Performance and Satisfaction 
Scale for Single-Sided Deafness (APS-SSD). The APHAB is a 24-item inventory 
used to rate participant communication difficulties in various everyday situations 
under four subscales: ease of communication, reverberation, background noise, 
and aversiveness to sound. The purpose of the SSQ scale was to measure self-
reported auditory disability in everyday domains and situations and consists of 
three subscales: speech hearing, spatial hearing, and qualities of hearing. The SSQ 
and APHAB have been used in numerous previous investigations that determined 
the benefit of BiCROS hearing instruments or surgical interventions for single-
sided deafness (Desmet, Wouters, De Bodt, & Van de Heyning, 2012; Hassepass 
et al., 2013; Nicolas, Mohamed, Yoann, Laurent, & Thierry, 2013; Pai et al., 2012; 
Williams et al., 2012). 

Finally, the APS-SSD was developed to specifically target occurrences 
where the primary signal is presented to the side of the poorer-hearing ear in 
three listening situations: hearing at home, hearing at work or school, and hearing 
in social situations (see Appendix). Similar laboratory-developed questionnaires 
were used in two previous studies of children and adults with cochlear implants 
and were shown to be sensitive to detecting hearing difficulties in noise (Schafer, 
Huynh, Romine, & Jimenez, 2013; Schafer, Romine, Musgrave, Momin, & 
Huynh, 2013). The secondary purpose of this additional rating scale was to 
determine, when compared with two other questionnaires, if it was (1) a more 
sensitive indicator of difficulties experienced by individuals with unilateral or 
asymmetrical hearing loss and (2) a more sensitive (i.e., larger effect size) scale 
for determining potential benefit with a CROS and BiCROS hearing instrument. 
For all three questionnaires, participants were asked to rate their level of difficulty 
in the unaided condition at the first test session because, as shown in Table 1, few 
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participants were currently using amplification, and in the aided CROS/BiCROS 
condition at the completion of the trial period. 

The Bamford-Kowal-Bench Speech in Noise Test (BKB-SIN; Etymotic 
Research, 2005; Bench, Kowal, & Bamford, 1979) and the AzBio Sentence Test 
(AzBio; Spahr & Dorman, 2004) were used to assess speech-recognition abilities 
in noise. Both tests were presented in a double-walled sound booth with a GSI 
61 Clinical Audiometer, two movable Grason Stadler Basic loudspeakers, and a 
Sony Compact Disc (CD) Player. Randomly-selected list pairs of the BKB-SIN, 
consisting of 20 sentences total, were used to estimate participants 50% speech-in-
noise thresholds in randomized aided and unaided conditions with speech always 
at 0 degrees azimuth and noise presented at zero degrees (S0/N0), at the poorer-
hearing ear (90 or 270 degrees; S0/NPoor), and at the better-hearing ear (90 or 
270 degrees; S0/NGood). The BKB-SIN sentences on the CD are spoken by a 
male talker with multi-talker babble as background noise. Pre-recorded signal-
to-noise ratios are provided on the BKB-SIN CD, and a formula provided on 
the scoring form is used to estimate the threshold. Because the speech and noise 
stimuli were spatially separated in some conditions, ceiling effects (i.e., all key 
words repeated correctly at the most difficult signal-to-noise ratio) were expected; 
therefore, as explained in the BKB-SIN manual, the examiners adjusted the noise 
channel slightly higher than the speech channel on the audiometer to provide a 
range of signal-to-noise ratios from +18 to -9 dB for all participants. During the 
BKB-SIN testing, the speech was presented at an average of 60 dBA. 

Randomly selected AzBio sentence lists were used to measure percent-
correct speech-recognition performance in noise at a fixed signal-to-noise ratio of 
+3 dB with speech presented at an average of 60 dBA. Only 10 of the 15 AzBio 
sentence lists were used in this study because previous research showed that five 
of the sentence lists resulted in a different performance than the remaining lists 
[Schafer et al., 2012]. Participants completed two randomized aided and unaided 
conditions. In one condition, the speech was presented to the poorer-hearing ear 
and noise presented to the better-hearing ear (90 or 270 degrees; SPoor/NGood). 
In the other condition, the speech was presented to the better-hearing ear and 
noise was presented directly to the poorer-hearing ear (90 or 270 degrees; SGood/
NPoor). The AzBio stimuli, also recorded on a CD, were spoken by four talkers, 
two male and two female, in the presence of multi-talker babble. 
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Procedures

Table 2 outlines the study procedures for the two groups. The CROS group 
began by completing the three scales (APHAB, SSQ, APS-SSD) for the unaided 
condition and was then fit with the CROS device. Participants completed the 
CROS verification protocol described above. After the fitting, participants were 
given a verbal orientation on using the device, counseling on expectations, 
and instructions for troubleshooting. Information handouts were also provided 
during the orientation. Participants in the CROS group were sent home with the 
orientation and counseling handouts, batteries, and the CROS instruments for a 
four-week trial period. The final test session for the CROS group consisted of the 
same three scales described for Session 1 and the assessment of speech-recognition 
performance in noise in the conditions described in the previous section. When 
completing the scales, participants were asked to rate their hearing experiences 
with the CROS instruments.

