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12Hearing Rehabilitation Following 
Acoustic Neuroma Surgery

Cameron C. Wick, Nedim Durakovic, Jacques A. Herzog, 
and Craig A. Buchman

Hearing loss is the most frequent symptom caused by ves-
tibular schwannomas [1]. Aside from the rare tumor that 
presents itself for a hearing-preservation surgery, the major-
ity of tumors will likely result in deafness of the affected ear 
regardless of the intervention modality. The natural history 
of hearing in observed tumors also predicts eventual decline 
[2]. Hearing loss attributed to vestibular schwannomas 
remains a primary driver for poor quality of life in this patient 
population [3, 4].

The auditory system is designed for hearing from two 
ears (binaural hearing). When bilateral input is lost, patients 
suffer from poor sound localization and speech discrimina-
tion in noise. The following text will review the audiologic 
disadvantages of single-sided deafness and the evolution of 
hearing rehabilitation following vestibular schwannoma 
surgery.

 Unilateral Hearing Loss

The auditory system is designed for binaural input. When 
one ear suffers from hearing loss, it manifests as difficulty 
with sound localization and speech recognition, particularly 
in the presence of background noise. The clinical impact of 
unilateral hearing loss is dependent on the patient’s daily lis-
tening environment. For instance, children in a noisy class-
room often have a background signal-to-noise ratio (SNR) of 
2–9 dB. Children with severe-to-profound unilateral hearing 
loss in that environment have a 22–35% of chance of repeat-
ing a grade and a 12–41% chance of requiring additional 
educational support [5–7]. Unilateral hearing loss in children 
is an independent risk factor for poor language comprehen-
sion and oral expression scores [8]. Adults with unilateral 
hearing loss are also subject to the negative psychological 

and social consequences of this handicap. Recurring adult 
themes include anxiety about potential hearing loss in the 
contralateral ear, strong negative emotions including embar-
rassment and frustration, and negative coping strategies such 
as withdrawal from social engagements [9]. In a survey of 51 
patients who had undergone cerebellopontine angle surgery, 
the postoperative decreased quality of life strongly corre-
lated with their unilateral profound hearing loss [10].

The audiologic benefits of binaural hearing are based on 
the principles of binaural summation, binaural squelch, and 
the head shadow effect. Together these phenomena allow the 
brain to detect subtle interaural time and intensity differ-
ences that facilitate sound localization and improved hearing 
in noise. Binaural summation occurs when sound is captured 
from each ear independently and integrated along the audi-
tory pathway. This integration process results in an internal 
amplification of 4–6 dB [11].

Binaural squelch refers to a patient’s ability to listen only 
to the sound of interest when additional sound sources are 
present. For instance, honing in during a conversation amidst 
a loud background environment such as a cocktail party, thus 
named the cocktail party effect. Binaural squelch also occurs 
as sound is transmitted along the subcortical and cortical 
auditory pathways. The threshold benefit of binaural squelch 
is modest, with only a 1–2  dB increase, but the ability to 
understand speech at a lower SNR (i.e., loud environment) is 
significant [12, 13].

Sound travels as an energy wave through space. In the 
binaural condition, the energy waves arrive at each ear with 
a slightly different time and intensity. The interaural time dif-
ference (ITD) and interaural level difference (ILD) are criti-
cal for sound localization. High-frequency sounds, which 
have wavelengths that are shorter than the circumference of 
the skull, are subject to further modification secondary to 
head interference. The interference accentuates the ILD and 
creates a head shadow effect. For high frequencies, the head 
shadow effect can result in a 15–20  dB ILD, while lower 
frequencies have only a 5 dB ILD. Together, binaural sum-
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mation, binaural squelch, and the head shadow effect enable 
patients to localize sound and improve speech  comprehension 
in noise. Without binaural input these elements are lost, thus 
creating the difficulties seen among patients who suffer from 
unilateral hearing loss.

