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Introduction

The majority of patients with hearing loss significant enough to result in social dysfunction
can be treated with non-surgical interventions. In many instances, environmental
manipulations are sufficient to improve auditory communication, typically by way of
improving the signal-to-noise ratio (SNR) or relative amplification. Examples include
minimizing ambient noise such as avoiding crowded or noisy listening situations, selective
seating such as sitting closer or with the better ear near important sound sources, or the use
of frequency modulated (FM) or Infrared (IR) devices. When these manipulations are
insufficient, amplification of the acoustic environment can be utilized. This may take many
forms including personal listening devices or conventional hearing aids. In those with
conductive hearing loss that is not amenable to conventional amplification that utilizes air
conduction mechanisms, bone conductive solutions are available including osseointegrated
and active middle ear implants.

Cochlear device implantation (CDI) remains the only reliable option for auditory
communication rehabilitation in cases of severe and profound sensorineural hearing loss
(SNHL) where the site of lesion is outside of the central auditory processing stream.
Cochlear implants (CI) sample the acoustic environment, process the input signal into
discrete frequency bands, compress the amplitude into an electrically useable range, and

Correspondence to: Marlan R. Hansen, mar | an- hansen@i owa. edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roche and Hansen

Page 2

then stimulate the residual neural elements in a tonotopic manner to reproduce the frequency
and amplitude analyzing capability of the cochlea. Cls represent the most successful neural
prosthesis in clinical use and have a long and interesting history that has led to the modern
devices currently available. Further refinements of the existing current iteration of these
devices and the development of novel technology hold promise to continue to improve and
benefit patient experience.

History of Cochlear Implant development

History of CDI spans over 60 years and has seen multiple iterations of the devices and
speech processing strategies utilized although the initial use of electrical audition preceded
CDI by almost 200 years. In addition to being the creator of the battery, Alessandro Volta
performed the first documented electrical stimulation of the auditory system in 1790 when
he applied a large voltage across his own ears and was able to generate auditory percepts he
described as “crackling” or “bubbling”.1# Later experiments applied alternating currents
(Duchenne of Bouogne) as well as various charges, polarities and intensities (Brenner).2 4
Weaver and Bray (1930) described electrical signals from the feline cochlea that closely
resembled the input stimulus waveform with the implication that it might be possible to
replicate this result with electrical signals.* ®

Djourno and Eyries (1957) implanted an electrode coupled with a receiver coil into a patient
having undergone resection of the distal cochlear nerve due to extensive cholesteatoma and
were able to stimulate the apparatus with an external coil for a period of several months.
Amazingly, this patient was able to develop sound awareness and simple word
recognition.l 2. 4. 6-8 William House began his pioneering work in the early 1960's, inspired
by the work of Djourno and Eyries, starting with the implantation of either simple wires,
wires with ball electrodes and even simple arrays into the scala tympani.l: 29 This early
work in partnership with Jack Urban eventually resulted in the development of a
commercially available implantable device in 1972 with clinical trials beginning the
following year.1: ©

Though met with considerable skepticism and resistance from the basic science community
including leading neurophysiologists and otologists,1 2: 4. 10 the validity of direct electrical
stimulation of auditory nerve fibers as a rehabilitative strategy was confirmed in 1977 by a
team commissioned by the National Institutes of Health that evaluated the outcome of
patients implanted with single channel devices. 4 11 In a major advancement, Graeme
Clark developed a multichannel CI, which was able to produce open-set word recognition.12
Following the Food and Drug Administration (FDA) approval of the single channel Cl,
multichannel devices soon replaced the single channel device due to better frequency
spectrum percepts and open-set word recognition. 1: 4 Based on these developments,
multiple multichannel CI devices are available of varying numbers of electrode contacts,
electrode lengths, electrode widths, and electrode-positioning technologies from 3 device
manufactures (Advanced Bionics, Cochlear®, and MED-EL).