The BiCROS participants completed the same scales as the CROS group; 
however, they were only fit with the hearing instrument portion of the BiCROS 
device at the first session. Real ear measures were used to verify the appropriate 
fit of the hearing instruments. After the fitting, BiCROS participants were given 
a verbal orientation on using the hearing instrument, counseling on expectations, 
and troubleshooting instructions. After Session 1, BiCROS participants were sent 
home with the orientation and counseling handouts, batteries, and the Audéo 
hearing instrument and were asked to return to the laboratory in one week for 
post-fitting adjustments to the Audéo and for fitting the CROS transmitter. In 
Session 2 for the BiCROS group, post-fitting adjustments, the CROS transmitter 
fitting, and the CROS verification procedures were conducted (described in the 
previous section). Additional orientation information, counseling on expectations, 
and troubleshooting were provided to this group for the BiCROS device (i.e., 
combination of Audéo and CROS Transmitter). The BiCROS participants were 
then asked to use the device for a four-week trial period. The third session for 
the BiCROS group consisted of completing the same three scales as in Session 1, 
and assessing the speech-recognition performance in noise under the conditions 
described in the previous section. On the scales, participants were asked to rate 
their hearing experiences with the BiCROS instruments. All participants returned 
the CROS and BiCROS devices and were paid $20 for each hour in the laboratory 
for Sessions 1, 2, and 3 (if applicable). 
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Figure 2 Figure 2. Average speech-in-noise thresholds in dB signal-to-noise ratio on the BKB-SIN for the 

CROS group (a) and BiCROS group (b) with vertical bars representing one standard deviation.
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Results

Speech-Recognition Performance in Noise

The average speech-in-noise thresholds on the BKB-SIN conditions are 
shown in Figure 2a and 2b for the CROS and BiCROS groups, respectively. 
Similarly, the average percent-correct performance on the AzBio sentences in 
noise at a +3 dB signal-to-noise ratio are shown in Figure 3a and 3b for the CROS 
and BiCROS groups, respectively. Data for each group and speech-recognition 
test was analyzed with a repeated measures analysis of variance (R-ANOVA), and 
effect sizes for each measure are provided in Table 3. 

BKB-SIN. To determine any significant differences in performance across 
conditions for each separate group, two separate, two-way R-ANOVAs were 
conducted to examine the independent variables of listening condition (aided/
unaided) and loudspeaker arrangement (S0/N0, S0/NGood, S0/NPoor). 

In the CROS group (Figure 2a) there was no significant main effect of listening 
condition, F(1, 72) = 3.95, p = .07, a significant main effect of loudspeaker 
arrangement, F(2, 72) = 31.6, p < .001, and a significant interaction effect between 
these two variables F(2, 72) = 4.86, p = .02. Post-hoc analyses were conducted 
on the main effect of loudspeaker arrangement using the Tukey-Kramer Multiple 
Comparison Test. Performance comparisons across the three loudspeaker 
arrangements suggested that the S0/NPoor condition yielded significantly better 
(p < .05) speech-in-noise thresholds than the other two conditions, with no other 
significant differences. Post-hoc comparisons on the two-way interaction effect 
suggested that the S0/NPoor loudspeaker arrangement in the unaided and aided 
listening conditions yielded significantly better (p < .05) performance than all 
remaining aided and unaided conditions and also the largest effect size (Table 3), 
but there was no significant difference (p > .05) between the aided and unaided 
condition in the S0/NPoor condition. 

In the BiCROS group (Figure 2b), the two-way R-ANOVA yielded slightly 
different findings from the CROS group with no significant main effect of 
listening condition, F(1, 72) = .58, p = .46, a significant main effect of loudspeaker 
arrangement, F(2, 72) = 3.5, p = .05, and no significant interaction effect between 
these two variables, F(2, 72) = .05, p = .05. Despite the significant main effect of 
loudspeaker arrangement, the results of the post-hoc analysis did not show any 
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significant (p > .05) differences across these arrangements, and all effect sizes 
were small (Table 3). 