 Hearing Rehabilitation

Hearing rehabilitation options are dependent on the status of 
a patient’s external ear, cochlea, and cochlear nerve. Some 
tumors may present with characteristics favorable for a hear-
ing preservation surgical approach. These factors include 
tumors that originate from the superior vestibular nerve, the 
presence of cerebrospinal fluid between the lateral tumor 
edge and the cochlea (i.e., fundal cap), and small tumor size 
[14–16]. In patients with hearing preserved after surgery, 
amplification of the operative ear depends solely on the 
amount of residual hearing that remains after the procedure. 
The American Academy of Otolaryngology-Head and Neck 
Surgery (AAO-HNS) and the Gardner-Robertson (GR) hear-
ing classification systems both designate serviceable hearing 
as greater than 50% on speech discrimination testing and less 
than 50 dB pure tone average (Table 12.1) [17, 18]. Good 
hearing (AAO-HNS Class A) may not require additional 
amplification, while compromised but preserved hearing 
(AAO-HNS Classes B and C) will likely benefit from a tra-
ditional hearing aid. Patients with a speech discrimination 
less than 50% (AAO-HNS Class D) have a less predictable 
response to amplification in the affected ear. Some patients 
may be bothered by poor clarity from the amplification, 
while others may appreciate improved sound localization 
from the bilateral input. If some degree of hearing persists, 
then at least a hearing aid trial should be considered before 
moving to the single-sided deafness rehabilitation options.

In traditional cerebellopontine angle surgery where hear-
ing is not preserved, the external ear and cochlea remain 
intact but the cochlear nerve is damaged secondary to the 
tumor or tumor resection. This creates a unilateral, profound 
sensorineural hearing loss with no ability to rehabilitate 
using a traditional hearing aid or cochlear implant (CI). 
Therefore, the mainstays of auditory rehabilitation in this 
patient population have focused on bringing sound from the 
deafened ear over to the healthy ear.

 Contralateral Routing of Signal

The concept of bringing noise from a deafened ear to the bet-
ter ear via modified hearing aids connected with a “sound 
tube” was first suggested in 1960 [19]. In 1964, Harry Teder, 
while working at Telex, created a patent that coined the term 
contralateral routing of sound (CROS), and by 1965 Harford 
and Barry introduced the first CROS hearing aid [20]. This 
device consisted of a microphone attached to eyeglasses on 
the hearing impaired side. The microphone detected sound 
from the deafened side and transmitted it via a wire that ran 
across the eyeglass frame into a hearing aid placed in the bet-
ter hearing ear. The classic CROS scenario implies normal 
hearing in the contralateral ear. Harford and Barry also 
developed a Bi-CROS system in which sound presented on 
the side of the better hearing ear could also be amplified if 
that ear had hearing loss. This basic construct of a micro-
phone on the deafened ear connected via a wire to a hearing 
aid on the better hearing ear, with or without the eyeglasses, 
remained in place until 2004. While this version of the CROS 
was a useful option for patients with monaural hearing, the 
wire attachment was bulky, and patients disliked the blocked 
feeling, termed occlusal effect, of having a hearing aid placed 
in the ear canal of a normal hearing ear [21].

In 2004, Siemens developed the first wireless CROS 
device, called the e2e Wireless®, which has since become the 
industry standard and has improved patient satisfaction [22]. 
Directional microphones and improved processing strategies 
have also improved performance [23]. However, the wireless 
adaptation does not eliminate the occlusal effect or the per-
ceived cosmetic aspect of wearing bilateral hearing devices. 
Additionally, insurance coverage in the United States for 
hearing aids, including the CROS system, is sporadic, and 
the out-of-pocket expense can be a barrier to access. Still, the 
noninvasive nature of the device makes it a logical first step 
for patients entertaining the idea of hearing rehabilitation 
following lateral skull base surgery.

The first goal of a CROS device is to enhance the SNR, 
thus improving speech clarity in background noise. The SNR 
is particularly problematic when the primary speech signal 
and background noise are spatially separated. If the speaker 
is talking into the deafened ear with a CROS device in place, 

Table 12.1 Classification systems for vestibular schwannoma audio-
metric outcomes. American Academy of Otolaryngology-Head and 
Neck Surgery (AAO-HNS) class A and Gardner-Robertson (GR) class 
I represent good hearing that may not require additional amplification. 
Serviceable hearing is defined as equal or better to AAO-HNS class B 
or GR class II hearing

Hearing classification schemes
Pure tone average (dB) Speech discrimination (%)

AAO-HNS
A ≤30 >70
B >30 and ≤50 ≥50
C >50 ≥50
D Any level <50
Gardner-Robertson
I 0–30 70–100
II 31–50 50–69
III 51–90 5–49
IV >91 1–4
V Not testable 0
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the device has the potential to increase clarity of the spoken 
word by creating an artificial head shadow effect and lower-
ing the speech reception threshold of the spoken word [24, 
25]. Conversely, if the ambient noise is presented to the deaf-
ened side with a CROS device, there is potential for degrada-
tion of speech intelligibility secondary to enhancement of 
the background noise [25–27].

