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Abstract: Single sided deafness (SSD) is characterized by significant sensorineural hearing loss,
severe or profound, in only one ear. SSD adversely affects various aspects of auditory perception,
including causing impairment in sound localization, difficulties with speech comprehension in noisy
environments, and decreased spatial awareness, resulting in a significant decline in overall quality
of life (QoL). Several treatment options are available for SSD, including cochlear implants (CI),
contralateral routing of signal (CROS), and bone conduction devices (BCD). The lack of consensus on
outcome domains and measurement tools complicates treatment comparisons and decision-making.
This narrative overview aims to summarize the treatment options available for SSD in adult and
pediatric populations, discussing their respective advantages and disadvantages. Rerouting devices
(CROS and BCD) attenuate the effects of head shadow and improve sound awareness and signal-
to-noise ratio in the affected ear; however, they cannot restore binaural hearing. CROS devices,
being non-implantable, are the least invasive option. Cochlear implantation is the only strategy
that can restore binaural hearing, delivering significant improvements in speech perception, spatial
localization, tinnitus control, and overall QoL. Comprehensive preoperative counseling, including
a discussion of alternative technologies, implications of no treatment, expectations, and auditory
training, is critical to optimizing therapeutic outcomes.

Keywords: single-sided deafness; cochlear implants; contralateral routing of signal devices; bone
conduction devices

1. Introduction

Single-sided deafness (SSD) is defined as severe to profound sensorineural hearing
loss in one ear and normal or near-normal hearing in the other. However, there is currently
no consensus on standardized audiological criteria for defining SSD. The audiological
classification criteria for SSD candidate groups, as outlined by Van de Heyning et al. [1]
and Ramos Macías et al. [2], are summarized in Table 1.

Table 1. Audiological classification criteria for SSD candidate groups.

Authors Poorer Ear Better Ear Interaural Threshold Gap

Van de Heyning et al. [1] PTA ≥ 70 dB HL PTA ≤ 30 dB HL ≥40 dB HL

Ramos Macías et al. [2]
Lack of improvement

with conventional
acoustic aid

≥20 dB HL NA

PTA: pure tone average; NA: not available.
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The lack of a consistent definition and confusion over nomenclature has made it
challenging to clearly define the prevalence of SSD. According to Kay-Rivest et al. [3], the
prevalence of SSD in the United States is estimated to be between 0.11% and 0.14% and
is higher in individuals 60 to 79 years of age. The prevalence of SSD in children is low.
Dewyer et al. [4] found an estimated prevalence of 0.36% in a recent retrospective study
of 52,878 individuals undergoing behavioral threshold testing at a single tertiary referral
center. Before universal neonatal hearing screening programs, the diagnosis of unilateral
hearing loss in children was often delayed as compared to those with bilateral sensorineural
hearing loss [5]. According to a 1960 study by Everberg et al. [6], 52% of cases of unilateral
deafness were not identified until after the first year of school, with an average age of
6 years at the time of symptom recognition. Nowadays, the advent of universal newborn
hearing screening programs has significantly lowered the average age of diagnosis [7,8].

SSD may result from different etiopathological mechanisms and may vary in presenta-
tion between pediatric and adult populations. According to Usami et al. [9], in children,
early-onset congenital SSD is often secondary to cochlear nerve deficiency (CND), CMV and
mumps infection, and inner ear abnormalities (e.g., incomplete type I partition or common
cavity). Only a small number of cases of early-onset SSD are attributable to genetic causes
(e.g., Waardenburg syndrome), which are instead more frequently associated with bilateral
sensorineural hearing loss [4]. Children with unilateral hearing loss (UHL) may progress
to bilateral deafness; according to Fitzpatrick et al. [10], of 537 children diagnosed with
unilateral deafness at birth, 42.2% experienced hearing deterioration over the years, and
in 19% of cases it eventually developed into bilateral deafness. The most frequent cause
of SSD in adults is sudden hearing loss stemming from different etiologies (e.g., Mèniére
disease [11], idiopathic [12,13], and autoimmune diseases [14,15]); SSD may also present as
progressive hearing loss, such as in chronic otitis media with and without cholesteatoma [9],
or vestibular schwannoma [16,17].

SSD is often associated with various symptoms that can significantly impair a person
in daily life. Among these, tinnitus–characterized by the perception of noise without an
external source–is a common problem; in fact, between 54 and 84% of adults with SSD
experience debilitating tinnitus [18,19]. Along with tinnitus, patients with SSD may also
experience hyperacusia [20], aural fullness, and changes in the vestibular system, especially
in cases of cochleo-vestibular impairment such as in Mèniére disease [11,21].

Despite being undertreated in the past due to the misconception that the unaffected
ear was sufficient for general speech development in early prelingual cases and adequate
for acceptable hearing function in adults, it is now widely recognized that the management
of unilateral hearing loss is crucial for both children and adults. SSD can have significant
negative effects on an individual’s ability to localize sounds [22–24], understand speech in
noisy environments [25–27], and maintain spatial awareness, leading to a decreased quality
of life (QoL) and increased social isolation [28]. In children, SSD-associated lack of binaural
information and reduced spatial abilities [29], especially in complex sound environments
(e.g., classrooms, schools, and playgrounds), can result in impaired linguistic and academic
performance [30,31], cognition [32], and QoL [33].

Cochlear implants (CIs), contralateral routing of signal (CROS) devices, and bone
conduction devices (BCD) are possible treatment options for SSD. Although several treat-
ment options are available for the management of SSD, the debate regarding the most
effective approach is still ongoing. A major challenge in determining the most appropriate
therapeutic intervention for unilateral deafness (SSD) is the lack of unanimous consensus
on outcome domains and measurement tools. An early attempt to establish a consensus
among cochlear implant (CI) professionals for minimum outcome measures was made by
Van de Heyning et al. [1]. More recently, the CROSSSD (Core Rehabilitation Outcome Set for
Single Sided Deafness) initiative [34] reached an international consensus by incorporating
the perspectives of users and health professionals. This initiative identified three core
outcome domains: spatial orientation, group conversations in noisy social situations, and
impact on social situations. However, the tools to measure these outcomes have yet to be
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determined. Adopting a common protocol will facilitate high-quality studies in the future
and allow easier comparison of results.

This narrative overview aims to summarize the scientific evidence to date on different
treatment options for SSD in adult and pediatric populations, hearing outcomes, and their
impact on QoL.

2. Consequences of SSD in Adults

Binaural cues are essential for the localization and perception of target sounds, es-
pecially in the presence of noise. Depending on the location of the sound source, in fact,
since the two ears are physically separated from the head, the signals reaching each ear
may differ in time of arrival (interaural time difference—ITD) or intensity (interaural level
difference—ILD). Other advantages of binaural listening include the “head shadow effect”
(which causes listeners to focus on the ear with a better sound-to-noise ratio), “binaural
summation” (a special case of binaural redundancy), and the “squelch effect” (which allows
the brain to suppress competing noise for better perception of speech in noise) [35].

In individuals with normal hearing (NH), unilateral auditory stimulation evokes pre-
dominantly contralateral activation in the auditory cortex (contralateral dominance) [36,37].
Unilateral hearing loss with disruption of binaural inputs results in brain reorganization
with a weakening in the representation of the deprived ear and a strengthening in the
representation of the intact ear (“auditory preference syndrome”) [38,39]. Brain reorganiza-
tion is detectable 5 weeks after the onset of SSD in adults. Functional magnetic resonance
imaging (fMRI) studies have shown that reorganization stabilizes after 1 year [40] and that
the dominance shift also affects the nonprimary auditory cortex (NPAC) [41].

As a consequence of the loss of binaural advantages, SSD patients experience greater
difficulty in speech perception in noise and sound localization, with several functional
limitations. These include safety risks such as not hearing a vehicle or bicycle approach-
ing from the deaf side, as well as an elevated cognitive load necessary for processing
auditory information.

SSD has been associated with increased levels of anxiety, difficulty in communication
in the presence of background noise, and decreased self-esteem [28,42]. Difficulty in
communication with multiple stakeholders leads SSD patients to withdraw from social
situations, impacting personal and professional relationships. The impact of SSD also
extends to general well-being. Studies have shown that people with unilateral hearing
loss are more likely to report poor health, dissatisfaction, and loneliness than those with
normal hearing. Furthermore, even with the use of hearing aids, patients with SSD often
experience a decline in health-related quality of life [26,43].

3. Rerouting Solutions
3.1. Controlateral Routing of Signal (CROS)

Conventional approaches to hearing rehabilitation designed for SSD typically involve
rerouting the auditory signal from the affected ear to the unaffected or better-functioning
ear to facilitate further processing. Contralateral routing of signal (CROS) devices provide a
non-surgical approach and represent the least invasive solution currently available. CROS
hearing aids consist of a microphone and transmitter in a hearing aid worn on the impaired
ear, which transmits sound to the functioning ear either via a wire or wirelessly [44]. In
cases of asymmetric hearing loss (sensorineural, conductive, or mixed), the aid on the
better hearing ear can also provide amplification in addition to the CROS input, creating
a configuration known as bilateral contralateral routing of signals (BiCROS). BiCROS is
typically recommended for individuals with mild to moderate hearing loss in the better
hearing ear [45].

Recently, a new technology has been proposed for individuals with SSD who experi-
ence bothersome tinnitus in the poorer ear, along with difficulties in understanding speech
in noise and sound localization. The new device combines the ability to reroute the sound
from the poorer ear to the good ear (CROS system) while still providing bilateral stimula-
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tion with conventional amplification (StereoBiCros). This strategy seems to reduce tinnitus
handicap and loudness for individuals with AHL/SSD [46]. The underlying mechanism
of the positive effect of StereoBiCros on tinnitus is unclear; it is likely due to the acoustic
masking of tinnitus produced by the acoustic stimulation of the poorer ear. Furthermore,
this stimulation could reverse tinnitus-related central plasticity [47].