AzBio. Two separate, two-way RM ANOVA were also used to analyze data 
from the CROS and BiCROS groups for the AzBio sentences in noise with the 
independent variables of listening condition (aided/unaided) and loudspeaker 
arrangement (SPoor/NGood, SGood/NPoor). The analysis for the CROS group 
(Figure 3a) suggested a significant main effect of listening condition, F(1, 
48) = 53.5, p < .001, a significant main effect of loudspeaker arrangement, F 
(1, 48) = 32.4, p < .001, and a significant interaction effect between these two 
variables, F(2, 48) = 43.4, p = .00004. The post-hoc analyses of the main effects 
showed significantly better (p < .05) performance in the aided versus unaided 
conditions. As expected, the loudspeaker arrangement with SGood/NPoor yielded 
significantly better performance (p < .05) than the arrangement with SPoor/
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Table 3 

Effect Size Calculations Between Unaided and Aided Conditions on Speech-Recognition 
Measures and Questionnaires 

Measure Condition CROS Group BiCROS Group 

Effect 

Size: d 

Variance: 

Var(d) 

Effect 

Size: d 

Variance: 

Var(d) 

BKB-SIN S0/N0 .05 .03 -.31 .08 

S0/NGood .10 .09 -.12 .04 

S0/NPoor .75 .10 -.04 .05 

AzBio SPoor/NGood 1.00 .07 1.28 .16 

SGood/NPoor -.72 .11 -.23 .08 

APHAB Aversiveness .16 .05 -.20 .10 

Ease of communication .57 .09 .81 .15 

Reverb .57 .15 .99 .14 

Noise .76 .12 .86 .15 

SSQ Speech .53 .04 .53 .03 

Spatial .48 .03 .39 .03 

Qualities .57 .07 .67 .06 

LAB Home .93 .11 1.62 .23 

Work/School .82 .08 1.41 .19 

Social situations 1.38 .18 1.65 .26 

 

 

 

 

 

Table 3

Effect Size Calculations Between Unaided and Aided Conditions on Speech-Recognition 
Measures and Questionnaires
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NGood. When examining the post-hoc analyses for the two-way interaction 
between condition and loudspeaker arrangement, it was evident that the unaided 
condition with SPoor/NGood resulted in significantly poorer performance (p < 
.05) than all remaining conditions. In addition, the aided condition with SPoor/
NGood was significantly poorer (p < .05) than both the aided and unaided 
conditions with SGood/NPoor, with no significant differences (p > .05) between 
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Figure 3 
Figure 3. Average percent-correct performance on the AzBio Sentence Test in noise for the CROS 
group (a) and BiCROS group (b) with vertical bars representing one standard deviation.
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the latter two conditions. Effect sizes were large between the aided and unaided 
conditions (Table 3). 

The analysis on the AzBio data from the BiCROS group (Figure 3b) yielded 
similar findings to the CROS group with a significant main effect of listening 
condition, F(1, 48) = 7.8, p = .02, a significant main effect of loudspeaker 
arrangement, F(1, 48) = 24.6, p < .001, and a significant interaction effect between 
these two variables, F(2, 48) = 8.3, p = .02. Post-hoc analyses of the main effects 
showed significantly better (p < .05) performance in the aided relative to unaided 
condition, and the SGood/NPoor loudspeaker arrangement showed significantly 
better performance (p < .05) than the SPoor/NGood arrangement. When examining 
the two-way interaction effect, both the unaided and aided conditions with SPoor/
NGood were significantly poorer than the unaided condition with SGood/NPoor, 
and the aided condition with SGood/NPoor was significantly better than the 
unaided condition with SPoor/NGood. As shown in Table 3, a large effect size 
was calculated between the SPoor/NGood aided and unaided conditions, but a 
small effect size was calculated between the SGood/NPoor aided and unaided 
conditions

Subjective Scale Findings

Average ratings from the three scales are shown in Figures 4, 5, and 6. 
Data from all three scales were analyzed using planned nonparametric tests, 
the Wilcoxon Signed-Rank Test for Difference in Medians, to determine any 
significant differences in ratings between the unaided and aided conditions. In 
addition, the magnitude of potential benefit from the CROS/BiCROS hearing 
instruments was also determined by calculating the effect size (i.e., d) and variance 
(Var [d]) between the unaided and aided ratings on each subscale. Traditional 
calculations of effect size, such as those proposed by Hedges and Olkin (1985), 
may be used with two independent samples, but the present study used a repeated 
measures design. Because the same participants completed both the unaided and 
aided rating scales, there was a high probability that data from these conditions 
were highly correlated, which would potentially and falsely inflate the effect size. 
As a result, modified formulas for effect size and variance that were specifically 
designed for correlated measures were used (Dunlap, Cortina, Valsow, & Burke, 
1996). 

