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Introduction

Vestibular schwannomas most often arise in the internal
auditory canal, making unilateral hearing loss the most
common initial pathological feature.1,2 The associated hear-
ing loss is often progressive in nature as a result of disease or
treatment, leading to single-sided deafness (SSD) or severe
asymmetrical sensorineural hearing loss in many patients.
The concomitant deficits of SSD are a common source of
quality of life reduction in patients with vestibular schwan-
noma.3 Individuals with SSD experience significant deficits
in spatial hearing. When compared with normal hearers,
individuals with SSD suffer from reduced sound awareness,
difficulty with speech perception in noisy or reverberant
environments, inability to localize auditory events in azi-
muth, and increased effort with listening.4–7 These impair-
ments occur due to the loss of auditory cues provided
through binaural hearing. The integration of acoustic infor-

mation from both ears is critical for processing of auditory
signals. The auditory input received at each ear is character-
ized by marginal differences that are analyzed in the brain-
stem, giving rise to spatial hearing.

In binaural hearing, the ear closest to the sound source
receives the signal earlier and at a higher intensity. The
differences in these timing and level cues for a sound arriving
at two ears are critical for processing of complex auditory
signals, such as sound source localization and speech percep-
tion in noise. Low frequency signals have long wavelengths
allowing them to travel around the head. As such interaural
timing differences are greatest for signals below 1,000 Hz,
while interaural level differences are more significant for
high frequencies.8 High frequency signals are characterized
by shorter wavelengths and, as such, are obstructed by the
head. The acoustic head-shadow (►Fig. 1A) is a physical
phenomenon that serves to benefit binaural listeners by
adding the ear with the more favorable signal to noise ratio
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Abstract In recent years, an increasing research effort has been directed toward remediation of
single-sided deafness. Contralateral routing of signal (CROS) is the longest standing
rehabilitation solution for individuals with single-sided deafness. The primary goal of
CROS technology is to transfer the signal received at the deaf ear to the better hearing
ear, thereby reducing the impact of the acoustic head-shadow. This allows for
individuals with single-sided deafness to regain access to sounds located at the deaf
ear. The hearing deficits associated with single-sided deafness are often debilitating.
While surgical management of single-sided deafness is on the rise, CROS hearing aids
offer a nonsurgical option to compensate for some of the deficits that occur when a
listener is limited to a single ear. Limitations of early CROS devices resulted in poor
adoption and acceptance in those with single-sided deafness. Following significant
advances in both design and technology, the acceptance of CROS devices has increased
in recent years. This paper reviews relevant literature in CROS application for the
management of single-sided deafness. Technological advances, benefits, limitations,
and clinical considerations are also reviewed in this article.
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when listening in spatially separated speech and noise. This
filtering of the auditory signal based on binaural hearing cues
also allows for suppression of unwanted signals, thereby
improving the signal to noise ratio. Likewise, depending on
the frequency characteristics and the source location, the
interaction of the acoustic sound wave with the torso, head,
and pinna provides important temporal, spectral, and inten-
sity information. Binaural listeners are able to take advan-
tage of these frequency dependent cues to perform complex
auditory tasks, such as the perception of speech in competing
noise and localization of acoustic signals.

The Monaural Listening Condition

Individuals with SSD become monaural listeners, thereby
losing access to the essential interaural auditory cues
required for processing of complex acoustic signals. In indi-
viduals with SSD, all sounds arrive to the nonimpaired ear at
the same time and level regardless of the location of the
sound (►Fig. 1B). This is further complicated by the head-
shadow effect where the head acts as an acoustic barrier to
sound as it travels from one side of the head to the other.
Where the acoustic head-shadow benefits binaural listeners,
it often results in significant deficits in speech understanding
for monaural listeners. In individuals with SSD, the barrier
created by the head for signals located at our about the
impaired ear, results in an attenuation of the sound at the
better hearing ear. The head-shadowing that occurs is most
significant for high frequency signals8 negatively impacting
speech perception. The consequence of this is greater in
noise, particularly when the noise is masking the better
hearing ear (►Fig. 1B). In the monaural listening condition,
the brain can no longer use the different signal to noise ratios
at the two ears as the sound is no longer spatially separated.
The result of this is an inability of the SSD listener to separate
speech from competing noise, even at low noise levels.