Evidence suggests that CROS devices are successful in reducing the negative effects
of acoustic head-shadow and enhancing awareness of sound and the signal-to-noise ratio
(SNR) when sounds are directed toward the affected ear [24,48–50]. The design, particularly
the small and unobtrusive housing of current wireless CROS and BiCROS hearing aids, is
certainly an added advantage, influencing the acceptance of this solution. These devices
are also easy to manage, especially in patients with SSD, where there is no contralateral
hearing loss, and thus, no sophisticated programming or fitting strategies are required [49].
However, CROS solutions do not restore binaural hearing and cannot improve tasks that
require binaural cues, such as sound localization abilities in the horizontal plane [51–53].
Furthermore, in listening situations where the signal of interest is in the better ear and noise
is transferred through the CROS microphone from the affected side, there is a significant
reduction in speech comprehension [49].

3.2. Bone Conduction Devices (BCD): Surgically Implanted Devices

Bone conduction devices (BCD) are rerouting devices that transmit signals from the ear
with SSD to the better ear via bone conduction, bypassing the air conduction pathway [54].
Since the late 1970s, when the first bone-anchored hearing aids (BAHA) were implanted,
many different devices, both implantable and non-implantable, have been introduced.

Surgically implanted BCD transform sound waves into mechanical vibrations through
direct contact with the skull, facilitating transmission to the inner ear. Although they
share essential components, BCD can be divided into two distinct types: percutaneous and
transcutaneous devices. Transcutaneous devices can be further distinguished as passive
or active types. In percutaneous devices (e.g., Oticon Ponto System [55] and Cochlear™
Baha® Connect System [56]), sound detected by the external processor is transformed into
vibrations transferred through a percutaneous osseointegrated pin or abutment in the skull.
This direct connection allows efficient signal transmission at all frequencies, without skin or
soft tissue impedance. However, complications, including skin reaction, granulation tissue
formation, keloids, and soft tissue infection are not uncommon [57]. In adults a one-stage
surgery is generally performed; conversely, for children or individuals with compromised
bone mineralization, such as those with post-radiation bone issues where osseointegration
failure is prevalent, a two-stage procedure should be considered. The first stage involves
implant placement to facilitate osseointegration, followed by the second stage to install a
stump that extends through the skin.

Passive transcutaneous devices (e.g., Cochlear™ Baha® Attract [56] and Medtronic
Alpha 2 MPO ePlus™ [58]) consist of an implanted part, similar to percutaneous devices,
and an external part held in place magnetically, which transmits vibrations transcutaneously
to the implanted device, avoiding the need for a skin penetrating stump. The major
advantage of these devices is their lower frequency of skin complications. However, there
is some sound attenuation caused by soft tissue, reaching up to 25 dB at 6000–8000 Hz [59]
when compared with percutaneous implants. Additionally, they may cause discomfort due
to the magnetic force required to secure the processor [60]. Symptoms can be alleviated by
reducing the pressure of the magnet and limiting use of the device. However, excessive
pressure can lead to skin necrosis if it exceeds capillary pressure [61].

To maximize the benefits of percutaneous and transcutaneous devices, transcutaneous
active BCD such as the Bonebridge™ [62] and the Osia® System [63] have been developed.
Active transcutaneous devices consist of an external audio processor (containing a micro-
phone, processor, and battery) and an internal system that houses the magnet, coil, and
actuator, also known as a floating mass bone conduction transducer (BC-FMT). The FMT is
attached to the skull using cortical fixation screws that do not require osseointegration [64].
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Sound waves are electrically transmitted from the external device to the internal device
using technology similar to that of cochlear implants. Since it is the internal device that is re-
sponsible for generating mechanical forces against the skull, skin attenuation is minimized
and magnet power can be greatly reduced [60]. The device is commonly implanted in the
pre-sigmoid mastoid bone. Alternative positions, such as the retrosigmoid or through the
middle fossa, may be necessary in cases where the sigmoid sinus is too anterior, the dura
mater in the middle cranial fossa is too low, or if the patient has previously undergone
mastoidectomy [65].

BCD can alleviate the shadow effect and improve sound awareness on the affected
side [44,66]; however, they cannot restore binaural hearing and evidence suggests that
these devices do not improve sound localization ability [44,66,67]. Several studies re-
port the reduction of tinnitus by BCD [67–70]. Indeed, it is believed that stimulation of
the contralateral auditory pathway may play an important role in suppressing experi-
enced tinnitus [71]. Regarding the effects of BCD on QoL, a recent systematic review and
meta-analysis found that BCD are associated with significant improvements in hearing-
related QoL as measured by the APHAB (Abbreviated Profile of Hearing Aid Benefit)
https://harlmemphis.org/abbreviated-profile-of-hearing-aid-benefit-aphab/ (accessed on
10 January 2024) and SSQ (Speech, Spatial, and Qualities of Hearing Scale) scores in adult
patients, while no difference was found in generic measures of QoL as measured by the
HUI-3 (Health Utilities Index-3) [72].

Discomfort with the device, concerns about sound quality, and subjective auditory
impairment are among the main reasons for rejecting CROS and BCD [73,74]. Reluctance
to use redirecting devices is also linked to changes in self-perception, aesthetic concerns,
and the presence of negative stereotypes. Anxiety about surgery is also a common reason
for rejecting BCD [74].

3.3. Bone Conduction Devices (BCD): Extrinsic Devices

Non-implantable bone conduction hearing devices are available for patients who
are not candidates for surgery, those uninterested in surgery, or as a pre-implantation
simulator for individuals considering a surgically implanted device. Extrinsic devices
transmit sound vibrations through intact skin, to which they are attached through means
of bands, soft bands, adhesives, and glasses. However, these devices are less effective than
osseointegrated systems because they experience signal attenuation through the skin and
soft tissues, especially at high frequencies, and their viable duration of use may be limited
because of the discomfort caused by the force required to secure them in place [60,75].

Non-implantable bone conduction devices include the adhesive bone conduction
device (ADHEAR), developed by MED-EL, designed for patients with unilateral deafness
or conductive hearing loss with a bone conduction PTA better than or equal to 25 dB
HL [76]. ADHEAR is a bone-conduction hearing solution known for its distinctive adhesive
attachment method. Specifically, the device is affixed to the skin over the mastoid bone
using a specialized adhesive, ensuring secure placement without causing discomfort or
pressure-related issues.

In a study by Mertens et al. [77], 17 SSD patients participated in a prospective ran-
domized crossover study comparing an adhesive hearing system with a CROS hearing
aid. Group A started with the adhesive device, and Group B with the control device,
followed by a crossover test after 2 weeks. The results showed that 70% of SSD-affected
participants found the adhesive system partially useful or better, with satisfaction levels
similar to those using the control device according to the Audio Processor Satisfaction
Questionnaire (APSQ). While sound localization improved with the adhesive system, there
was no significant improvement in speech perception in noisy environments.

Another non-implantable bone conduction device is SoundBite [78], developed by
Sonitus Technologies. It consists of a behind-the-ear microphone (BTE) placed in the
damaged ear, capturing sound that is then processed by digital audio equipment inside the
BTE. Additionally, there is a removable device inside the mouth (ITM), specially designed

https://harlmemphis.org/abbreviated-profile-of-hearing-aid-benefit-aphab/
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to fit comfortably in the upper back teeth, which receives the signals processed by the BTE
device, converting them into vibrations, which stimulate the cochlea, allowing the user
to perceive the sound. According to a study conducted by Lou et al. [79] on nine patients
with SSD, SoundBite has been shown to lead to improved speech recognition and overall
quality of life in both quiet and noisy environments.

4. Cochlear Implants (CI)

A cochlear implant (CI) is a surgically implanted electronic device that contains an
array of electrodes which is placed into the cochlea and stimulates the cochlear nerve,
bypassing the injured parts of the inner ear. Initially suggested as a treatment for severe
tinnitus in adults with single-sided deafness (SSD), cochlear implant provision and reha-
bilitation has now become the clinical standard for SSD. In 2019, the FDA expanded the
indications for cochlear implantation to include individuals aged 5 years and older with
profound sensorineural hearing loss in the compromised ear (PTA: 5, 1, 2, and 4 kHz of
>80 dB HL) and normal hearing (NH) in the contralateral ear (PTA: 5, 1, 2, and 4 kHz
≤30 dB HL) [80,81].

The outcomes of cochlear implantation (CI) are closely related to the integrity of
the cochlea and cochlear nerve (CN) [82,83]; therefore, CI is traditionally contraindicated
in cases of cochlear nerve deficiency (CND), such as CN aplasia and hypoplasia. CND
could be detected by computed tomography (CT) measurement of the inner auditory canal
(IAC) and cochlear nerve bone canal (BCNC) diameters [84]. However, a normal IAC is
not a reliable marker of a normally developed cochlear nerve [85]. Hence, especially in
children with SSD, given the high prevalence of CND, magnetic resonance imaging (MRI)
is recommended over CT alone to confirm the CN condition [86].

A systematic review and meta-analysis conducted by Oh et al. [87] on 50 studies
involving 674 adult patients with SSD who underwent ipsilateral cochlear implantation
showed statistically significant improvement in all domains of interest. These domains
include speech perception, tinnitus reduction, sound localization, and global and disease-
specific quality of life (QoL). Similar results were found in previous research by Van Zon
et al. [88] and Junior et al. [89], as well as in the results of two tinnitus-specific systematic
reviews by Peter et al. [90] and Levy et al. [91].

Karoui et al. [92] demonstrated that restoration of binaurality results in reversal
of the abnormal cortical lateralization pattern in UHL subjects, resulting in improved
spatial hearing.

Continued improvements in localization have been demonstrated in cochlear implant
users with SSD after long-term use of the cochlear implant. According to Thompson
et al. [93], adult cochlear implant wearers with SSD showed significant enhancements
in their sound localization abilities in the first few weeks after activation, and this im-
provement was sustained after one year of CI use. Moreover, localization accuracy and
consistency continued to improve over the five-year follow-up period after activation.

Advanced age is not a contraindication for cochlear implants (CI), which have risks
and individual performance outcomes for patients of an advanced age similar to those
observed in younger adults [94].