APHAB. Average ratings for the APHAB are shown in Figure 4a for the 
CROS group and Figure 4b for the BiCROS group. Separate statistical analyses 
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and effect-size calculations (Table 3) were conducted to compare the median 
unaided and aided ratings on each subscale of the APHAB: ease of communication, 
reverberation, background noise, and aversiveness to sound. On the APHAB, 
lower ratings indicate less difficulty within each subscale.
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Figure 4 Figure 4 
Figure 4. Average ratings for the APHAB questionnaire for the CROS group (4a) and BiCROS 
group (4b) with vertical bars representing one standard deviation.
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In the CROS group, significantly lower median ratings (i.e., lower percentage 
of difficulty) were found for the CROS condition relative to unaided ratings for 
the subscales related to ease of communication, z = 4.6, p < .001, reverberation, 
z = 4.7, p < .001, and noise, z = 5.4, p < .001. There was no significant difference 
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Figure 5 

Figure 5. Average ratings for the SSQ questionnaire for the CROS group (5a) and BiCROS group (5b) 
with vertical bars representing one standard deviation.
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in median ratings between the CROS and unaided conditions for the subscale 
of aversiveness to sound, z = 1.1, p = .27. As shown in Table 3, effect sizes 
were calculated between unaided and aided conditions for the subscales: ease of 
communication, noise, and reverberation. As predicted, a small effect size was 
found for the aversiveness subscale. 

In the BiCROS group, similar findings were seen in the analyses with no 
significant difference for unaided and BiCROS ratings related to aversiveness of 
sound, z = .89, p = .37, and significant differences between unaided and BiCROS 
ratings related to ease of communication, z = 2.5, p < .001, reverberation, z = 5.9, 
p < .001, and noise, z = 5.3, p < .001. Large effect sizes (Table 3) were found for 
the following subscales: ease of communication, noise, and reverberation. Similar 
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Table 4 
Open-Ended Responses from the CROS Group on the Auditory-Performance Scale for Single-Sided Deafness (APS-SSD) 

 
Subject 

# 
Avg use 

(hrs) 
Where Most Helpful Where Least Helpful Liked Most Liked Least Recommend? 

1 4 Hearing side of poor ear in 
quiet and on bike * * * * 

2 6 Speaker close to poor ear 
in restaurants or car 

Speaker in front or near 
good ear 

Visibility, Some help 
hearing near poor ear 

Less help than hoped 
for hearing;  
Insertion 

Perhaps, 
depends on 
cost 

3 8-12 Noisy restaurant, Traffic Locating sound Brings sound into 
focus, Size 

Battery life Yes!! 

4 5 Standing next to someone, 
Sitting and talking 

In big crowd, Conversation   
with multiple people 

Size, Clarity Discomfort at times Yes 

5 6-8 Large groups, TV, Hearing 
on poorer side 

Quiet situations Easy to care for Battery life, Plastic 
wire catches on hair 

Yes 

6 All day Satisfied everywhere, 
Home 

Office Easy to put on,  
Comfortable 

NA Yes  

7 All day In meeting, Talking with 
my family  

In warehouse (too many 
loud motors) 

Ease of use, Listening 
to my family 

Use in warehouse Absolutely 

8 6-12 Small group where noisy, 
Hearing passenger in car  

Restaurants with high 
noise, Group get-togethers 

Size, Function of both 
devices 

None Absolutely 

9 5-8 Quiet office setting Loud surrounding, 
Multiple people talking 

Size, Ease of use Lack of volume 
control comfort 

No 

10 8-10 Wedding reception, Loud 
work environments 

Car, Extremely loud 
venues 

Different functions to 
tune out background 
noise 

Battery life, Color Yes 

11 10 Hearing people in the car, 
At a party 

Noisy restaurant with noise 
at good ear, Walking on 
noisy street with people at 

Improved hearing in 
many situations,  
Inconspicuous 

Hearing hair rustle 
against it, Tricky to 
put on with 

Definitely  
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 deaf side eyeglasses  

12 15 Driving car and talking 
with kids in backseat, 
Restaurants with person  
on poorer side, Quiet 
setting with quiet voices 

Loud environments with 
no conversations 

Ease of use,  Improved 
hearing 

Fitting in ear, Some 
difficulty locating 
sound 

Yes!! 

Note. Avg =Average, hrs=hours, * = participant did not respond, NA=not applicable, TV=television. 
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 deaf side eyeglasses  

12 15 Driving car and talking 
with kids in backseat, 
Restaurants with person  
on poorer side, Quiet 
setting with quiet voices 

Loud environments with 
no conversations 

Ease of use,  Improved 
hearing 

Fitting in ear, Some 
difficulty locating 
sound 

Yes!! 

Note. Avg =Average, hrs=hours, * = participant did not respond, NA=not applicable, TV=television. 
 Note. Avg = Average, hrs = hours, * = participant did not respond, NA = not applicable, TV = television.

Table 4

Open-Ended Responses from the CROS Group on the Auditory-Performance Scale for 
Single-Sided Deafness (APS-SSD)
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to the CROS group, a small effect size was found for the BiCROS group on the 
aversiveness subscale. 