For these reasons, individuals with SSD are subject to
significant hearing disability and handicap despite one nor-
mally functioning ear.9–12 The negative effects of SSD are not
simply auditory in nature. The social and emotional con-
sequences have been well demonstrated throughout the

literature,7,13,14 with reports suggesting a handicap that
exceeds that which is observed in bilateral hearing loss.10

Effective processing of auditory signals is fundamental to
even the most basic of communication needs. The spatial
hearing deficits experienced by the SSD listener undeniably
contribute to reduction in quality of life and increased
handicap and disability. Individuals with SSD report that
difficulties specific to communicating in noise have both
social and vocational consequences which may ultimately
lead to embarrassment and depression.7,15 Strategies to
combat this may include adapting or positioning to allow
for the talker to be located at the better hearing ear; although
this is not always achievable, particularly in multitalker
situations or meetings. Further, the constant effort applied
by the listener to adjust to the listening environment is
fatiguing, and ultimately unsustainable for many listeners.

Contralateral Routing of Signal

Reducing the negative effects of the acoustic head-shadow in
individualswith SSDmay serve tomitigate someof the issues
associated with monaural listening. This can be achieved by
rerouting the acoustic signal from the impaired (deaf) ear to
the normal hearing ear for processing. Contralateral routing
of signal (CROS) hearing aids are a nonsurgical management
option consisting of a hearing aid worn on the impaired ear
containing a microphone and transmitter. This hearing aid
transmits the acoustical signal to a receiver in a hearing aid
worn on the better hearing ear. In the case of patients who
have contralateral hearing loss, the hearing aid on the better
hearing ear can also be used to provide amplification in
addition to the CROS input. This configuration, termed
BiCROS, is typically reserved for those individuals who
have mild to moderate aidable hearing loss in the contral-
ateral (better hearing) ear.

Harford and Barry16first introduced the CROShearing aid in
1965. Studies using CROS hearing aids demonstrated that
minimizing the acoustic head-shadow could significantly
improve listening in noise ability in monaural listeners.16

Despite this benefit, adoption and acceptance rates of CROS
hearing aids were low in the SSD population. Initial CROS

Fig. 1 The acoustic head-shadow is demonstrated for binaural (A) and monaural (B) listeners. The interaural time are represented for signals at
0 degrees azimuth and lateralized 90 degrees to the right of the listener. In (B) the negative impact of the acoustic head-shadow is demonstrated
for monaural listeners when competing noise is directed at the better hearing ear.
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systems relied on wired transmission of the signal from the
impaired ear to the normal ear, and were coupled to the ear
with an ear mold. In addition to the unfavorable aesthetics of
the wired CROS systems, the use of an ear mold occluded the
ear, thereby causing a significant disruption of ear canal
acoustics in the better hearing ear. It has been shown that
individuals with SSD become reliant on monaural level and
spectral cues, and may even use this information to adapt to
improve their ability to localize sound.17–19 In addition to
changing the natural acoustics of the ear canal, the ear mold
required in initial CROS systems reducedaudibility in thebetter
hearing ear. These limitations served as barriers to adoption
and acceptance of early CROS devices, as those with SSD are
highly dependent on access to sound in the only hearing ear.

Wireless CROS devices were later introduced, which
served to improve the cosmetics of CROS hearing aids, but
lacked in sound quality. These initial wireless CROS hearing
aids relied on radio frequency transmission of the signal
which was subject to electromagnetic interferences, distor-
tion, and timing delays.20 Limited acceptance of CROS hear-
ing aids at this time are largely attributed to complaints of
occlusion in the better ear, poor sound quality, and discom-
fort.20 Additional limitations included aesthetics, size, and
poor battery life. Despite some improvements, the remaining
technological limitations failed to increase the acceptance of
CROS by individuals with SSD.

In recent years, CROS hearing aid systems have undergone
significant advances, addressing many of the early acoustic
limitations associated with CROS and BiCROS hearing aids.
Improvements in hearing aid technology and design have
allowed for seamless between ear signal transmissions.
Current wireless streaming between hearing devices allows
the signal from the impaired ear to be transmitted to the

better hearing ear with no audible delays and virtually no
interference. In addition to this, microphone technology and
signal-processing advances have allowed for an improved
acoustic experience.21 Environmental recognition is now
possible through advanced algorithms, resulting in better
noise reduction.22 Directional microphones are now stan-
dard in most hearing aid systems and automatic adaptive
directionality allows for real time beam forming to improve
the signal to noise ratio for listeners.23