Several studies have shown a clear negative correlation between duration of deafness
(DoD) and CI performance in SSD individuals, due to the effect of prolonged monoaural
hearing on the auditory pathways [95]. However, long duration of deafness for adults with
SSD should not be the sole contraindication to CI. Rader et al. [96], in their retrospective
analysis involving 36 adults with post lingual deafness, found a more favorable result in
speech perception 12–36 months post CI activation in patients with a duration of deafness
of fewer than 400 months. For those with a longer duration, success is limited, but still
possible. Similar findings were demonstrated by Nassiri et al. [97], who observed no
difference in speech perception among SSD patients with CI, regardless of whether their
deafness had lasted more or less than 10 years.
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Studies comparing reorientation technologies with CI in SSD adults revealed that
CIs significantly enhance sound localization. Additionally, CI users demonstrate equal or
significantly better performance in measures of speech recognition in noise and subjective
benefit [98,99].

Auditory training has been shown to be effective in improving the performance of
conventional CI users [100,101]. Several studies have supported the importance of intensive
auditory training in CI users with SSD. The aim is to foster the perceptual integration of
the electrically stimulated ear (i.e., the ear with CI) with the dominant hearing ear, thereby
providing subjects with binaural hearing and optimizing results [1,102,103]. Further studies
regarding the effectiveness of optimal auditory training methods, and to determine the
recommended timing for individuals with SSD using CI, are needed.

5. SSD in Pediatric Population

Auditory deprivation resulting from monaural sensory input in children with uni-
lateral deafness (SSD) may have a significant impact on the development of auditory
pathways and brain networks associated with higher-order cognitive functions [104,105].
It has been shown that unilateral deafness has implications in language development [31],
cognition [32], and quality of life [33], with greater listening-related fatigue [106] in children
and difficulties in school learning compared with normal hearing children [107,108].

Children with SSD aged 9 to 14 years have reduced accuracy and efficiency in phono-
logical processing and appear to have impaired executive control function [109]. Confirm-
ing this, application of the MRI with diffusion tensor imaging (DTI) technique also shows
non-integrity in auditory and associative nonauditory areas during the performance of
executive functions in children with SSD compared with normo-hearing children of the
same age [110]. Indeed, it has been hypothesized that children with unilateral deafness
have different patterns of functional connectivity responsible for auditory and executive
functions, which may thus explain behavioral and educational difficulties. Confirmation of
this hypothesis comes from resting-state functional connectivity MRI (rs-fcMRI) studies: in
the cortical networks supporting executive functions in children with unilateral deafness,
there are areas that have adaptive (i.e., strengthened) and maladaptive (i.e., weakened)
functional cortical networks, with a lack of predefined suppression in these networks [111].
These findings provide a possible explanation for the educational difficulties experienced
by children with unilateral hearing loss. Although studies are few and there is bias in
enrollment and etiology, there thus seems to be a direct link between unilateral deafness
and cognitive development. Quality of life also appears to be impaired in children and
adolescents with SSD in domains related to school performance and social interaction as
compared to their normal-hearing counterparts [112].

As with their adult counterparts, several therapeutic strategies including CROS, BCD,
and CI have been proposed to address the challenges posed by unilateral deafness, enhanc-
ing communication skills, supporting school progress, and improving the overall quality of
life of children with SSD.

In children, redirection technologies such as CROS require the ability to handle the
device and manage the surrounding environment to avoid transmission of weak signals
from the deaf side to the ear with better hearing, as well as adequate ear canal dimensions
to accommodate the device and prevent obstruction of the better ear. Bone conduction
surgical devices (BCD) are often not available for children under the age of 5 in many
jurisdictions or states [113,114].

Data on the audiological benefits of CROS aids and BCD in children with SSD are
limited, and moreover, both options fail to provide binaural input. Therefore, they are
not generally recommended for children with SSD [115]. In a retrospective cohort study,
Chandrasekar et al. [116] found a statistically significant improvement in auditory out-
comes, as measured by Children’s Home Inventory for Listening Difficulties (CHILD)
questionnaire scores and hearing thresholds for speech in noise, using a BCD compared
with no amplification. Similar results were found by Christensen et al. [117,118]. However,
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in their study, Chandrasekar et al. also observed a low level of adherence to the use of bone
conduction devices. Despite improved audiological outcomes and CHILD scores, some
patients chose not to adopt amplification. Potential reason for parental rejection seems to
be concern about cosmetic appearance and its impact on social acceptance [119].

The only treatment option that can restore bilateral auditory stimulation is cochlear
implantation. In 2019, the FDA approved the MED-EL CI in patients with SSD 5 years of
age and older. As suggested by Park et al. [115], in children with SSD, the use of these
devices at an earlier age could be beneficial, given the importance of neuroplasticity in CI
outcomes. Polonenko et al. [120] demonstrated a rapid improvement in cortical reactivity,
as measured by electroencephalogram, after a few months of device use in children who
received an implant before 3.6 years of age. In contrast, brain reorganization in response to
SSD could hinder central binaural integration after cochlear implantation, potentially as
early as 2 years after the onset of HL [121–123].

Several studies conducted in children with bilateral loss have shown better results
in language and speech recognition in children who receive CI early than in those who
receive it later [124,125], and a longer duration of deafness has a negative impact on speech
recognition [126]. However, these factors should not be considered a limitation to CI in
children with unilateral sensorineural hearing loss. Favorable health-related quality of life
(HR-QoL) benefits were reported also in children with an older age at implantation and
longer durations of deafness [127].

Another factor that may affect the outcomes of CI patients that should be included in
CI outcome studies is the time of device use. Indeed, daily device use has been shown to in-
fluence CI performance in children with bilateral hearing loss [128,129] and Park et al. [130]
observed that in children with SSD and CI, better word recognition was associated with
more hours of daily CI use.

Many studies are focused on the evaluation on the benefits of CI in older children.
Effectively, assessing the benefits of CI (e.g., in terms of sound localization and perception
of speech in noise) in younger children with SSD can be difficult, given limited cooperation
and the need for an advanced level of task understanding. The identification of objective
measures that do not require the active participation and cooperation of the child is desir-
able and necessary to better establish the benefits of CI in younger children. In this light,
measurement of auditory cortical evoked potentials (CAEPs) to vocal stimuli could serve
as a cortical biomarker of audibility and auditory developmental processing efficacy in
children with SSD who use a CI, which could prove useful for management [131].

In cases of children with SSD at risk of progressive hearing loss in the better ear (e.g., in
cases of CMV), implantation before hearing deterioration in the better ear is recommended
to minimize hearing deprivation and improve hearing outcomes. Children with SSD due
to bacterial meningitis should be implanted promptly. Cochlear nerve deficiency is a
contraindication for cochlear implantation to resolve SSD. Accurate diagnosis of nerve
deficit is important, given the high prevalence in children with SSD [115].

In the decision-making path of treatment strategy, it is therefore crucial to carefully
consider the duration and etiology of deafness; however, it is also necessary to identify the
needs and goals of the family.

6. Conclusions

Decision-making for patients with SSD is complex and multifactorial. The lack of
unanimous consensus on outcome domains and measurement tools makes it challenging
to compare different treatment options.

The main advantages and disadvantages of the various treatment options are sum-
marized in Table 2. Rerouting devices (CROS and BCD) alleviate the head shadow effect
and improve sound awareness and signal-to-noise ratio in the affected ear. However, they
do not restore binaural hearing. CROS devices, being non-surgically implantable, are the
least invasive option. Among BCD, percutaneous BCD often involve skin complications,
while passive transcutaneous BCD avoid these problems but may cause discomfort be-
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cause of the magnetic force required to fix the process. Active transcutaneous BCD solve
these drawbacks but require a larger implantation space. Reluctance to adopt redirec-
tion devices is also associated with changes in self-perception, aesthetic concerns, and
negative stereotypes.

Table 2. Main disadvantages and disadvantages of various treatment options.

Treatment
Option Principles Advantages Disadvantages

Contralateral
Routing of Signal
Devices (CROS)

Rerouting auditory
signal from the

impaired ear to the
better ear

Non-surgically
implantable, less invasive

Evidence of reduced head
shadow effect

Evidence of improved
sound awareness and

signal-to-noise ratio (SNR)
when sounds are directed

toward the affected ear

Do not restore
binaural hearing

Bone Conduction
Devices (BCD)

Transmitting signals
from the impaired
ear to the better ear
via bone conduction

Evidence of reduced head
shadow effect and

improved sound awareness
on the affected side.

Evidence of tinnitus
reduction

Do not restore
binaural hearing

Invasive, surgically
implantable

Potential discomfort
due to vibrations

(active
transcutaneous

devices)

Skin complications
(percutaneous

devices)

Cochlear Implants
(CI)

Surgically
implanted device
stimulating the
cochlear nerve

Restore binaural hearing

Evidence of improved
speech perception in noise

and sound localization

Evidence of tinnitus
reduction

Invasive, surgically
implantable

Contraindicated in
cases of cochlear
nerve deficiency

(CND)

Cochlear implantation (CI) is distinguished by its ability to restore binaural hearing,
producing significant improvements in speech perception, spatial localization, tinnitus
control, and overall quality of life. However, CI is not suitable for cases of cochlear nerve
deficiency (CND), a relatively common cause of congenital SSD. Surgical anxiety contributes
to the rejection of BCD and CI.