SSQ. Figure 5a and 5b depict the average ratings for the CROS and BiCROS 
groups, respectively. Similar to the APHAB, separate nonparametric analyses 
and effect-size calculations (Table 3) were conducted for each group on each 
subscale of the SSQ: speech hearing, spatial hearing, and qualities of hearing. On 
the SSQ, higher ratings suggest an improved ability to communicate, locate, or 
identify sounds. For both groups, ratings in the CROS and BiCROS conditions, 
respectively, yielded significantly higher ratings than obtained in the unaided 
conditions for the subscales of speech hearing, z = 9.4, p < .001 and z = 7.4, p 
< .001) spatial hearing, z = 10.2, p < .001 and z = 7.9, p < .001, and qualities of 
hearing, z = 8.8, p < .001 and z = 10.7, p < .001. In both groups, the effect sizes 
(Table 3) were large for the speech hearing subscale and for the qualities of speech 

subscale. The effect sizes for spatial hearing, however, were medium for both 
groups. 

APS-SSD. The average ratings on the APS-SSD are shown in Figure 6a for 
the CROS group and Figure 6b for the BiCROS group. Nonparametric analyses 
and effect sizes (Table 3) were conducted for the CROS and BiCROS on each 
subscale of the APS-SSD: hearing at home, hearing at work/school, and hearing 
social situations. In addition, open-ended responses from the CROS and BiCROS 
groups are provided in Tables 4 and 5, respectively. 

Similar to the previous two scales, ratings in the CROS and BiCROS 
conditions were significantly lower (better) relative to the unaided ratings for both 
the CROS and BiCROS groups, respectively, in each subscales: hearing at home, 
z = 8.6, p < .001 and z = 9.5, p < .001, hearing at school/work, z = 8.6, p < .0001 
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Table 5 

Open-Ended Responses from the BiCROS Group on the Auditory-Performance Scale for Single-Sided Deafness (APS-SSD) 
 
Subject # Avg use 

(hrs) 
Where Most Helpful Where Least Helpful Liked Most Liked Least Recommend? 

1 8-10 Side by side in quiet 
room 

Hearing voices close by 
and in same room 

Size, Simple to use Doesn’t work well with 
glasses, Fear of loss 

No, not good for oily 
skin 

2 14-16 Conversations, Able to 
hear from poorer side 

Somewhat 
uncomfortable with 
glasses 

Size, Able to hear  
on poorer ear 

Battery life, Way mic. 
secured to poor ear 

Yes and have 

3 4-5 Watching TV, In a 
crowd and in noisy 
environments 

When smoke alarm was 
on, On phone  

Able to hear in ear 
with problem 

Ear was itching and 
started hurting 

I might  

4 8-10  Church, Conversations 
with family 

Can’t recall any Improved hearing  
overall  

Some itching in ear, 
Battery life 

Yes 

5 6-8 One on one 
conversations 

Eating out at a large 
restaurant 

Hear better Changing batteries, 
Putting on 

Yes 

6 12-16 At work hearing 
children, Carry on 
conversations 

Car sound is in a barrel, 
Noisy room 

Hear sounds not heard 
in a while, Easy to use 

So small (I am afraid of 
breaking it) 

Yes  

7 16-18 Church,  Meetings, Car On phone, Noisy 
restaurants 

Almost invisible,  
Able to hear on  
deaf side 

Short battery, No on/off 
button-have to remove/ 
open battery door 

Definitely!  
Wish I had years ago, 
Insurance covered 

8 14 Conversations in the car 
and restaurants 

Conversations in crowds 
and noisy environments 

Ability to hear sound  
on my bad side 

Short battery life YES 

9 12+ One to one in quiet room More than one person 
talking on either side 

Room with several 
people who do not  
talk at same time 

No volume control, Lower 
line that sets in ear 

Questionable 

10 5 or more While driving, Talking 
to people one-on-one 

Grocery store, Watching 
TV 

Better hearing to both 
ears especially my 
deaf one, Very 

Tip not going in ear canal 
tightly, Making ear itch 

Yes. Does what 
designed to do, does it 
well. Wish it masked 
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satisfied tinnitus more. 

11 15 Conversations in noisy 
surroundings, As 
 passenger in car 

With loud background 
noise (water), Music 

Overcomes SSD – 
Excellent clarity for 
speech 

Amplification of 
extraneous noise, Very 
directional 

Yes 

12 8-9 In car, Social gathering Watching TV, Concert Overall fit and 
comfort, Size 

Battery life, Overall 
improvement to hearing 

Yes 

Note. Avg = average, hrs=hours, mic.=microphone, TV=television. 
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satisfied tinnitus more. 

11 15 Conversations in noisy 
surroundings, As 
 passenger in car 

With loud background 
noise (water), Music 

Overcomes SSD – 
Excellent clarity for 
speech 

Amplification of 
extraneous noise, Very 
directional 

Yes 

12 8-9 In car, Social gathering Watching TV, Concert Overall fit and 
comfort, Size 

Battery life, Overall 
improvement to hearing 

Yes 

Note. Avg = average, hrs=hours, mic.=microphone, TV=television. 
Note. Avg = average, hrs = hours, mic. = microphone, TV = television.