Improvements in hearing aid design have also played an
important role in increasing user comfort and reducing the
stigma associatedwith hearing aids.24 Reduction in the size of
hearing aids has led to a marked improvement in cosmesis.
Arguably, one of the most influential advances is the devel-
opmentofopenfit hearingaids.25EarlyCROSsystemsreliedon
theuseofanearmold tonotonlydeliver thesound transmitted
from the impaired ear but also to retain the hearing aid in the
ear. Current CROS systems use an open fit where a thin tube
with a small dome is placed in the ear canal minimizing the
obstruction of the natural acoustics of the ear (►Fig. 2). For
most listeners with normal hearing in the contralateral ear,
this will remove the occlusion effect as it allows for sound to
enter the normal hearing ear naturally and with minimal
obstruction.26 Kiessling and colleagues26measured the occlu-
sion effect in 19 listenerswith normal hearing below 1,500 Hz
and found a mean reduction of 12 dB in occlusion with use of
open fit domes when compared with traditional venting. Not
only was this effect significant but mean occlusion in dB was
comparable to the natural open ear canal,23 suggesting an
absence of occlusion. The combination of these improvements
in hearing aid technology over the past several years have led
to an increase in adoption and acceptance of CROS27,28 and
BiCROS29 devices.

Fig. 2 The illustrations show current open fit CROS hearing aid configurations. Here, the hearing aid processor/transmitter is behind the pinna
and the signal is delivered via a small thin tube (A) with an open dome (B) allowing for minimal obstruction of the natural ear canal acoustics
(Images courtesy to Phonak, LLC, with permission). CROS, contralateral routing of signal.
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Benefits of CROS Amplification

The primary advantage of rerouting of the acoustic signal from
the impaired ear to thebetter hearing ear is the ability to regain
access to sound on that side. Sound awareness for deaf ear
listening allows for the listener to be engaged regardless of the
location of the speaker, a critical component of daily commu-
nication. Situational listening, such as holding a conversation
whiledrivingorwhilewalkingareexamplesofchallengesoften
faced by individuals with SSD. The location of the speaker
combinedwithcompetingnoise in thesesituations results inan
inability to consistentlyandeffectivelyaccess speechat thedeaf
ear. The ability of CROS devices to reduce the negative effects of
the acoustic head-shadow have been well established.16,27,30

The primary benefit of this is the ability to improve speech
perception in noise for speech directed at the poorer hearing
ear.16,27,30 These studies have shown that rerouting is success-
ful in improving the signal-to-noise ratio for sounds directed to
the deaf ear in noisy environments. Early studies suggested
CROS hearing aids offered limited benefit compared with
surgical rerouting solutions, such as osseointegrated bone
conduction implants.31–34 Recent studies have found no sig-
nificant differences in objective or subjective outcomes with
newwireless CROS technology comparedwith osseointegrated
bone conduction implants.27,28,35Theadoptionandacceptance
ofcurrent CROS technologyhas notonly increasedbut seems to
be comparable to that of surgical rerouting solutions.28

Other benefits of CROShearing aids include the design and
ease of use. In 2012,24 a survey of nearly 4,000 hearing aid
candidates found that eliminating the visibility of thehearing
aidwould increase the likelihood of adopting hearing aids by
29 to 38%. Along these lines, an earlier study by the same
group found that 48% of individuals with hearing loss who
have not adopted hearing aids attribute this to the stigma
associated with hearing aid use.36 The improvement in
aesthetics, particularly small and discreet housing of current
wireless CROS and BiCROS hearing aids, has undoubtedly
impacted acceptance of this solution. Additionally, because
these devices by in large serve primarily to reroute the signal
from the deaf ear to the better hearing ear, minimal manage-
ment is required. In the case of true SSD, where no contral-
ateral hearing loss is present, CROS devices do not require
sophisticated programming or fitting strategies. Because the
signal is typically being routed to a normal hearing ear with a
normally functioning inner ear organ, benefits are immedi-
ately measureable. As such, adaptation to CROS hearing aids
is rapid, with many users able to report on subjective benefit
immediately. This allows for CROS hearing aids to be fit
quickly with minimal adjustments. Furthermore, such solu-
tions do not require the long-term management typically
associated with surgical solutions.37–40 Given their relative
low cost and noninvasive nature, CROS hearing aids should
be the first option considered in management of SSD.

Limitations of CROS Amplification

While CROS input allows for audibility from both sides of the
head, the information is still processed through a monaural

auditory system. The biggest limitation of CROS and BiCROS
solutions is that binaural hearing is not restored, thereby
leaving tasks that require binaural input fundamentally
impaired. CROS and BiCROS hearing aids allow for access
to sound from the impaired side and offer improved audibi-
lity. These devices cannot, however, resolve an individual’s
impairment for complex auditory tasks heavily reliant on
binaural cues provided through binaural hearing, such as
binaural summation, binaural squelch, or localization of
sounds.