Appropriate preoperative counseling, including discussions of alternative technolo-
gies, implications of treatment avoidance, expectations, and auditory training, is essential
to maximize therapeutic benefits.
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Abbreviations

ADHEAR Adhesive Bone Conduction Device
AHL Asymmetric Hearing Loss
APHAB Abbreviated Profile of Hearing Aid Benefit
BCD Bone Conduction Devices
BiCROS Bilateral Contralateral Routing of Signals
cBTE Behind-The-Ear Microphone
CAEPs Cortical Evoked Potentials
CI Cochlear Implant
CMV Cytomegalovirus
CND Cochlear Nerve Deficiency
CROS Controlateral Routing of The Signal
DoD Duration Of Deafness
FDA Food And Drug Administration
fMRI Functional Magnetic Resonance Imaging
HUI-3 Health Utilities-3
ILD Interaural Level Difference
ITD Interaural Time Difference
NPAC Nonprimary Auditory Cortex
PTA Pure Tone Average
QoL Quality Of Life
rs-fcMRI Resting-State Functional Connectivity MRI
SNR Signal/Noise Ratio
SSD Single Sided Deafness
SSQ Speech, Spatial and Qualities Hearing Scale

References
1. Van de Heyning, P.; Távora-Vieira, D.; Mertens, G.; Van Rompaey, V.; Rajan, G.P.; Müller, J.; Hempel, J.M.; Leander, D.; Polterauer,

D.; Marx, M.; et al. Towards a Unified Testing Framework for Single-Sided Deafness Studies: A Consensus Paper. Audiol.
Neurootol. 2016, 21, 391–398. [CrossRef] [PubMed]

2. Ramos Macías, Á.; Borkoski-Barreiro, S.A.; Falcón González, J.C.; Ramos de Miguel, Á. AHL, SSD and bimodal CI results in
children. Eur. Ann. Otorhinolaryngol. Head Neck Dis. 2016, 133 (Suppl. S1), S15–S20. [CrossRef] [PubMed]

3. Kay-Rivest, E.; Irace, A.L.; Golub, J.S.; Svirsky, M.A. Prevalence of Single-Sided Deafness in the United States. Laryngoscope 2022,
132, 1652–1656. [CrossRef] [PubMed]

4. Dewyer, N.A.; Smith, S.; Herrmann, B.; Reinshagen, K.L.; Lee, D.J. Pediatric Single-Sided Deafness: A Review of Prevalence,
Radiologic Findings, and Cochlear Implant Candidacy. Ann. Otol. Rhinol. Laryngol. 2022, 131, 233–238. [CrossRef] [PubMed]

5. Fitzpatrick, E.; Grandpierre, V.; Durieux-Smith, A.; Gaboury, I.; Coyle, D.; Na, E.; Sallam, N. Children with Mild Bilateral and
Unilateral Hearing Loss: Parents’ Reflections on Experiences and Outcomes. J. Deaf Stud. Deaf Educ. 2016, 21, 34–43. [CrossRef]
[PubMed]

6. Everberg, G. Etiology of unilateral total deafness studied in a series of children and young adults. Ann. Otol. Rhinol. Laryngol.
1960, 69, 711–730. [CrossRef]

7. Halpin, K.S.; Smith, K.Y.; Widen, J.E.; Chertoff, M.E. Effects of universal newborn hearing screening on an early intervention
program for children with hearing loss, birth to 3 yr of age. J. Am. Acad. Audiol. 2010, 21, 169–175. [CrossRef]

8. Fitzpatrick, E.M.; Whittingham, J.; Durieux-Smith, A. Mild bilateral and unilateral hearing loss in childhood: A 20-year view of
hearing characteristics, and audiologic practices before and after newborn hearing screening. Ear Hear. 2014, 35, 10–18. [CrossRef]

9. Usami, S.-I.; Kitoh, R.; Moteki, H.; Nishio, S.-Y.; Kitano, T.; Kobayashi, M.; Shinagawa, J.; Yokota, Y.; Sugiyama, K.; Watanabe, K.
Etiology of single-sided deafness and asymmetrical hearing loss. Acta Otolaryngol. 2017, 137 (Suppl. S565), S2–S7. [CrossRef]

10. Fitzpatrick, E.M.; Al-Essa, R.S.; Whittingham, J.; Fitzpatrick, J. Characteristics of children with unilateral hearing loss. Int. J.
Audiol. 2017, 56, 819–828. [CrossRef]

11. Wu, Q.; Li, X.; Sha, Y.; Dai, C. Clinical features and management of Meniere’s disease patients with drop attacks. Eur. Arch.
Otorhinolaryngol. 2019, 276, 665–672. [CrossRef] [PubMed]

12. Simani, L.; Oron, Y.; Shapira, U.; Handzel, O.; Abu Eta, R.; Warshavsky, A.; Horowitz, G.; Muhanna, N.; Shilo, S.; Ungar, O.J. Is
Idiopathic Sudden Sensorineural Hearing Loss Seasonal? Otol. Neurotol. 2022, 43, 1016–1021. [CrossRef] [PubMed]

13. Mirian, C.; Ovesen, T. Intratympanic vs. Systemic Corticosteroids in First-line Treatment of Idiopathic Sudden Sensorineural
Hearing Loss: A Systematic Review and Meta-analysis. JAMA Otolaryngol. Head Neck Surg. 2020, 146, 421–428. [CrossRef]
[PubMed]

14. Li, G.; You, D.; Ma, J.; Li, W.; Li, H.; Sun, S. The Role of Autoimmunity in the Pathogenesis of Sudden Sensorineural Hearing Loss.
Neural Plast. 2018, 2018, 7691473. [CrossRef] [PubMed]

https://doi.org/10.1159/000455058
https://www.ncbi.nlm.nih.gov/pubmed/28319951
https://doi.org/10.1016/j.anorl.2016.04.017
https://www.ncbi.nlm.nih.gov/pubmed/27236852
https://doi.org/10.1002/lary.29941
https://www.ncbi.nlm.nih.gov/pubmed/34757636
https://doi.org/10.1177/00034894211019519
https://www.ncbi.nlm.nih.gov/pubmed/34036833
https://doi.org/10.1093/deafed/env047
https://www.ncbi.nlm.nih.gov/pubmed/26433195
https://doi.org/10.1177/000348946006900304
https://doi.org/10.3766/jaaa.21.3.5
https://doi.org/10.1097/AUD.0b013e31829e1ed9
https://doi.org/10.1080/00016489.2017.1300321
https://doi.org/10.1080/14992027.2017.1337938
https://doi.org/10.1007/s00405-018-5260-5
https://www.ncbi.nlm.nih.gov/pubmed/30604056
https://doi.org/10.1097/MAO.0000000000003661
https://www.ncbi.nlm.nih.gov/pubmed/36040043
https://doi.org/10.1001/jamaoto.2020.0047
https://www.ncbi.nlm.nih.gov/pubmed/32163109
https://doi.org/10.1155/2018/7691473
https://www.ncbi.nlm.nih.gov/pubmed/30008743


Brain Sci. 2024, 14, 99 11 of 15

15. Rossini, B.A.A.; Penido, N.d.O.; Munhoz, M.S.L.; Bogaz, E.A.; Curi, R.S. Sudden Sensorioneural Hearing Loss and Autoimmune
Systemic Diseases. Int. Arch. Otorhinolaryngol. 2017, 21, 213–223. [CrossRef] [PubMed]

16. Daniels, R.L.; Swallow, C.; Shelton, C.; Davidson, H.C.; Krejci, C.S.; Harnsberger, H.R. Causes of unilateral sensorineural hearing
loss screened by high-resolution fast spin echo magnetic resonance imaging: Review of 1070 consecutive cases. Am. J. Otol. 2000,
21, 173–180. [CrossRef]

17. Douglas, S.A.; Yeung, P.; Daudia, A.; Gatehouse, S.; O’Donoghue, G.M. Spatial hearing disability after acoustic neuroma removal.
Laryngoscope 2007, 117, 1648–1651. [CrossRef]

18. Wie, O.B.; Pripp, A.H.; Tvete, O. Unilateral deafness in adults: Effects on communication and social interaction. Ann. Otol. Rhinol.
Laryngol. 2010, 119, 772–781.

19. Quaranta, N.; Bartoli, R.; Quaranta, A. Cochlear implants: Indications in groups of patients with borderline indications. A review.
Acta Otolaryngol. 2004, 124 (Suppl. S552), 68–73. [CrossRef]

20. Ramos Macías, A.; Falcón-González, J.C.; Manrique Rodríguez, M.; Morera Pérez, C.; García-Ibáñez, L.; Cenjor Español, C.;
Coudert-Koall, C.; Killian, M. One-Year Results for Patients with Unilateral Hearing Loss and Accompanying Severe Tinnitus and
Hyperacusis Treated with a Cochlear Implant. Audiol. Neurootol. 2018, 23, 8–19. [CrossRef]

21. Young, A.S.; Nham, B.; Bradshaw, A.P.; Calic, Z.; Pogson, J.M.; Gibson, W.P.; Halmagyi, G.M.; Welgampola, M.S. Clinical,
oculographic and vestibular test characteristics of Ménière’s disease. J. Neurol. 2022, 269, 1927–1944. [CrossRef] [PubMed]

22. Wazen, J.J.; Ghossaini, S.N.; Spitzer, J.B.; Kuller, M. Localization by unilateral BAHA users. Otolaryngol. Head Neck Surg. 2005, 132,
928–932. [CrossRef]

23. Agterberg, M.J.H.; Snik, A.F.M.; Hol, M.K.S.; Van Wanrooij, M.M.; Van Opstal, A.J. Contribution of monaural and binaural
cues to sound localization in listeners with acquired unilateral conductive hearing loss: Improved directional hearing with a
bone-conduction device. Hear. Res. 2012, 286, 9–18. [CrossRef] [PubMed]

24. Snapp, H.A.; Holt, F.D.; Liu, X.; Rajguru, S.M. Comparison of Speech-in-Noise and Localization Benefits in Unilateral Hearing
Loss Subjects Using Contralateral Routing of Signal Hearing Aids or Bone-Anchored Implants. Neurotology 2017, 38, 11–18.
[CrossRef] [PubMed]

25. Welsh, L.W.; Welsh, J.J.; Rosen, L.F.; Dragonette, J.E. Functional impairments due to unilateral deafness. Ann. Otol. Rhinol.
Laryngol. 2004, 113, 987–993. [CrossRef] [PubMed]

26. Vannson, N.; James, C.; Fraysse, B.; Strelnikov, K.; Barone, P.; Deguine, O.; Marx, M. Quality of life and auditory performance in
adults with asymmetric hearing loss. Audiol. Neurootol. 2015, 20 (Suppl. S1), 38–43. [CrossRef]

27. Kitoh, R.; Nishio, S.-Y.; Usami, S.-I. Speech perception in noise in patients with idiopathic sudden hearing loss. Acta Otolaryngol.
2022, 142, 302–307. [CrossRef]

28. Lucas, L.; Katiri, R.; Kitterick, P.T. The psychological and social consequences of single-sided deafness in adulthood. Int. J. Audiol.
2018, 57, 21–30. [CrossRef]