Table 5

Open-Ended Responses from the BiCROS Group on the Auditory-Performance Scale for 
Single-Sided Deafness (APS-SSD)
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and z = 8.6, p < .001, and hearing in social situations, z = 8.1, p < .001 and z = 
8.0, p < .001. On each subscale the effect sizes (Table 3) were large between the 
unaided and aided conditions for hearing at home, hearing at work/school, and 
hearing social situations subscale.

Discussion

Speech-Recognition Performance in Noise

Using the BKB-SIN and AzBio sentence tests, the participants’ speech-in-
noise thresholds and percent-correct performance, respectively, was assessed 
in various loudspeaker arrangements in order to determine potential benefit or 
detriment of the CROS/BiCROS microphone on the ear with deafness. For the 
CROS group, a comparison of the BKB-SIN thresholds obtained with speech 
directly in front of the participant and noise presented at 0, 90, and 270 degrees 
azimuth did not result in significant measured benefit or decrement from the 
CROS device. It is possible that a larger group of participants would have yielded 
significant differences across conditions, but is equally possible that there are no 
measurable benefits of the CROS device for improving speech-in-noise thresholds 
with this test or these loudspeaker arrangements. On the BKB-SIN, average 
thresholds actually worsened (higher) in the aided versus unaided conditions by 
an average range of 0.08 (S0/N0) to 2.3 dB (S0/NPoor). The added noise from the 
active CROS microphone to the better-hearing ear may have influenced results 
in all three loudspeaker arrangements, with the largest detriment occurring when 
noise was directed toward the ear with the CROS microphone. For real-world 
applications, users of the CROS device should be provided with a program that 
deactivates the CROS microphone, which is what was provided to participants in 
this study during the trial period. The “CROS off” program would be helpful in 
situations with high-level noise to prevent noise transfer to the better-hearing ear. 
Although no benefit was measured using the BKB-SIN and the three loudspeaker 
arrangements in the present study, a previous study (Hol et al., 2010) obtained 
approximately 2.2 dB improvements with a traditional CROS instrument as 
compared to the unaided condition with speech presented to the poorer ear and 
noise presented at 0 degrees azimuth. In addition, favorable speech-recognition 
results for the CROS versus the unaided condition were reported in some 
conditions in other studies that used different loudspeaker arrangements (Lin 
et al., 2006; Niparko et al., 2003; Wazen et al., 2003). As a result, the limited 
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benefit measured in the present study may have been related to stimuli and/or the 
loudspeaker arrangements used. 

For the BiCROS group, the aided conditions resulted in significantly better 
performance than the unaided conditions with threshold differences ranging from 
0.3 (S0/NPoor) to 1.8 dB (S0/N0). However, the post-hoc analyses did not result 
in significant condition differences. The lack of significance for these post-hoc 
condition comparisons was likely related to the small sample size, which resulted 
in inadequate power to complete these analyses. The significant main effect, or 
improvement in speech-in-noise thresholds with the BiCROS device, was likely 
related to the improved audibility from the hearing instrument on the better-
hearing ear as well as the CROS microphone located on the ear with deafness. 
Although a slightly smaller benefit of 1 to 2 dB was measured in the present 
study, our findings are similar to what was reported by Williams et al. (2012) 
in their study of BiCROS users. When using the new digital BiCROS systems, 
the participants in the Williams et al. (2012) study achieved improved speech-in-
noise thresholds by 3 to 4 dB relative to the unaided condition in SPoor/NGood 
and SGood/NPoor loudspeaker arrangements. Positive speech-recognition results 
were also reported in some conditions for users of the BiCROS device in the Lin 
et al. (2006) study; however, even better results were obtained with the AOIS in 
that study. 