The second goal of a CROS device is to provide sound 
awareness on the deafened side. Because CROS aids do not 
restore the ITD, ILD, and natural head shadow effect, they 
will not enable the precise localization that is seen with bin-
aural hearing. However, CROS users should have an 
improved ability to tell from which side of the body sound 
originates. In a sample of 21 patients with unilateral hearing 
loss, only 10% could correctly identify which side of their 
body a sound originated from prior to using a CROS aid. 
After 4  weeks of use, that sound awareness improved to 
over 40% [25]. Older CROS aids focused on transmission of 
high-frequency sound (above 1000  Hz) that is associated 
with the head shadow effect. Modern CROS processors can 
transmit the full bandwidth of sound, and this has potential 
for further improvement in sound awareness on the deaf-
ened side but still lacks the ability to precisely localize a 
noise [27].

 Osseointegrated Hearing Implants

The skull’s density enables an alternative method for stimu-
lation of the contralateral ear. Bone conduction has an inter-
aural attenuation of 5  dB or less. Therefore, rather than 
transmitting sound via air like a traditional hearing aid, 
osseoconductive devices vibrate the skull, which carries the 
sound through the densely packed bone and into the inner 
ear. Osseoconductive hearing devices were proposed as early 
as Roman antiquity. In the eighteenth and nineteenth centu-
ries, crude devices made of wood, metal, or glass were con-
structed but ultimately failed due to poor sound attenuation 
through the scalp or discomfort when they were applied to 
teeth [28].

Pioneering work from Brånemark in Sweden around 1965 
revolutionized bone anchored devices. Working with tita-
nium dental implants, his group discovered that osteocytes in 
direct contact with titanium adhere via a process called 
osseointegration. This discovery led to titanium’s wide utili-
zation in dental and craniofacial reconstructions [29, 30]. 
Then in 1977, Brånemark’s partner, Anders Tjellström, rec-
ognized the potential for osseointegrated titanium to conduct 
sound, paving the way for modern osseoconductive device 
systems. Tjellström was the first to place a percutaneous 
abutment attached to a titanium implant in the mastoid bone 
[31]. A modified hearing aid that vibrates rather than pro-
duces sound waves in the air could then be attached to the 

abutment and propagate sound energy via the skull and into 
a healthy cochlea. Tjellström’s initial patients all had chronic 
ear disease that prohibited traditional hearing aid placement. 
After 5 years, the benefit persisted and patient satisfaction 
remained high, which led to an entire field of osseointegrated 
hearing devices [32]. The bone anchored hearing aid 
(BAHA®) device became commercially available in 1987, 
and it was approved for conductive hearing loss by the 
U.S. Food and Drug Administration (FDA) in 1996. The ini-
tial American experience in forty patients with chronic ear 
disease mirrored the positive results reported by Tjellström 
[33]. As of 2010, more than 80,000 osseointegrated devices 
have been implanted worldwide. In 2002, the FDA approved 
the BAHA for the indication of single-sided deafness (SSD), 
and since then Ponto® has also become commercially 
available.

Osseointegrated devices do require surgical implantation. 
The surgical steps have evolved considerably. The titanium 
implant is placed into the mastoid bone approximately 
5.5 cm behind the external auditory canal. Initially, the tita-
nium implant was placed at a separate stage to facilitate 
osseointegration without any load-bearing forces. This tech-
nique is still sometimes used in young children or temporal 
bones that have received radiation, but in general both the 
titanium implant and its percutaneous abutment can be 
implanted in a single procedure [34]. The soft-tissue work 
has also evolved. Initially, no soft tissue reduction was per-
formed, but some patients experienced adverse skin reac-
tions. In an effort to reduce skin reaction, surgeons began 
thinning the subcutaneous tissue around the abutment. The 
original soft tissue reduction technique described by the 
Nijmegen group called for a linear incision, wide soft tissue 
reduction, and then the implant placed in the middle of the 
incision [35, 36]. Additional modifications, such as a semi-
circular skin incision with the implant punched through the 
base of the pedicle (U-graft technique) or use of a derma-
tome, were also suggested [37]. Recently, a minimally inva-
sive Ponto surgery (MIPS) technique has been described that 
forgoes any skin incision and allows placement of the implant 
through a 5-mm hole created with a skin punch [38]. In gen-
eral, the surgical techniques have trended toward a single- 
stage procedure with less need for soft reduction and more 
emphasis placed on proper skin handling with minimal cau-
terization. The osseointegration process takes time, and ini-
tial protocols suggested waiting 3 months to ensure proper 
healing before activation with the vibrating hearing aid. 
Evidence suggests that earlier activation is safe, with most 
centers loading the implant 6–8  weeks after implantation. 
Some data also suggest earlier loading may be feasible [39].