29. Liu, J.; Zhou, M.; He, X.; Wang, N. Single-sided deafness and unilateral auditory deprivation in children: Current challenge of
improving sound localization ability. J. Int. Med. Res. 2020, 48, 300060519896912. [CrossRef]

30. Kuppler, K.; Lewis, M.; Evans, A.K. A review of unilateral hearing loss and academic performance: Is it time to reassess traditional
dogmata? Int. J. Pediatr. Otorhinolaryngol. 2013, 77, 617–622. [CrossRef]

31. Sangen, A.; Royackers, L.; Desloovere, C.; Wouters, J.; van Wieringen, A. Single-sided deafness affects language and auditory
development—A case-control study. Clin. Otolaryngol. 2017, 42, 979–987. [CrossRef] [PubMed]

32. Purcell, P.L.; Shinn, J.R.; Davis, G.E.; Sie, K.C.Y. Children with unilateral hearing loss may have lower intelligence quotient scores:
A meta-analysis. Laryngoscope 2016, 126, 746–754. [CrossRef] [PubMed]

33. van Wieringen, A.; Boudewyns, A.; Sangen, A.; Wouters, J.; Desloovere, C. Unilateral congenital hearing loss in children:
Challenges and potentials. Hear. Res. 2019, 372, 29–41. [CrossRef] [PubMed]

34. Katiri, R.; Hall, D.A.; Hoare, D.J.; Fackrell, K.; Horobin, A.; Hogan, N.; Buggy, N.; Van de Heyning, P.H.; Firszt, J.B.; Bruce, I.A.;
et al. The Core Rehabilitation Outcome Set for Single-Sided Deafness (CROSSSD) study: International consensus on outcome
measures for trials of interventions for adults with single-sided deafness. Trials 2022, 23, 764. [CrossRef] [PubMed]

35. Avan, P.; Giraudet, F.; Büki, B. Importance of binaural hearing. Audiol. Neurootol. 2015, 20 (Suppl. S1), 3–6. [CrossRef] [PubMed]
36. Johnson, B.W.; Hautus, M.J. Processing of binaural spatial information in human auditory cortex: Neuromagnetic responses to

interaural timing and level differences. Neuropsychologia 2010, 48, 2610–2619. [CrossRef] [PubMed]
37. Palomäki, K.J.; Tiitinen, H.; Mäkinen, V.; May, P.J.C.; Alku, P. Spatial processing in human auditory cortex: The effects of 3D, ITD,

and ILD stimulation techniques. Brain Res. Cogn. Brain Res. 2005, 24, 364–379. [CrossRef]
38. Gordon, K.; Henkin, Y.; Kral, A. Asymmetric Hearing during Development: The Aural Preference Syndrome and Treatment

Options. Pediatrics 2015, 136, 141–153. [CrossRef]
39. Gordon, K.A.; Wong, D.D.E.; Papsin, B.C. Bilateral input protects the cortex from unilaterally-driven reorganization in children

who are deaf. Brain 2013, 136 Pt 5, 1609–1625. [CrossRef]
40. Bilecen, D.; Seifritz, E.; Radü, E.W.; Schmid, N.; Wetzel, S.; Probst, R.; Scheffler, K. Cortical reorganization after acute unilateral

hearing loss traced by fMRI. Neurology 2000, 54, 765–767. [CrossRef]
41. Vannson, N.; Strelnikov, K.; James, C.J.; Deguine, O.; Barone, P.; Marx, M. Evidence of a functional reorganization in the auditory

dorsal stream following unilateral hearing loss. Neuropsychologia 2020, 149, 107683. [CrossRef] [PubMed]

https://doi.org/10.1055/s-0036-1586162
https://www.ncbi.nlm.nih.gov/pubmed/28680488
https://doi.org/10.1016/S0196-0709(00)80005-8
https://doi.org/10.1097/MLG.0b013e3180caa162
https://doi.org/10.1080/03655230410017120
https://doi.org/10.1159/000488755
https://doi.org/10.1007/s00415-021-10699-z
https://www.ncbi.nlm.nih.gov/pubmed/34420063
https://doi.org/10.1016/j.otohns.2005.03.014
https://doi.org/10.1016/j.heares.2012.02.012
https://www.ncbi.nlm.nih.gov/pubmed/22616091
https://doi.org/10.1097/MAO.0000000000001269
https://www.ncbi.nlm.nih.gov/pubmed/27846038
https://doi.org/10.1177/000348940411301209
https://www.ncbi.nlm.nih.gov/pubmed/15633902
https://doi.org/10.1159/000380746
https://doi.org/10.1080/00016489.2022.2059565
https://doi.org/10.1080/14992027.2017.1398420
https://doi.org/10.1177/0300060519896912
https://doi.org/10.1016/j.ijporl.2013.01.014
https://doi.org/10.1111/coa.12826
https://www.ncbi.nlm.nih.gov/pubmed/28063244
https://doi.org/10.1002/lary.25524
https://www.ncbi.nlm.nih.gov/pubmed/26452077
https://doi.org/10.1016/j.heares.2018.01.010
https://www.ncbi.nlm.nih.gov/pubmed/29395617
https://doi.org/10.1186/s13063-022-06702-1
https://www.ncbi.nlm.nih.gov/pubmed/36076299
https://doi.org/10.1159/000380741
https://www.ncbi.nlm.nih.gov/pubmed/25998698
https://doi.org/10.1016/j.neuropsychologia.2010.05.008
https://www.ncbi.nlm.nih.gov/pubmed/20466010
https://doi.org/10.1016/j.cogbrainres.2005.02.013
https://doi.org/10.1542/peds.2014-3520
https://doi.org/10.1093/brain/awt052
https://doi.org/10.1212/WNL.54.3.765
https://doi.org/10.1016/j.neuropsychologia.2020.107683
https://www.ncbi.nlm.nih.gov/pubmed/33212140


Brain Sci. 2024, 14, 99 12 of 15

42. Choi, J.S.; Wu, F.; Park, S.; Friedman, R.A.; Kari, E.; Volker, C.C.J. Factors Associated with Unilateral Hearing Loss and Impact on
Communication in US Adults. Otolaryngol. Head Neck Surg. 2021, 165, 868–875. [CrossRef] [PubMed]

43. Pierzycki, R.H.; Edmondson-Jones, M.; Dawes, P.; Munro, K.J.; Moore, D.R.; Kitterick, P.T. Associations between Hearing Health
and Well-Being in Unilateral Hearing Impairment. Ear Hear. 2021, 42, 520–530. [CrossRef] [PubMed]

44. Choi, J.E.; Ma, S.M.; Park, H.; Cho, Y.-S.; Hong, S.H.; Moon, I.J. A comparison between wireless CROS/BiCROS and soft-band
BAHA for patients with unilateral hearing loss. PLoS ONE 2019, 14, e0212503. [CrossRef] [PubMed]

45. Valente, M.; Oeding, K. Evaluation of a BICROS System with a Directional Microphone in the Receiver and Transmitter. J. Am.
Acad. Audiol. 2015, 26, 856–871. [CrossRef]

46. Potier, M.; Gallego, S.; Fournier, P.; Marx, M.; Noreña, A. Amplification of the poorer ear by StereoBiCROS in case of asymmetric
sensorineural hearing loss: Effect on tinnitus. Front. Neurosci. 2023, 17, 1141096. [CrossRef]

47. Noreña, A.J.; Farley, B.J. Tinnitus-related neural activity: Theories of generation, propagation, and centralization. Hear. Res. 2013,
295, 161–171. [CrossRef]

48. Gelfand, S.A. Usage of CROS hearing aids by unilaterally deaf patients. Arch. Otolaryngol. 1979, 105, 328–332. [CrossRef]
49. Snapp, H. Nonsurgical Management of Single-Sided Deafness: Contralateral Routing of Signal. J. Neurol. Surg. B Skull. Base 2019,

80, 132–138. [CrossRef]
50. Harford, E.; Barry, J. A Rehabilitative Approach to the Problem of Unilateral Hearing Impairment: The Contralateral Routing of

Signals CROS. J. Speech Hear. Disord. 1965, 30, 121–138. [CrossRef]
51. Lin, L.-M.; Bowditch, S.; Anderson, M.J.; May, B.; Cox, K.M.; Niparko, J.K. Amplification in the rehabilitation of unilateral deafness:

Speech in noise and directional hearing effects with bone-anchored hearing and contralateral routing of signal amplification. Otol.
Neurotol. 2006, 27, 172–182. [CrossRef]

52. Niparko, J.K.; Cox, K.M.; Lustig, L.R. Comparison of the bone anchored hearing aid implantable hearing device with contralateral
routing of offside signal amplification in the rehabilitation of unilateral deafness. Otol. Neurotol. 2003, 24, 73–78. [CrossRef]
[PubMed]

53. Hol, M.K.S.; Kunst, S.J.W.; Snik, A.F.M.; Bosman, A.J.; Mylanus, E.A.M.; Cremers, C.W.R.J. Bone-anchored hearing aids in patients
with acquired and congenital unilateral inner ear deafness (Baha CROS): Clinical evaluation of 56 cases. Ann. Otol. Rhinol.
Laryngol. 2010, 119, 447–454. [CrossRef] [PubMed]

54. Barbara, M.; Covelli, E.; Filippi, C.; Margani, V.; De Luca, A.; Monini, S. Transitions in auditory rehabilitation with bone
conduction implants (BCI). Acta Otolaryngol. 2019, 139, 379–382. [CrossRef] [PubMed]

55. Ponto® Bone Conduction Systems. Oticonmedical.com. Available online: https://www.oticonmedical.com/us/for-professionals/
bone-anchored (accessed on 15 May 2022).

56. Cochlear Baha® Systems. Cochlear.com. Available online: https://www.cochlear.com/us/en/professionals/products-and-
candidacy/baha (accessed on 15 May 2022).