Due to the inability to interpret interaural timing and level
cues, SSD listeners demonstrate poor sound source localiza-
tion in azimuth.31,32,41 Interestingly, some researchers have
demonstrated that monaural listeners can in fact localize in
the horizontal plane by relying on spectral cues17,42 or
perceived level differences in the signal, as it moves from
the impaired ear to the normal hearing ear.43 Although the
improved localization abilities do not approach that of
normal hearing listeners, the results suggest a “remap-
ping”44 may occur in some monaural listeners, and provide
improved functionality. It is important to note that this is not
an effect of adding a hearing device,42 rather it is an ability of
some SSD listeners to employ compensatory mechanisms to
improve their localization strategies.43,44 The utilization of
ear level devices, however, may serve to disrupt access to
monaural spectral cues in this population.45 The pinnae
allows for collection of high-frequency cues which is used
to provide information about where a sound is located in
elevation.46 Agterberg and colleagues demonstrated that
some monaural listeners are able to utilize these high
frequency spectral cues to improve localization abilities,
despite the inability to access binaural cues.17 The degree
towhich use of said spectral cues improves perceived handi-
cap and provides functional benefit remains unclear. Though,
it may point to the continued ambiguity in those who adopt
and accept CROS as a management option for their SSD and
those who do not. It may be that those who adopt and accept
CROS are more handicapped by impairments related to
hearing in noise than impaired spatial perception. Equally,
it may suggest that those who reject CROS have adapted44

and become dependent on the subtle spectral cues ablated by
CROS hearing aid use. Other research suggests that monaural
listeners show a preference to use of level cues for source
localization in the horizontal plane.43 Reweighting, or learn-
ing to rely on unchanged monaural cues, has been shown to
benefit individuals with SSD in localization.44 Rerouting of
the signal through use of the CROS device eliminates the
ability to detect such level cues, thereby disrupting the
reweighting strategy that may be employed by monaural
listeners. Yet, these strategies are not evident in all indivi-
duals with SSD. In fact, the vast majority of studies fail to
demonstrate functional horizontal localization abilities in
this population.27,31,32,35,41 Remapping and reweighting of
auditory cues is reliant on a variety factors and occurs over
time.44 It is more likely that those who can take advantage of
these strategies are younger listeners with good residual
access to high frequency hearing17 who have had time to
adapt to the monaural hearing condition.
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While CROS and BiCROS hearing devices assist a patient in
accessing speech signals arriving to the deaf ear, they cannot
distinguish a signal of interest from that which is distracting
(i.e., noise). Specifically, when noise is on the CROS transmitter
side it is amplifiedandtransferred to thebetterearwhichcould
interferewith the signal of interest. Studies have demonstrated
that in listening situationswhere the signal of interest is at the
better hearing ear and noise is being transferred by way of the
CROS microphone from the impaired side, a significant
decrease in speech understanding is observed.31–33,35,47

Recent studies have found gains in speech understanding
from CROS input to be notably greater than the potential loss
that occurs when noise is transferred to the better hearing
ear.35,48 While this may potentially outweigh the negative
affect for some users, it follows that those who reject CROS
mayfindeven a small decrement in better ear hearing to be too
disruptive to their everyday listening needs.

The primary benefit for CROS and BiCROS amplification is
realizedwhen the signal is spatially separated fromcompeting
signals.31,32,35 While there is an estimated 6 dB reduction in
speech signals associated with the head-shadow effect in
monaural listeners,49 the signal-to-noise ratio will in fact
vary depending on the orientation of the signal relative to
the good ear.49 Specifically, this reduction and thereby deficit
decreases as signals move more medially toward the front of
the listener. Understandably, degree of benefit will vary
according to the listening condition. The inability to fully
control the listening environment is a challenge for monaural
listener’s using a rerouting system. Diffuse noise, for example,
doesn’t allow for successful separation of signal and interferer.

Thismay prove evenmore problematic in BiCROS userswhere
the signal (in this case, interfering noise) is not only rerouted
but also amplified in the better hearing ear. These challenges
may serve to limit benefit with CROS use in certain listening
situations and ultimately influence adoption and acceptance.

Considerations in CROS Amplification

The primary goal of CROS hearing aids is to successfully
deliver the signal that would be obtained in the deaf ear to
the better hearing ear. There are some key challenges to
achieving this. How and where the sound is collected is an
important consideration. The microphone placement of
CROS devices is typically placed superiorly at the top of
the pinnae. This microphone location does not allow for
natural collection of soundwith the benefits of the pinnae to
collect full spectrum of sound. One of the primary benefits of
contemporary wireless CROS amplification is the ability to
utilize open fit strategies that minimize disruption of the
natural ear canal acoustics.25 It should not be overlooked that
the introduction of anything into the ear canal will disrupt
the natural ear canal acoustics, regardless of how small or
unobtrusive. This effect can be significant in thosewith small
ear canals. As such, it is important to determine the effec-
tiveness of CROS through the use of real ear measurements.