Major surgical complications following implantation of 
an osseointegrated device are rare. Potential injury to the 
dura or a dural venous sinus is mitigated by drilling the osse-
ous well in a stepwise fashion and confirming that healthy 
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bone is present at the depth of the well prior to implant place-
ment. Two cases of intracerebral abscess following implanta-
tion have been reported [40, 41]. Failure of osseointegration 
is a relatively rare event and can be precipitated by trauma, 
infection, prior radiation, or improper technique that results 
in osteocyte death secondary to overheating. The rate of 
implant extrusion is 3–4% [42–44].

Soft tissue adverse events are unfortunately more com-
mon with most reports suggesting a rate between 8.7% and 
13%, but some studies suggest the rate is 30% or higher 
[42, 44]. The skin reactions can be classified according to 
the Holgers grading system (Table 12.2) [45]. The major-
ity of skin reactions are mild (Holgers grade 1 or 2) and 
can be treated with topical steroids or topical antibiotics. 
The presence of granulation tissue (Holgers grade 3) can 
be addressed with silver nitrate cauterization or the addi-
tion of oral antibiotics. More serious infections (Holgers 
grade 4) may require removal of the abutment or resection 
of overgrown skin. The rate of revision surgery is from 7% 
to 12% and is typically due to skin overgrowth (Fig. 12.1) 
[42, 44].

In an effort to limit the adverse events associated with a 
percutaneous implant, two modifications have been intro-

duced. The first variation is a transcutaneous magnet that 
employs the same titanium implant placed during a tradi-
tional osseointegrated implant; but rather than attaching a 
percutaneous abutment, there is a subcutaneous magnet 
attached to the implant. The magnet is then coupled to a 
device that rests on the skin. The device vibrates, and that 
vibration is transmitted to the subcutaneous magnet and then 
to the titanium implant. This type of transcutaneous model 
has the benefit of no abutment protruding through the skin. 
Despite this, the large magnets needed to couple with the 
external vibrating bone conduction hearing aid can still pro-
duce skin related complications [46]. Furthermore, the sound 
energy has to pass through the soft tissue of the scalp (i.e., 
transcutaneous), which causes approximately 10 dB of sound 
attenuation.

The second variation is a direct-drive bone conduction sys-
tem. As of 2020, there are two FDA-approved direct-drive 
bone conduction systems, specifically MED-EL’s  Bonebridge® 
and Cochlear Corporation’s Osia®. Their utility in unilateral 
hearing loss is still being studied but should mirror the previ-
ously described pros/cons [47]. There are some differences in 
how these devices function. For instance, the Bonebridge® 
involves drilling a well in the mastoid cavity to house a float-
ing-mass transducer (FMT). The FMT attaches to the cortical 
mastoid bone via two titanium screws. An external processor 
with two microphones connects to the internal receiver via a 
magnet. Sound received by the external processor is sent to the 
internal receiver, which drives the FMT to vibrate skull [48]. 
This design has the advantage of requiring a smaller magnet, 
and it eliminates soft tissue attenuation. The surgical steps are 
slightly more complex secondary to the larger space needed to 
hold the FMT, and its utilization following lateral skull base 

Table 12.2 Holgers grading system for soft tissue reactions around 
percutaneous osseointegrated devices

Scale Description
0 No irritation
1 Slight redness
2 Red and moist without granulation tissue
3 Red and moist with granulation tissue
4 Removal of skin-penetrating implant necessary due to 

infection

a b c d

Fig. 12.1 Percutaneous osseointegrated device examples. All cases 
depict a right ear. (a) Healthy appearance of a percutaneous abutment 
(Holger Grade 0). (b) Erythema and moisture around the abutment 
indicative of a soft tissue infection (Holger Grade 2). (c) Robust granu-

lation tissue around the abutment (Holger Grade 3). (d) Wound break-
down and granulation tissue following application of silver nitrate 
(Holger Grade 3)
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surgery has not been widely reported. Rather than using a 
FMT, the Cochlear Corporation’s Osia® implant uses a tita-
nium screw identical to the implant used with their BAHA® 
system. Attached to a titanium screw is a piezoelectric driver 
that rests under the skin and drives the bone conduction. Both 
the direct-drive bone conduction system and the transcutane-
ous magnet system should be used with caution if future mag-
netic resonance imaging (MRI) is necessary to monitor 
cerebellopontine angle or intracranial pathology. Both devices 
have a large metallic artifact secondary to the size of the FMT 
and internal magnet [49].