57. Mohamad, S.; Khan, I.; Hey, S.Y.; Hussain, S.S.M. A systematic review on skin complications of bone-anchored hearing aids in
relation to surgical techniques. Eur. Arch. Otorhinolaryngol. 2016, 273, 559–565. [CrossRef] [PubMed]

58. Bone Conduction Hearing Therapy—Alpha 2 MPO Plus. Metronic.com. Available online: https://www.medtronic.com/us-en/
healthcare-professionals/products/ear-nose-throat/hearing-systems/alpha-2-mpo-eplus.html (accessed on 10 January 2024).

59. Kurz, A.; Flynn, M.; Caversaccio, M.; Kompis, M. Speech understanding with a new implant technology: A comparative study
with a new nonskin penetrating Baha system. Biomed. Res. Int. 2014, 2014, 416205. [CrossRef]

60. Casazza, G.; Kesser, B. Modern Advances in Bone Conduction–Hearing Devices. Curr. Otorhinolaryngol. Rep. 2022, 10, 370–376.
[CrossRef]

61. Chen, S.Y.; Mancuso, D.; Lalwani, A.K. Skin Necrosis After Implantation with the BAHA Attract: A Case Report and Review of
the Literature. Otol. Neurotol. 2017, 38, 364–367. [CrossRef]

62. BONEBRIDGE Bone Conduction Implant. MEDEL.com. Available online: https://www.medel.com/en-us/hearing-solutions/
bonebridge (accessed on 15 May 2022).

63. Osia® OSI200 Implant Overview. Cochlear.com. Available online: https://www.cochlear.com/us/en/professionals/products-
and-candidacy/osia/implant (accessed on 15 May 2022).

64. Sprinzl, G.M.; Wolf-Magele, A. The Bonebridge Bone Conduction Hearing Implant: Indication criteria, surgery and a systematic
review of the literature. Clin. Otolaryngol. 2016, 41, 131–143. [CrossRef]

65. Bento, R.F.; Lopes, P.T.; Cabral Junior, F.d.C. Bonebridge Bone Conduction Implant. Int. Arch. Otorhinolaryngol. 2015, 19, 277–278.
[CrossRef]

66. Peters, J.P.M.; Smit, A.L.; Stegeman, I.; Grolman, W. Review: Bone conduction devices and contralateral routing of sound systems
in single-sided deafness. Laryngoscope 2015, 125, 218–226. [CrossRef] [PubMed]

67. Peters, J.P.M.; van Heteren, J.A.A.; Wendrich, A.W.; van Zanten, G.A.; Grolman, W.; Stokroos, R.J.; Smit, A.L. Short-term outcomes
of cochlear implantation for single-sided deafness compared to bone conduction devices and contralateral routing of sound
hearing aids-Results of a Randomised controlled trial (CINGLE-trial). PLoS ONE 2021, 16, e0257447. [CrossRef] [PubMed]

68. Lee, H.J.; Kahinga, A.A.; Moon, I.S. Clinical effect of an active transcutaneous bone-conduction implant on tinnitus in patients
with ipsilateral sensorineural hearing loss. Auris Nasus Larynx 2021, 48, 394–399. [CrossRef]

https://doi.org/10.1177/0194599821995485
https://www.ncbi.nlm.nih.gov/pubmed/33752481
https://doi.org/10.1097/AUD.0000000000000969
https://www.ncbi.nlm.nih.gov/pubmed/33306545
https://doi.org/10.1371/journal.pone.0212503
https://www.ncbi.nlm.nih.gov/pubmed/30789931
https://doi.org/10.3766/jaaa.15031
https://doi.org/10.3389/fnins.2023.1141096
https://doi.org/10.1016/j.heares.2012.09.010
https://doi.org/10.1001/archotol.1979.00790180026005
https://doi.org/10.1055/s-0039-1677687
https://doi.org/10.1044/jshd.3002.121
https://doi.org/10.1097/01.mao.0000196421.30275.73
https://doi.org/10.1097/00129492-200301000-00015
https://www.ncbi.nlm.nih.gov/pubmed/12544032
https://doi.org/10.1177/000348941011900704
https://www.ncbi.nlm.nih.gov/pubmed/20734965
https://doi.org/10.1080/00016489.2019.1592220
https://www.ncbi.nlm.nih.gov/pubmed/30950673
https://www.oticonmedical.com/us/for-professionals/bone-anchored
https://www.oticonmedical.com/us/for-professionals/bone-anchored
https://www.cochlear.com/us/en/professionals/products-and-candidacy/baha
https://www.cochlear.com/us/en/professionals/products-and-candidacy/baha
https://doi.org/10.1007/s00405-014-3436-1
https://www.ncbi.nlm.nih.gov/pubmed/25503356
https://www.medtronic.com/us-en/healthcare-professionals/products/ear-nose-throat/hearing-systems/alpha-2-mpo-eplus.html
https://www.medtronic.com/us-en/healthcare-professionals/products/ear-nose-throat/hearing-systems/alpha-2-mpo-eplus.html
https://doi.org/10.1155/2014/416205
https://doi.org/10.1007/s40136-022-00430-5
https://doi.org/10.1097/MAO.0000000000001327
https://www.medel.com/en-us/hearing-solutions/bonebridge
https://www.medel.com/en-us/hearing-solutions/bonebridge
https://www.cochlear.com/us/en/professionals/products-and-candidacy/osia/implant
https://www.cochlear.com/us/en/professionals/products-and-candidacy/osia/implant
https://doi.org/10.1111/coa.12484
https://doi.org/10.1055/s-0035-1564567
https://doi.org/10.1002/lary.24865
https://www.ncbi.nlm.nih.gov/pubmed/25124297
https://doi.org/10.1371/journal.pone.0257447
https://www.ncbi.nlm.nih.gov/pubmed/34644322
https://doi.org/10.1016/j.anl.2020.09.009


Brain Sci. 2024, 14, 99 13 of 15

69. Kim, H.; Park, M.K.; Park, S.N.; Cho, H.-H.; Choi, J.Y.; Lee, C.K.; Lee, I.-W.; Moon, I.J.; Jung, J.Y.; Jung, J.; et al. Efficacy of the
Bonebridge BCI602 for Adult Patients with Single-sided Deafness: A Prospective Multicenter Study. Otolaryngol. Head Neck Surg.
2024, 170, 490–504. [CrossRef] [PubMed]

70. Holgers, K.-M.; Håkansson, B.E.V. Sound stimulation via bone conduction for tinnitus relief: A pilot study. Int. J. Audiol. 2002, 41,
293–300. [CrossRef]

71. Indeyeva, Y.A.; Diaz, A.; Imbrey, T.; Gao, G.; Coelho, D.H. Tinnitus management with percutaneous osseointegrated auditory
implants for unilateral sensorineural hearing loss. Am. J. Otolaryngol. 2015, 36, 810–813. [CrossRef] [PubMed]

72. Hampton, T.; Milinis, K.; Whitehall, E.; Sharma, S. Association of Bone Conduction Devices for Single-Sided Sensorineural
Deafness with Quality of Life: A Systematic Review and Meta-analysis. JAMA Otolaryngol. Head Neck Surg. 2022, 148, 35–42.
[CrossRef]

73. Wendrich, A.W.; van Heteren, J.A.A.; Peters, J.P.M.; Cattani, G.; Stokroos, R.J.; Versnel, H.; Smit, A.L. Choice of treatment evaluated
after trial periods with bone conduction devices and contralateral routing of sound systems in patients with single-sided deafness.
Laryngoscope Investig. Otolaryngol. 2023, 8, 192–200. [CrossRef]

74. Wendrich, A.W.; Kroese, T.E.; Peters, J.P.M.; Cattani, G.; Grolman, W. Systematic Review on the Trial Period for Bone Conduction
Devices in Single-Sided Deafness: Rates and Reasons for Rejection. Otol. Neurotol. 2017, 38, 632–641. [CrossRef]

75. Ellsperman, S.; Nairn, E.; Stucken, E. Review of Bone Conduction Hearing Devices. Audiol. Res. 2021, 11, 207–219. [CrossRef]
76. ADHEAR System-Including the ADHEAR Audio Processor and the ADHEAR Adhesive Adapter. S3.medel.com. Available

online: https://www.medel.com/hearing-solutions/bone-conduction-system (accessed on 1 January 2024).
77. Mertens, G.; Gilles, A.; Bouzegta, R.; Van de Heyning, P. A Prospective Randomized Crossover Study in Single Sided Deafness on

the New Non-Invasive Adhesive Bone Conduction Hearing System. Otol. Neurotol. 2018, 39, 940–949. [CrossRef] [PubMed]
78. Accessdata.fda.gov. 2011. Available online: https://www.accessdata.fda.gov/cdrh_docs/pdf11/K110831.pdf (accessed on 22

February 2021).
79. Luo, Q.; Shen, Y.; Chen, T.; Zheng, Z.; Shi, H.; Feng, Y.; Chen, Z. Effects of SoundBite Bone Conduction Hearing Aids on Speech

Recognition and Quality of Life in Patients with Single-Sided Deafness. Neural Plast. 2020, 2020, 4106949. [CrossRef] [PubMed]
80. U.S. Food and Drug Administration. P000025/S104 Approval Letter. 2019. Available online: https://www.accessdata.fda.gov/

cdrh_docs/pdf/P000025S104A.pdf (accessed on 10 January 2024).
81. U.S. Food and Drug Administration. P970051/S205 Approval Letter. 2022. Available online: https://www.accessdata.fda.gov/

cdrh_docs/pdf/P970051S205A.pdf (accessed on 10 January 2024).
82. Birman, C.S.; Powell, H.R.F.; Gibson, W.P.R.; Elliott, E.J. Cochlear Implant Outcomes in Cochlea Nerve Aplasia and Hypoplasia.