Real ear measures utilize a small microphone placed in
the ear canal to record the frequency and intensity charac-
teristics of the signal at the tympanic membrane. This
objective tool allows the clinician to determine the real ear
unaided response, or the sound pressure level across

Fig. 3 Real ear probe microphone set up for CROS hearing aid verification. (A) and (B) demonstrate the test setup with the loud speaker
positioned first at the better hearing ear (A) and then at the side of the CROS transmitter (B). Green represents the real ear unaided response.
Pink represents the response measured in the better ear delivered contralaterally from the CROS microphone (Images courtesy to Phonak, LLC,
with permission). CROS, contralateral routing of signal.
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frequencies measured in an open/unaided ear canal. In true
CROS fittings, it is important to ensure that the presence of
the hearing aid in the ear canal does not occlude the ear, and
thereby reduce or distort the natural acoustic signal in the
normal hearing ear. This measure can be repeated with the
open fit hearing device in the ear canal to check for occlusion.
If there the device is occluding, a reduction in the response
will be observed at some or all of the frequencies. An ideal
CROS fitting should produce a response that mimics the real
ear unaided response with little to no reduction in sound
pressure level at the tympanic membrane. It is also essential
to ensure that the CROSmicrophone placed on the deaf ear is
successfully transmitting the signal to the better hearing ear.
For this measure, the signal should be presented to the deaf
ear with the CROS hearing aid on and in place at 45 to
90 degrees azimuth to simulate the acoustic head-shadow
(►Fig. 3). Themeasurement is taken in the better hearing ear
and comparedwith the real ear unaided response. The goal of
this measure is to ensure that the full spectrum of the
responses matches unaided response of the better hearing
ear, indicating the CROS system is overcoming the head-
shadow effect. Some CROS users will report that soft sounds
are too loud, or dissatisfaction with the sound quality.
Current CROS hearing devices do provide some mild gain
in the high frequencies. Real ear measures also will help to
determine if too much gain is being applied and allow the
clinician to make adjustments to improve the sound quality
for the listener. BiCROS fittings real ear measures are used
not only toverify the signal from the deaf ear but also that the
amplification applied is meeting the specified targets to
appropriately aid the hearing loss in the better hearing ear.
The reader is recommended to reference Dillon for further
details on verification of CROS and BiCROS hearing aids.50

It should be noted that speech perception in noise perfor-
mance and that benefit with implantable and nonimplantable
devicesmayvarywithin the samesubject.35While the efficacy
of rerouting solutions has been well established in the SSD
population, others report limited to no benefit with rerouting
in the SSD population.51,52 These things considered, to ensure
successful management of SSD, it is imperative that appro-
priate evaluation methods are applied to determine potential
benefit.53 Needs assessments that accurately characterize the
listening deficits of the SSD listener are an important compo-
nent in the evaluation and management of this population.
Likewise, utilizing speech in noise measures to assess for
reduction of the head-shadow can offer important insight
into the potential benefit gained through rerouting. Although
rerouting solutions do not provide binaural input, including
localization or other measures that demonstrate binaural
benefitmayassist clinicians in better determining appropriate
treatment options. Comprehensive pretreatment measures
may assist with triaging patients more effectively and may
provide insight into the perceived benefit with device use.54

Summary

Current CROS technology solutions provide a noninvasive,
aesthetically appealing, low-cost option for individuals with

SSD. CROS solutions do not provide restoration of binaural
hearing and cannot improve tasks requiring binaural input,
such as localization. The primary benefits realized fromCROS
hearing devices are improved sound awareness from the
impaired side and better hearing in noise when speech is
located at impaired side. As such, appropriate pretreatment
measures should be utilized when determining candidacy
for rerouting. Likewise fitting of devices should be optimized
to ensure CROS performance and absence of occlusion in the
better hearing ear. An increase in acceptance of CROS tech-
nology, along with recent reports of objective and subjective
benefit, suggest that some individuals with SSD may be
adequately remediated with rerouting. CROS devices are
nonsurgical, and should be considered prior to offering a
surgical solution. In those individuals with SSD who do not
benefit from CROS technology, referral for evaluation and
consideration of alternative options, such as bone conduc-
tion or cochlear implants may be considered.�
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