Other nonsurgical forms of osseoconductive hearing aids 
exist but have shown varied commercial success. Bone con-
duction hearing aids, attached with a headband or a soft elas-
tic band, are available. One more innovative device is the 
SoundBite®. This system had a behind-the-ear microphone 
that sent a wireless signal to a transducer that was attached to 
a molar as a dental appliance. The transducer vibrated the 
tooth to take advantage of the tooth’s inherent osseointegra-
tion. Despite early studies showing high patient satisfaction 
and a global hearing benefit, the start-up company that devel-
oped the product filed for bankruptcy in 2015 [50]. Another 
nonsurgical alternative osseoconductive hearing aid is the 
TransEar®. This system also has a behind-the-ear micro-
phone, but it is attached via a wire to a custom-fit ear mold 
that houses an oscillator. The oscillator vibrates the osseous 
external auditory canal, sending a transcranial signal to the 
better hearing ear. The TransEar also has had limited com-
mercial success due to patient discomfort from the oscillator 
and poor hearing results [51].

The potential benefits of an osseointegrated device for 
unilateral hearing loss following vestibular schwannoma sur-
gery are the same as the CROS hearing aid, specifically 
improved hearing in noise and sound awareness on the deaf-
ened side. Like CROS hearing aids, osseointegrated devices 
will not restore sound localization because it does not create 
binaural hearing. An additional benefit of osseointegrated 
devices compared to CROS is the lack of occlusal effect on 
the better hearing ear as well as the lack of needing to wear 
bilateral hearing aids. These benefits must be weighed 
against the need for a surgery and the possible skin-related 
complications [24].

The modest hearing benefits of osseointegrated devices 
for unilateral hearing loss have been documented both sub-
jectively and objectively. In a survey of 139 patients follow-
ing translabyrinthine resection of a vestibular schwannoma, 
patients that chose to be implanted with an osseointegrated 
device had a 17.4% improvement on the Background Noise 
 subscale of the Abbreviated Profile of Hearing Aid Benefit 
(APHAB) questionnaire. Additionally, they reported an 
11.6% improvement on the Ease of Communication subscale 
and a 13.2% improvement on the Reverberation subscale 
[52]. A systematic review analyzing 14 studies with 296 uni-
lateral hearing loss patients demonstrated overall improve-

ment with speech discrimination in noise and improved 
quality of life [53].

When choosing between osseointegrated device and 
CROS, individual interpretation of the previously discussed 
advantages and disadvantages must be considered. Trials of 
the CROS device and a bone conduction hearing aid are rec-
ommended so that patients can make an informed decision 
with appropriate expectations [54]. New techniques of simu-
lating the bone conduction system with real ear measures 
have the potential to improve fitting parameters and patient 
satisfaction [55–57].

From an audiologic standpoint, many studies have tried to 
compare the results of osseointegrated devices and 
CROS. However, these studies are underpowered, lack ran-
domization, and introduce selection bias as all osseointe-
grated device patients chose to undergo surgical intervention 
to address their hearing loss. In 2006, Baguley and col-
leagues performed a meta-analysis on four prospective stud-
ies with 47 patients comparing CROS versus BAHA [58–61]. 
In this analysis, the BAHA significantly outperformed CROS 
on all APHAB subscales (Ease of Communication, 
Reverberation, Background Noise, and Aversiveness of 
Sounds) [62]. Studies that are more recent have failed to rep-
licate the superiority of osseointegrated devices, citing simi-
lar audiometric advantages with both systems [63–65]. In 
general, when patients are presented with all options follow-
ing vestibular schwannoma surgery, only 30–50% will ulti-
mately choose to be implanted with an osseointegrated 
device [52, 54, 63].

The limitations of either an osseointegrated device or a 
CROS are its inability to restore the ITD and ILD, which 
results in poor sound localization and limited ability to 
improve hearing in noise. Individuals with a unilateral hear-
ing loss will function best if they can control their environ-
ment to limit the SNR or place the important sound source 
close to their better hearing ear. An osseointegrated device or 
a CROS may even be detrimental if it amplifies unfavorable 
background noise rather than the speaker of interest. In those 
listening environments, the patient may benefit from tempo-
rary removal of the device to prevent a masking phenomenon 
of the better hearing ear.

 Auditory Brainstem Implants

A small subset of patients will present with bilateral pro-
found sensorineural hearing loss accompanied by damaged 
cochleae or cochlear nerves that prohibit hearing rehabilita-
tion with CROS, BAHA, or cochlear implantation. This clin-
ical scenario most commonly occurs in the setting of 
neurofibromatosis type 2 (NF2) but may also be applicable 
for sporadic vestibular schwannomas in an only hearing ear. 
The auditory brainstem implant (ABI) was developed as a 
means of bypassing the cochlea and cochlear nerve to 
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directly stimulate the auditory pathway at the cochlear 
nucleus.