Results on the AzBio Sentence Test were more favorable toward the CROS 
and BiCROS hearing instruments when compared to the data from the BKB-
SIN. In both groups, the average percent-correct results on the AzBio suggested 
significantly better (higher) average performance for the CROS/BiCROS groups 
when compared to the average unaided conditions. As expected, participants 
performed much better in aided and unaided conditions when speech was 
presented to the better-hearing ear and noise was directed toward the ear with 
deafness (SGood/NPoor), but the largest aided benefit was found in the condition 
with speech presented to the poorer ear and noise on the side of the better-hearing 
ear (SPoor/NGood). Average aided benefit between the SPoor/NGood unaided and 
aided conditions was 30% for the CROS group and 29% for the BiCROS group. 
These large improvements in speech-recognition performance in noise represent 
the significant contribution of the CROS/BiCROS devices for overcoming the 
head-shadow effect. 
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Several methodological and speech-recognition test differences could have 
contributed to larger aided benefit measured with the AzBio over the BKB-SIN. 
For example, the loudspeaker arrangement used for the AzBio stimuli may have 
been more challenging than the loudspeaker arrangements with the BKB-SIN 
because speech was presented at 90 or 270 degrees versus 0 degrees for the BKB-
SIN. As a result, the directional microphones would not have been as helpful during 
testing with the AzBio. Additionally, it appears that the loudspeaker arrangement 
that resulted in the greatest measured benefit with the CROS/BiCROS devices 
was the one with speech presented to the poorer-hearing ear and noise presented 
to the better-hearing ear, which was only used with the AzBio stimuli. Second, the 
BKB-SIN list pairs are spoken by one, fairly monotone, male talker while each 
list of the AzBio has two male and two female talkers who, in our opinion, use 
more natural conversational inflection, which could have made the AzBio more 
challenging than the BKB-SIN. Finally, the AzBio had fixed-intensity stimuli 
while the BKB-SIN used a modified-adaptive test paradigm. Therefore, the AzBio 
stimuli were presented at suprathrehsold levels while the BKB-SIN stimuli were 
presented near threshold levels. 

Subjective Scales

The three subjective measures in this study all yielded significantly improved 
ratings in support of the CROS and BiCROS devices, with the exception of the 
aversiveness subscale on the APHAB, where there was no significant mean 
difference between ratings. It is difficult to compare the APHAB and SSQ 
ratings in this study to ratings in previous studies because those investigations 
did not compare unaided and aided ratings. For instance, Williams et al. (2012) 
compared ratings between an older and newer BiCROS, and other researchers 
compared the CROS to other devices, such as a transcranial CROS or AOIS (Hol 
et al., 2004; Lin et al., 2006; Wazen et al., 2003). Nonetheless, several of the 
aforementioned studies showed that the CROS/BiCROS devices substantially 
improved subjective ratings of individuals with SSD and asymmetrical hearing 
loss relative to an unaided condition. Several of these studies also showed poorer 
ratings with the CROS as compared to the AOIS. The subjective portion of this 
study is different from these previous investigations because we focused only on 
assessing the CROS/BiCROS devices and included both populations with SSD 
and asymmetrical hearing loss.
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In our opinion, one of the most important and surprising findings in this study 
was the particularly large benefits reported by the participants on the questionnaires. 
When examining the moderate benefits obtained in most of the speech-recognition 
test conditions, we would not have predicted such large, positive ratings on all 
three questionnaires. Therefore, it is likely that the behavioral testing in this study 
did not simulate all real-world listening situations. Realistic listening situations 
are more dynamic and are paired with visual cues as well as sensory distractions. 
Because the largest benefit of the CROS/BiCROS devices in both groups was 
measured with the AzBio in the condition with speech presented to the poorer-
hearing ear and noise presented to the better-hearing ear, which would result 
in a head-shadow effect, the examiners hypothesize that the positive ratings on 
the questionnaires most closely relate to a reduction or elimination of the head-
shadow effect. 

When examining the effect sizes across the subscales of each questionnaire, 
our laboratory-developed questionnaire, the APS-SSD, resulted in the largest 
effect sizes between unaided and aided conditions. For both the CROS and 
BiCROS groups, subscale effect sizes, for the most part, yielded a d greater than 
1, which represents a particularly large effect (i.e., high sensitivity) for behavioral 
research. This finding is not overly surprising given the APS-SSD statements were 
specifically written for the population tested; over half of the statements on this 
questionnaire specifically focused on situations in which stimuli were presented to 
the poorer-hearing ear. However, it is important to note that test-retest reliability 
of the APS-SSD was not determined in this study, but in comparison to the other 
questionnaires used in this study, it does appear to have concurrent validity. 
Although replication of this large effect in another investigation would strengthen 
the validity of this questionnaire, the present study provides fairly strong evidence 
to support the use of this questionnaire in populations with SSD and asymmetrical 
hearing loss. 