Otol. Neurotol. 2016, 37, 438–445. [CrossRef] [PubMed]
83. Vesseur, A.; Free, R.; Snels, C.; Dekker, F.; Mylanus, E.; Verbist, B.; Frijns, J. Hearing Restoration in Cochlear Nerve Deficiency: The

Choice Between Cochlear Implant or Auditory Brainstem Implant, a Meta-analysis. Otol. Neurotol. 2018, 39, 428–437. [CrossRef]
[PubMed]

84. Clemmens, C.S.; Guidi, J.; Caroff, A.; Cohn, S.J.; Brant, J.A.; Laury, A.M.; Bilaniuk, L.T.; Germiller, J.A. Unilateral cochlear nerve
deficiency in children. Otolaryngol Head Neck Surg. 2013, 149, 318–325. [CrossRef]

85. Adunka, O.F.; Jewells, V.; Buchman, C.A. Value of computed tomography in the evaluation of children with cochlear nerve
deficiency. Otol. Neurotol. 2007, 28, 597–604. [CrossRef] [PubMed]

86. Ward, K.M.; Coughran, A.J.; Lee, M.; Fitzgerald, M.B.; Cheng, A.G.; Chang, K.W.; Ahmad, I.N. Prevalence of Cochlear Nerve
Deficiency and Hearing Device Use in Children with Single-Sided Deafness. Otolaryngol. Head Neck Surg. 2023, 169, 390–396.
[CrossRef]

87. Oh, S.J.; Mavrommatis, M.A.; Fan, C.J.; DiRisio, A.C.; Villavisanis, D.F.; Berson, E.R.; Schwam, Z.G.; Wanna, G.B.; Cosetti, M.K.
Cochlear Implantation in Adults with Single-Sided Deafness: A Systematic Review and Meta-analysis. Otolaryngol. Head Neck
Surg. 2023, 168, 131–142. [CrossRef]

88. van Zon, A.; Peters, J.P.M.; Stegeman, I.; Smit, A.L.; Grolman, W. Cochlear implantation for patients with single-sided deafness or
asymmetrical hearing loss: A systematic review of the evidence. Otol. Neurotol. 2015, 36, 209–219. [CrossRef]

89. Cabral Junior, F.; Pinna, M.H.; Alves, R.D.; Malerbi, A.F.D.S.; Bento, R.F. Cochlear Implantation and Single-sided Deafness: A
Systematic Review of the Literature. Int. Arch. Otorhinolaryngol. 2016, 20, 69–75. [CrossRef]

90. Peter, N.; Liyanage, N.; Pfiffner, F.; Huber, A.; Kleinjung, T. The Influence of Cochlear Implantation on Tinnitus in Patients with
Single-Sided Deafness: A Systematic Review. Otolaryngol. Head Neck Surg. 2019, 161, 576–588. [CrossRef] [PubMed]

91. Levy, D.A.; Lee, J.A.; Nguyen, S.A.; McRackan, T.R.; Meyer, T.A.; Lambert, P.R. Cochlear Implantation for Treatment of Tinnitus in
Single-sided Deafness: A Systematic Review and Meta-analysis. Otol. Neurotol. 2020, 41, e1004–e1012. [CrossRef] [PubMed]

92. Karoui, C.; Strelnikov, K.; Payoux, P.; Salabert, A.-S.; James, C.J.; Deguine, O.; Barone, P.; Marx, M. Auditory cortical plasticity
after cochlear implantation in asymmetric hearing loss is related to spatial hearing: A PET H215O study. Cereb. Cortex 2023, 33,
2229–2244. [CrossRef]

93. Thompson, N.J.; Dillon, M.T.; Buss, E.; Rooth, M.A.; Richter, M.E.; Pillsbury, H.C.; Brown, K.D. Long-Term Improvement in
Localization for Cochlear Implant Users with Single-Sided Deafness. Laryngoscope 2022, 132, 2453–2458. [CrossRef] [PubMed]

94. Dillon, M.T.; Kocharyan, A.; Daher, G.S.; Carlson, M.L.; Shapiro, W.H.; Snapp, H.A.; Firszt, J.B. American Cochlear Implant
Alliance Task Force Guidelines for Clinical Assessment and Management of Adult Cochlear Implantation for Single-Sided
Deafness. Ear Hear. 2022, 43, 1605–1619. [CrossRef]

https://doi.org/10.1002/ohn.520
https://www.ncbi.nlm.nih.gov/pubmed/37811702
https://doi.org/10.3109/14992020209077189
https://doi.org/10.1016/j.amjoto.2015.06.003
https://www.ncbi.nlm.nih.gov/pubmed/26545477
https://doi.org/10.1001/jamaoto.2021.2769
https://doi.org/10.1002/lio2.1002
https://doi.org/10.1097/MAO.0000000000001405
https://doi.org/10.3390/audiolres11020019
https://www.medel.com/hearing-solutions/bone-conduction-system
https://doi.org/10.1097/MAO.0000000000001892
https://www.ncbi.nlm.nih.gov/pubmed/30020266
https://www.accessdata.fda.gov/cdrh_docs/pdf11/K110831.pdf
https://doi.org/10.1155/2020/4106949
https://www.ncbi.nlm.nih.gov/pubmed/32963516
https://www.accessdata.fda.gov/cdrh_docs/pdf/P000025S104A.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf/P000025S104A.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf/P970051S205A.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf/P970051S205A.pdf
https://doi.org/10.1097/MAO.0000000000000997
https://www.ncbi.nlm.nih.gov/pubmed/27050647
https://doi.org/10.1097/MAO.0000000000001727
https://www.ncbi.nlm.nih.gov/pubmed/29494474
https://doi.org/10.1177/0194599813487681
https://doi.org/10.1097/01.mao.0000281804.36574.72
https://www.ncbi.nlm.nih.gov/pubmed/17667769
https://doi.org/10.1002/ohn.255
https://doi.org/10.1177/01945998221083283
https://doi.org/10.1097/MAO.0000000000000681
https://doi.org/10.1055/s-0035-1559586
https://doi.org/10.1177/0194599819846084
https://www.ncbi.nlm.nih.gov/pubmed/31060475
https://doi.org/10.1097/MAO.0000000000002711
https://www.ncbi.nlm.nih.gov/pubmed/32558752
https://doi.org/10.1093/cercor/bhac204
https://doi.org/10.1002/lary.30065
https://www.ncbi.nlm.nih.gov/pubmed/35174886
https://doi.org/10.1097/AUD.0000000000001260


Brain Sci. 2024, 14, 99 14 of 15

95. Bernhard, N.; Gauger, U.; Romo Ventura, E.; Uecker, F.C.; Olze, H.; Knopke, S.; Hänsel, T.; Coordes, A. Duration of deafness
impacts auditory performance after cochlear implantation: A meta-analysis. Laryngoscope Investig. Otolaryngol. 2021, 6, 291–301.
[CrossRef]

96. Rader, T.; Waleka, O.J.; Strieth, S.; Eichhorn, K.W.G.; Bohnert, A.; Koutsimpelas, D.; Matthias, C.; Ernst, B.P. Hearing rehabilitation
for unilateral deafness using a cochlear implant: The influence of the subjective duration of deafness on speech intelligibility. Eur.
Arch. Otorhinolaryngol. 2023, 280, 651–659. [CrossRef]

97. Nassiri, A.M.; Wallerius, K.P.; Saoji, A.A.; Neff, B.A.; Driscoll, C.L.W.; Carlson, M.L. Impact of Duration of Deafness on Speech
Perception in Single-Sided Deafness Cochlear Implantation in Adults. Otol. Neurotol. 2022, 43, e45–e49. [CrossRef]

98. Buss, E.; Dillon, M.T.; Rooth, M.A.; King, E.R.; Deres, E.J.; Buchman, C.A.; Pillsbury, H.C.; Brown, K.D. Effects of Cochlear
Implantation on Binaural Hearing in Adults with Unilateral Hearing Loss. Trends. Hear. 2018, 22, 2331216518771173. [CrossRef]

99. Arndt, S.; Laszig, R.; Aschendorff, A.; Hassepass, F.; Beck, R.; Wesarg, T. Cochlear implant treatment of patients with single-sided
deafness or asymmetric hearing loss. HNO 2017, 65 (Suppl. S2), 98–108. [CrossRef]

100. Moberly, A.C.; Vasil, K.; Baxter, J.; Ray, C. What to Do When Cochlear Implant Users Plateau in Performance: A Pilot Study of
Clinician-guided Aural Rehabilitation. Otol. Neurotol. 2018, 39, e794–e802. [CrossRef] [PubMed]

101. Zhang, T.; Dorman, M.F.; Fu, Q.-J.; Spahr, A.J. Auditory training in patients with unilateral cochlear implant and contralateral
acoustic stimulation. Ear Hear. 2012, 33, e70–e79. [CrossRef]

102. Távora-Vieira, D.; Marino, R.; Krishnaswamy, J.; Kuthbutheen, J.; Rajan, G.P. Cochlear implantation for unilateral deafness with
and without tinnitus: A case series. Laryngoscope 2013, 123, 1251–1255. [CrossRef] [PubMed]

103. Távora-Vieira, D.; Marino, R.; Acharya, A.; Rajan, G.P. The impact of cochlear implantation on speech understanding, subjective
hearing performance, and tinnitus perception in patients with unilateral severe to profound hearing loss. Otol. Neurotol. 2015, 36,
430–436. [CrossRef]

104. Ramos Macías, Á.; Borkoski-Barreiro, S.A.; Falcón González, J.C.; de Miguel Martínez, I.; Ramos de Miguel, Á. Single-sided
deafness and cochlear implantation in congenital and acquired hearing loss in children. Clin. Otolaryngol. 2019, 44, 138–143.
[CrossRef] [PubMed]

105. Yang, M.; Chen, H.-J.; Liu, B.; Huang, Z.-C.; Feng, Y.; Li, J.; Chen, J.-Y.; Zhang, L.-L.; Ji, H.; Feng, X.; et al. Brain structural and
functional alterations in patients with unilateral hearing loss. Hear. Res. 2014, 316, 37–43. [CrossRef] [PubMed]

106. Bess, F.H.; Davis, H.; Camarata, S.; Hornsby, B.W.Y. Listening-Related Fatigue in Children with Unilateral Hearing Loss. Lang.
Speech Hear. Serv. Sch. 2020, 51, 84–97. [CrossRef] [PubMed]

107. Lieu, J.E.C. Permanent Unilateral Hearing Loss (UHL) and Childhood Development. Curr. Otorhinolaryngol. Rep. 2018, 6, 74–81.
[CrossRef]

108. Lieu, J.E.C. Unilateral hearing loss in children: Speech-language and school performance. B-ENT 2013, 2013 (Suppl. S21), 107–115.
109. Ead, B.; Hale, S.; DeAlwis, D.; Lieu, J.E.C. Pilot study of cognition in children with unilateral hearing loss. Int. J. Pediatr.