The first ABI was placed by Drs. William House and 
William Hitselberger in 1979 for a patient with NF2 who lost 
all hearing following vestibular schwannoma removal in her 
only hearing ear [66]. Twenty years after placement, this 
rudimentary paired ball electrode device continued to pro-
vide the patient with improved lip-reading ability and envi-
ronmental sound detection. Since this first case, more than 
1000 ABIs have been implanted worldwide, and many device 
modifications have attempted to improve cochlear nucleus 
stimulation.

In 2000, Cochlear Corporation first received FDA 
approval to implant patients 12  years and older with NF2 
using the Nucleus 24 ABI® device. (MED-EL also makes an 
ABI device, but it is not FDA-approved.) Both manufactur-
ers have adapted their CI software platforms for the electrical 
stimulation required for their ABI products. The latest ver-
sion of Cochlear Corporation’s ABI is the Nucleus ABI54®. 
This device that includes an external component consisting 
of a behind-the-ear microphone, speech processor, and trans-
mitter coil sends a digital signal to a receiver-stimulator 
implanted beneath the scalp. The signal is then transmitted to 
the ABI electrode paddle, which has 21 individual platinum 
disks that contact the cochlear nucleus. The paddle is cov-
ered by a polyethylene terephthalate (PET) mesh that pro-
motes fibrous ingrowth and long-term device fixation along 
the dorsolateral brainstem (Fig. 12.2) [67].

Placement of the ABI targets the cochlear nucleus com-
plex, which lies at the dorsal pontomedullary junction located 
along the lateral recess at the floor of the fourth ventricle. The 
cochlear nucleus is not visible on the surface of the brainstem, 
so its location must be approximated by nearby landmarks. 

Access to this area is usually achieved during vestibular 
schwannoma resection, classically through a translabyrin-
thine approach. The vestibulocochlear nerve, glossopharyn-
geal nerve, and choroid plexus serve as important landmarks 
for ABI placement. In large tumors, the brainstem anatomy 
and vestibulocochlear nerve may be distorted. By tracing the 
glossopharyngeal nerve superiorly to the choroid plexus, the 
lateral aperture of the lateral recess (foramen of Luschka) is 
identified. With gentle posterior and superior retraction of the 
choroid plexus, the lateral recess can be opened to allow 
placement of the ABI paddle in proximity of the cochlear 
nucleus (Fig. 12.3) [68]. During this dissection, it is important 
to be aware of cardiac and cranial nerve monitoring (VII, 
VIII, IX, X, XI) because surgical dissection or stimulation 
can result in bradycardia or hemodynamic instability.

The ABI is placed on the surface of the cochlear nucleus 
complex, which is a structure with several distinct subunits 
that carry different auditory processing functions. The main 
subunits are the dorsal and ventral cochlear nuclei. In brief, 
the ventral cochlear nucleus serves as the primary relay cen-
ter for afferent auditory input and maintains the tonotopic 
organization started in the cochlea—this is the primary ABI 
target. The dorsal cochlear nucleus receives afferent input 
but also efferent input that facilitates complex auditory pro-
cessing. In an attempt to better access the different cochlear 
nucleus subunits, a penetrating auditory brainstem implant 
(PABI) was designed. This design had penetrating micro-
electrodes emanating from the traditional ABI surface pad-
dle. Ultimately, the PABI design failed to improve cochlear 
nucleus stimulation. Results showed no improvement in 
speech perception, with less than 25% of the penetrating 
electrodes producing auditory sensation compared with 60% 
of the surface electrodes [69].

a bTransmitter coil

Microphone

Ground electrode

Electrode array

Receiver-stimulator

c

Fig. 12.2 Cochlear Corporation’s auditory brainstem implant system. 
(a) The behind-the-ear component contains two microphones and a 
speech processor attached to an external transmitter coil. (b) The inter-
nal receiver-stimulator gets the signal from the external transmitter coil 

and sends it down the electrode array. (c) The electrode array ends in a 
paddle containing 21 platinum disk contacts. The back side of the pad-
dle is coated with a PET mesh to prevent future movement
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b ca

Fig. 12.3 Intraoperative photos of a right-sided auditory brainstem 
implant (ABI). The fourth ventricle connects to the cerebellopontine 
cistern via the lateral recess. The lateral aperture of the lateral recess is 
termed the foramen of Luschka (FL). (a) The choroid plexus (ChP) is a 
key landmark for identification of the lateral recess. (b) With the cho-

roid plexus retracted, the opening of the FL becomes apparent. (c) The 
ABI is placed into the lateral recess so that its platinum contacts face 
the dorsolateral surface of the pontomedullary junction. The vestibulo-
cochlear nerve (VIII) and facial nerve (VII) are labeled

Like the PABI, the auditory midbrain implant (AMI) was 
another experimental device hoping to overcome some of the 
challenges associated with cochlear nucleus stimulation. The 
target for the AMI is further rostral along the auditory path-
way at the inferior colliculus. The implant is a penetrating 
electrode array placed in the midbrain. The device continues 
to undergo modifications, but to date it remains an experi-
mental option for NF2 patients [70].