Study Limitations

The primary limitation of this study was the small sample size of each group 
(obtained via convenience sampling). A larger sample might have provided more 
concrete, laboratory-based evidence to support or refute the speech-recognition 
data; however, the effect sizes calculated for the subjective rating scales provides 
fairly strong support for the CROS/BiCROS devices in this particular sample. 
In addition, there were too few participants in the study to compute correlations 
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between performance/ratings and demographic characteristics, such as age and 
duration etiology of hearing loss. A larger study would be necessary to more 
closely examine and compute correlations between reported benefit from the 
CROS/BiCROS device and patient variables. A second limitation is related to 
the brief trial period with the CROS/BiCROS devices. It is possible that different 
results would have been obtained in the speech-recognition conditions and on the 
questionnaires with a longer period of acclimatization. Also, the BiCROS group 
only participated in a one-week trial with the hearing instrument prior to the CROS 
transmitter fitting. The investigators could not find any specific recommendations 
in the literature regarding the optimal acclimatization period for the instrument 
prior to the CROS/BiCROS transmitter fitting. Perhaps a longer period of 
acclimatization with the instrument would have improved performance and/or 
ratings in this group, but equally, this one-week period may not have been necessary 
at all. In the BiCROS group, it is also possible that the primary subjective and 
behavioral benefits were related to using the hearing instrument and not the CROS 
microphone. Future research should include laboratory testing and a trial period 
with a unilateral instrument alone as compared to the BiCROS device. A third 
and important limitation to recognize in this study is the potential for participant 
bias toward the CROS/BiCROS device simply because it was a new device (i.e., 
Halo effect; Thorndike, 1920). The within-subjects design of this experiment did 
not include a control group to rule out patient bias related to this effect. However, 
the examiners attempted to reduce participant bias by explaining in the initial 
session that there were few investigations on this technology and that we truly 
valued their opinions, positive or negative, on the devices. The fourth limitation 
is related to previous hearing aid use in six of the participants (Table 1). Previous 
device use could have resulted in improved speech-recognition performance in 
some participants relative to others because of device knowledge, acclimatization, 
and more recent stimulation of the auditory system. Of the participants, one was 
currently using a CROS device, and one participant in the CROS group and one 
participant in the BiCROS group were no longer using hearing instruments in 
their poorer-hearing ears because of minimal speech audibility. Three participants 
in the BiCROS group were currently using a hearing instrument on the better-
hearing ear, and two of these three participants anecdotally preferred and planned 
to purchase the BiCROS device. Also, all of these previous device users may 
have inadvertently and subjectively compared the CROS to their previous hearing 
aid, which could have contributed to the within-group variability of subjective 
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ratings. Finally, the variability in the subjective ratings could have been related to 
actual wearing time and using the multiple programs. The investigators relied on 
the participants to report their use time; however, data-logging information was 
available to corroborate wear time for most participants with an average wear 
time of 7.2 hours a day, mostly in the SoundFlow program (Program 1). Future 
investigations on these technologies should examine potential relationships 
between subjective benefit, overall use time as measured with data-logging, and 
use time of one or more programs.

Conclusions

The 24 participants who used either CROS and BiCROS hearing instruments 
over a four-week trial period showed significantly improved speech-recognition 
performance in noise over the unaided condition in some loudspeaker arrangements, 
but other speech-recognition conditions yielded mixed results between groups. In 
the CROS group, performance was better with the CROS device when compared 
to the unaided condition with speech directed to the poorer-hearing ear and noise 
directed toward the better-hearing ear while other conditions yielded poorer results 
with the CROS. In the BiCROS group, however, all conditions with the BiCROS 
device were significantly better or not significantly different from performance 
in the unaided condition. Subjective ratings on three questionnaires were highly 
positive with the greatest benefit measured by the laboratory-developed APS-SSD 
questionnaire. 

Given the improvements in speech-recognition performance in noise in 
situations disadvantageous to individuals with SSD or asymmetrical hearing loss, 
and the highly positive average ratings of the participants in this study, CROS and 
BiCROS hearing instrument may be considered on a trial basis for individuals 
with SSD or asymmetrical hearing loss. Many of the other management strategies, 
such as AOIS and cochlear implants, might pose a higher risk and potentially 
higher cost to the patient. In our opinion, the potential benefit of an AOIS and 
cochlear implant relative to a CROS or BiCROS device cannot be determined 
through behavioral research. First, as discussed in the introduction, there are 
methodological issues with most behavioral studies because the implanted device 
is always tested in the final condition. In the one study that attempted to address 
this methodological issue by comparing three devices in randomized order (AOIS 
on headband, transcranial CROS, traditional CROS), results were mixed with 
the CROS device yielding the best performance in some conditions (Hol et al., 
2010). In addition to methodological issues, participant bias could stem from 
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an inadvertent psychological commitment to a device that requires a surgical 
procedure and recovery time. Following a trial period with a CROS/BiCROS 
device the patient may then be informed of other, more invasive options for 
managing the hearing loss. This hierarchical approach of presenting amplification 
options will result in an individualized, evidence-based management plan for 
patients with SSD or asymmetrical hearing loss.
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27.  Hearing someone on the side of your poor ear at a party
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19.  Understanding multiple talkers all around you in noise

16.  Hearing during small groups or meetings in noise where the 
       teachers/talkers are on your poor side and close by (3 feet)
17.  Hearing in large groups or meetings in noise where the 

24.  Conversation with someone seated on the side of your
       poor ear in a noisy restaurant 

12.  Hearing on your work telephone
13.  Hearing someone facing you in noisy situations,  such as
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Hearing at Work or School
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Hearing in Social Situations
22.  Large family gatherings with multiple talkers around you
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