Otorhinolaryngol. 2013, 77, 1856–1860. [CrossRef]
110. Rachakonda, T.; Shimony, J.S.; Coalson, R.S.; Lieu, J.E.C. Diffusion tensor imaging in children with unilateral hearing loss: A pilot

study. Front. Syst. Neurosci. 2014, 8, 87. [CrossRef] [PubMed]
111. Jung, M.E.; Colletta, M.; Coalson, R.; Schlaggar, B.L.; Lieu, J.E.C. Differences in interregional brain connectivity in children with

unilateral hearing loss. Laryngoscope 2017, 127, 2636–2645. [CrossRef] [PubMed]
112. Bakkum, K.H.E.; Teunissen, E.M.; Janssen, A.M.; Lieu, J.E.C.; Hol, M.K.S. Subjective Fatigue in Children with Unaided and Aided

Unilateral Hearing Loss. Laryngoscope 2023, 133, 189–198. [CrossRef]
113. Bagatto, M.; DesGeorges, J.; King, A.; Kitterick, P.; Laurnagaray, D.; Lewis, D.; Roush, P.; Sladen, D.P.; Tharpe, A.M. Consensus

practice parameter: Audiological assessment and management of unilateral hearing loss in children. Int. J. Audiol. 2019, 58,
805–815. [CrossRef] [PubMed]

114. McKay, S.; Gravel, J.S.; Tharpe, A.M. Amplification considerations for children with minimal or mild bilateral hearing loss and
unilateral hearing loss. Trends. Amplif. 2008, 12, 43–54. [CrossRef] [PubMed]

115. Park, L.R.; Griffin, A.M.; Sladen, D.P.; Neumann, S.; Young, N.M. American Cochlear Implant Alliance Task Force Guidelines
for Clinical Assessment and Management of Cochlear Implantation in Children with Single-Sided Deafness. Ear Hear. 2022, 43,
255–267. [CrossRef]

116. Chandrasekar, B.; Hogg, E.S.; Patefield, A.; Strachan, L.; Sharma, S.D. Hearing outcomes in children with single sided deafness:
Our experience at a tertiary paediatric otorhinolaryngology unit. Int. J. Pediatr. Otorhinolaryngol. 2023, 167, 111296. [CrossRef]

117. Christensen, L.; Richter, G.T.; Dornhoffer, J.L. Update on bone-anchored hearing aids in pediatric patients with profound unilateral
sensorineural hearing loss. Arch. Otolaryngol. Head Neck Surg. 2010, 136, 175–177. [CrossRef]

118. Christensen, L.; Dornhoffer, J.L. Bone-anchored hearing aids for unilateral hearing loss in teenagers. Otol. Neurotol. 2008, 29,
1120–1122. [CrossRef]

119. Zawawi, F.; Kabbach, G.; Lallemand, M.; Daniel, S.J. Bone-anchored hearing aid: Why do some patients refuse it? Int. J. Pediatr.
Otorhinolaryngol. 2014, 78, 232–234. [CrossRef]

120. Polonenko, M.J.; Papsin, B.C.; Gordon, K.A. Children with Single-Sided Deafness Use Their Cochlear Implant. Ear Hear. 2017, 38,
681–689. [CrossRef] [PubMed]

121. Kral, A.; Sharma, A. Developmental neuroplasticity after cochlear implantation. Trends. Neurosci. 2012, 35, 111–122. [CrossRef]
[PubMed]

https://doi.org/10.1002/lio2.528
https://doi.org/10.1007/s00405-022-07531-3
https://doi.org/10.1097/MAO.0000000000003357
https://doi.org/10.1177/2331216518771173
https://doi.org/10.1007/s00106-016-0297-5
https://doi.org/10.1097/MAO.0000000000001964
https://www.ncbi.nlm.nih.gov/pubmed/30199497
https://doi.org/10.1097/AUD.0b013e318259e5dd
https://doi.org/10.1002/lary.23764
https://www.ncbi.nlm.nih.gov/pubmed/23553411
https://doi.org/10.1097/MAO.0000000000000707
https://doi.org/10.1111/coa.13245
https://www.ncbi.nlm.nih.gov/pubmed/30354002
https://doi.org/10.1016/j.heares.2014.07.006
https://www.ncbi.nlm.nih.gov/pubmed/25093284
https://doi.org/10.1044/2019_LSHSS-OCHL-19-0017
https://www.ncbi.nlm.nih.gov/pubmed/31913803
https://doi.org/10.1007/s40136-018-0185-5
https://doi.org/10.1016/j.ijporl.2013.08.028
https://doi.org/10.3389/fnsys.2014.00087
https://www.ncbi.nlm.nih.gov/pubmed/24904310
https://doi.org/10.1002/lary.26587
https://www.ncbi.nlm.nih.gov/pubmed/28425563
https://doi.org/10.1002/lary.30104
https://doi.org/10.1080/14992027.2019.1654620
https://www.ncbi.nlm.nih.gov/pubmed/31486692
https://doi.org/10.1177/1084713807313570
https://www.ncbi.nlm.nih.gov/pubmed/18270178
https://doi.org/10.1097/AUD.0000000000001204
https://doi.org/10.1016/j.ijporl.2022.111296
https://doi.org/10.1001/archoto.2009.203
https://doi.org/10.1097/MAO.0b013e31818af398
https://doi.org/10.1016/j.ijporl.2013.11.010
https://doi.org/10.1097/AUD.0000000000000452
https://www.ncbi.nlm.nih.gov/pubmed/28542017
https://doi.org/10.1016/j.tins.2011.09.004
https://www.ncbi.nlm.nih.gov/pubmed/22104561


Brain Sci. 2024, 14, 99 15 of 15

122. Kral, A.; Heid, S.; Hubka, P.; Tillein, J. Unilateral hearing during development: Hemispheric specificity in plastic reorganizations.
Front. Syst. Neurosci. 2013, 7, 93. [CrossRef] [PubMed]

123. Kral, A.; Hubka, P.; Heid, S.; Tillein, J. Single-sided deafness leads to unilateral aural preference within an early sensitive period.
Brain 2013, 136 Pt 1, 180–193. [CrossRef] [PubMed]

124. Dettman, S.; Choo, D.; Au, A.; Luu, A.; Dowell, R. Speech Perception and Language Outcomes for Infants Receiving Cochlear
Implants before or after 9 Months of Age: Use of Category-Based Aggregation of Data in an Unselected Pediatric Cohort. J. Speech
Lang. Hear. Res. 2021, 64, 1023–1039. [CrossRef]

125. Culbertson, S.R.; Dillon, M.T.; Richter, M.E.; Brown, K.D.; Anderson, M.R.; Hancock, S.L.; Park, L.R. Younger Age at Cochlear
Implant Activation Results in Improved Auditory Skill Development for Children with Congenital Deafness. J. Speech Lang. Hear.
Res. 2022, 65, 3539–3547. [CrossRef] [PubMed]

126. Park, L.R.; Perkins, E.L.; Woodard, J.S.; Brown, K.D. Delaying Cochlear Implantation Impacts Postoperative Speech Perception of
Nontraditional Pediatric Candidates. Audiol. Neurootol. 2021, 26, 182–187. [CrossRef]

127. Zeitler, D.M.; Dunn, C.; Schwartz, S.R.; McCoy, J.L.; Jamis, C.; Chi, D.H.; Goldberg, D.M.; Anne, S. Health-Related Quality of Life
in Children with Unilateral Sensorineural Hearing Loss Following Cochlear Implantation. Otolaryngol. Head Neck Surg. 2023, 168,
1511–1520. [CrossRef]

128. Park, L.R.; Gagnon, E.B.; Thompson, E.; Brown, K.D. Age at Full-Time Use Predicts Language Outcomes Better Than Age of
Surgery in Children Who Use Cochlear Implants. Am. J. Audiol. 2019, 28, 986–992. [CrossRef]

129. Gagnon, E.B.; Eskridge, H.; Brown, K.D.; Park, L.R. The Impact of Cumulative Cochlear Implant Wear Time on Spoken Language
Outcomes at Age 3 Years. J. Speech Lang. Hear. Res. 2021, 64, 1369–1375. [CrossRef]

130. Park, L.R.; Gagnon, E.B.; Dillon, M.T. Factors that influence outcomes and device use for pediatric cochlear implant recipients
with unilateral hearing loss. Front. Hum. Neurosci. 2023, 17, 1141065. [CrossRef] [PubMed]

131. Yaar-Soffer, Y.; Kaplan-Neeman, R.; Greenbom, T.; Habiballah, S.; Shapira, Y.; Henkin, Y. A cortical biomarker of audibility and
processing efficacy in children with single-sided deafness using a cochlear implant. Sci. Rep. 2023, 13, 3533. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fnsys.2013.00093
https://www.ncbi.nlm.nih.gov/pubmed/24348345
https://doi.org/10.1093/brain/aws305
https://www.ncbi.nlm.nih.gov/pubmed/23233722
https://doi.org/10.1044/2020_JSLHR-20-00228
https://doi.org/10.1044/2022_JSLHR-22-00039
https://www.ncbi.nlm.nih.gov/pubmed/36001854
https://doi.org/10.1159/000510693
https://doi.org/10.1002/ohn.165
https://doi.org/10.1044/2019_AJA-19-0073
https://doi.org/10.1044/2020_JSLHR-20-00567
https://doi.org/10.3389/fnhum.2023.1141065
https://www.ncbi.nlm.nih.gov/pubmed/37250696
https://doi.org/10.1038/s41598-023-30399-0
https://www.ncbi.nlm.nih.gov/pubmed/36864095

	Introduction 
	Consequences of SSD in Adults 
	Rerouting Solutions 
	Controlateral Routing of Signal (CROS) 
	Bone Conduction Devices (BCD): Surgically Implanted Devices 
	Bone Conduction Devices (BCD): Extrinsic Devices 

	Cochlear Implants (CI) 
	SSD in Pediatric Population 
	Conclusions 
	References