With more than 1000 patients implanted with ABIs, pri-
marily for hearing loss due to NF2, the expected auditory 
outcomes include environmental sound awareness and 
assistance with lip-reading. Only a small subset of patients 
will obtain open-set word understanding. Some factors 
responsible for the outcome variability include tumor 
growth that distorts the brainstem anatomy, ABI electrode 
positioning, imprecise cochlear nucleus stimulation, and 
surgical trauma [71]. A 2014 consensus statement evaluated 
84 NF2 patients with ABIs to identify several factors associ-
ated with improved outcomes. Overall, 26 of 84 (31%) 
patients achieved open-set sentence scores greater than 
30%. The surgical factors thought to portend a good out-
come included the use of a semi-sitting surgical position and 
early cutting of the vestibulocochlear nerve near the brain-
stem to minimize transfer of electrocautery excitotoxicity to 
the cochlear nucleus during tumor dissection. In addition, 
patient factors like duration of preoperative deafness corre-
lated with performance. Among excellent performers, the 
ability to identify eleven distinct pitches predicted a greater 
than 80% open-set speech recognition without background 
noise [72]. Another cohort of 23 NF2 patients with ABI 
showed that 19 (83%) continued to use their device after 
implantation while 8 of 23 (35%) patients achieved speech 
perception and only 4 (17%) patients could use the tele-
phone [71].

In general, ABI placement does not increase the risk of 
complications during vestibular schwannoma surgery. 
Potential complications include cerebrospinal fluid (CSF) 
leak, meningitis, cranial neuropathy, hydrocephalus, stroke, 
and even death while device-specific complications include 
device failure, extrusion, migration, and nonauditory stimu-
lation. In a review of 61 patients undergoing ABI, Otto and 
colleagues identified two patients with CSF leaks (3.3%) and 
one with meningitis (1.6%). Electrode migration occurred in 
one (1.6%) patient and failure to produce useful auditory 
sensation occurred in six (9.8%) patients demonstrating the 
importance of accurate device position. No serious conse-
quences of nonauditory stimulation occurred, but 24% of 
tested electrodes could not be used due to these stimuli. The 
deactivated electrodes generally were located at either the 
proximal or distal end of the electrode paddle; nonauditory 
sensations included tingling, altered vision, and dizziness 
[73]. The risk of CSF leak does require particular diligence 
during closure because the ABI can serve as a wick for CSF 
into the mastoid or soft tissue.

Given the low complication rate and preference to avoid 
additional surgery, many centers use the concept of a 
“sleeper” ABI when planning auditory rehabilitation for NF2 
patients. These situations are unique in that patients have 
bilateral vestibular schwannomas and eventual bilateral 
deafness is expected. Therefore, an ABI can be placed during 
the first tumor removal despite still having useful hearing in 
the contralateral ear. Then, if hearing in the contralateral ear 
is lost or surgical intervention requires sacrifice of that 
cochlear nerve, the previously placed ABI can be activated. 
ABI placement at the time of large tumor removal or with 
brainstem compression can be technically difficult, so the 
“sleeper” approach also creates an extra opportunity for 
accurate ABI placement.

12 Hearing Rehabilitation Following Acoustic Neuroma Surgery
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Surgical priorities for vestibular schwannoma microsurgery 
continue to evolve as the operative morbidity declines. Early 
surgical techniques focused on lowering the disconcertingly 
high mortality rate. The next iteration of advances reduced 
major perioperative morbidities such as facial nerve paraly-
sis and CSF leaks. Finally, optimization of hearing preserva-
tion outcomes based on various patient and tumor factors 
yields fairly predictive surgical outcomes. Despite these 
innovations, hearing can be lost even when cochlear nerve 
integrity remains intact, presumably from vascular insult to 
the cochlea or trauma to the cochlear nerve.

In the early 1990s, studies by Cueva and colleagues, 
Kartush and colleagues, and Vrabec colleagues demonstrated 
that, after labyrinthectomy or vestibular schwannoma micro-
surgery, a preserved cochlear nerve could transmit an audi-
tory signal despite complete loss of hearing [74–76]. These 
studies performed transtympanic promontory stimulation to 
identify positive auditory responses as well as distinct audi-
tory pitch perception. Positive responses could be achieved 
at 9  months after initial surgery and were comparable to 
responses achieved by CI candidates. These findings were 
supported by temporal bone studies of patients after labyrin-
thectomy that revealed spiral ganglion cell survival years 
after surgery [77]. If spiral ganglion cells can survive and the 
cochlear nerve integrity is maintained, then the possibility of 
cochlear implantation exists.

As early as 1992, several case reports showed the feasibil-
ity of a staged cochlear implantation after labyrinthectomy 
or removal of a vestibular schwannoma, with an intact 
cochlear nerve [78–82]. These studies confirmed that the 
auditory pathway could transmit an electrical signal despite 
postoperative hearing loss and that cochlear ossification did 
not always occur, thus allowing CI placement. In 1995, 
Arriaga and colleagues reported the first cases of a simulta-
neous CI performed during translabyrinthine vestibular 
schwannoma removal. This patient’s tumor was in his only 
hearing ear [83]. Intraoperative promontory stimulation was 
not performed. At 10 months, the patient was still using the 
CI with enhanced lip-reading ability. Some authors advocate 
simultaneous CI and tumor removal in an effort to minimize 
delays in auditory rehabilitation, reduce the number of surgi-
cal procedures, and avoid potential cochlear obstruction if 
ossification occurs [84].

Recently, several case series have demonstrated that either 
staged or simultaneous cochlear implantation is safe and fea-
sible for hearing rehabilitation as long as the cochlea is pat-
ent and the cochlear nerve is intact. Many patients can 
achieve improved sound awareness and open-set speech, but 
the results are more variable than traditional CI candidates 
[85–87]. A recent prospective study evaluated simultaneous 

cochlear implantation and translabyrinthine tumor resection 
for sporadic vestibular schwannomas. All seven patients had 
preservation of the cochlear nerve and five of seven (71%) 
had auditory precepts with CI activation. In regard to the five 
patients, at 1 month their sound localization improved from 
78° ± 13°, with the CI off to 41° ± 9° with the CI on. This 
improvement in sound localization is a distinct benefit over 
the hearing rehabilitation with CROS or BAHA. Additionally, 
the five patients in this study also demonstrated modest 
improvement in speech understanding and tinnitus reduction 
[88].

If the cochlear nerve is preserved and a CI is placed, 
one potential concern is the sustainability of the benefits, 
particularly in patients with NF2 who are susceptible to 
distorted brainstem anatomy, tumor recurrence, or new 
tumor growth. Neff and colleagues reported on six patients 
with NF2 who had undergone tumor resection with CI 
placement and had long-term follow-up with a mean of 
7.9  years (range: 5–13  years). In all but one patient, the 
benefit from CI was maintained, and five of six (83%) 
patients were still able to use a telephone with their CI 
devices [89]. Although continued long-term follow-up is 
needed, no case reports have been published in which a CI 
had to be removed due to tumor re-growth. Additionally, 
tumor surveillance by MRI is improved by newly expanded 
FDA guidelines, allowing 1.5–3 T strength MRI depend-
ing on the CI device manufacturer. CI magnets do produce 
artifact that may distort surveillance of the cerebellopon-
tine angle. Placement of the internal receiver-stimulator in 
a more superior position and use of reformatted coronal 
and sagittal views can help mitigate this distortion. In a 
retrospective review of 34 ears undergoing a 1.5  T MRI 
scan with a CI in place secured by a firm head wrap, the 
authors found the ipsilateral cerebellopontine angle could 
be visualized without difficulty in 94% of cases. However, 
there was a 15% risk of magnet movement even with the 
use of a head wrap [90]. Clearly, caution must be used in 
device selection when considering postoperative tumor 
surveillance.

In conclusion, management of vestibular schwannomas 
has made great strides in patient safety and decreased mor-
bidity. Still, the loss of hearing is an inevitable fate for many 
patients with a vestibular schwannoma and has a significant 
impact on patients’ quality of life. The most common hear-
ing rehabilitation options, CROS and BAHA, can improve 
sound awareness and speech in noise but fail to restore the 
audiologic benefits of binaural hearing. If the cochlea is 
accessible and the cochlear nerve is intact, then CI has the 
potential to restore binaural function. If no cochlear nerves 
are viable, then an ABI can provide sound detection to 
improve lip-reading abilities and, in rare cases, even open-set 
speech.
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