Environmental speech formant processing and electrode activation strategies developed in
parallel to that of CI design over the past several decades.! The initial single channel Cls
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utilized simple sinusoidal currents to drive neural responses while multichannel Cls used
simultaneous stimulation of discrete locations of the modiolus in a tonotopic manner, this
being termed Compressed Analog Strategy (CAS).L: 2 While this latter stimulation paradigm
allowed for limited open-set word recognition, the spread of the temporally synchronous
current resulted in issues of channel interaction. Other early speech processing strategies
included feature extraction (PEAK) and the use of multiple filter banks (SPEAK).2 In 1991,
Wilson and colleagues introduced the continuous interleaved sampling (CIS) strategy, which
demonstrated significantly improved open-set word recognition when compared with
previous analog strategies.13 Today, all commercially available pulsatile strategies are based
on CIS.!

Contemporary Cochlear Implants and Targets for Innovation

Successful auditory system stimulation resulting in meaningful perceptions requires several
technological and biological components, all of which are targets for continued innovations.
Acoustic stimuli must be detected and captured (microphone), processed (speech processing
software and circuitry), turned into electrical signals (coil, receiver/stimulator) that are
delivered to the spiral ganglion neurons (SGNs) (electrode array), transduced into action
potentials, and delivered to the central auditory processing stream. Carlson et al. (2012)
provides a review of the components of the modern C1.1 Briefly, most Cls consist of an
external device worn as a behind the ear device incorporating one or more microphones that
convert acoustic energy into an analog signal. This signal is then typically digitized,
compressed, filtered and encoded into a signal that will be used to drive SGN stimulation.
This code is transmitted through the skin using radio frequency signals to a completely
subcutaneous signal receiver that drives intracochlear electrode activation. A variable
number of electrodes are encased within a carrier (commonly referred to as the “electrode”
or “electrode array”), the length of which varies according to the specific device. SGNs are
directly driven with electrical voltage delivered by the electrode array to generate action
potentials, which are conducted to more central locations in the auditory system. Most Cls
also have a return/inactive (ground) electrode that is either part of the body of the receiver/
stimulator or a separate lead implanted in the soft tissues around the ear, typically deep to
the temporalis muscle. The active electrodes (intracochlear) can be activated in 2 main
configurations: monopolar and bipolar. In monopolar stimulation, each intracochlear active
electrode uses the extracochlear inactive electrode as the current return. In the bipolar mode,
two neighboring electrodes form an active/inactive pair. Each mode has its advantages and
disadvantages, which are beyond the scope of this review.

The premise of CDI is simple: patterned electrical stimulation of cochlear afferent fibers.
Thus both the properties of the processing of the acoustic signal, electrical stimulation code
and the neural responses are critical. Unfavorable electrical stimulation or neural response
characteristics will result in poor perceptual outcomes. The residual neural elements and
their health as well as ability of the CI to deliver high fidelity electrical stimulation are the
basic substrates of contemporary cochlear implantation. Neuronal health has received
considerable attention in recent years with several works demonstrating that reduced
intracochlear damage with device placement, presumably resulting in improved neuronal
survival, is associated with improved speech perceptual abilities.l: 14
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Remote CI programming, totally implanted devices, improved neural health and survival
through targeted drug therapy and delivery, intraneural electrode placement,
electroacoustical stimulation and hybrid Cls, and methods to enhance the neural: prosthesis
interface are evolving areas of innovation reviewed in this article.

Totally Implantable Cochlear Implants

Totally implanted cochlear implants (TICI) may have some advantages when compared to
the commercially available devices todayl 1° which require an external device that couples
to the implanted receiver/stimulator. External devices are exposed to the environment, which
may render them more vulnerable to damage from extremes of temperature, moisture, and
damage from dislodgement. Additionally, implantees typically remove the devices when
water exposure is likely (e.g., bathing, swimming) or when perspiration will be great
(vigorous exercise) and thus are “off-line” during these activities.1 16 While the size and
profile of current external devices are smaller and less conspicuous than earlier generations,
they are visible (more so than modern digital behind-the-ear hearing aids), which may not be
desirable to many potential candidates for social reasons (Figure 1).1 There are several
technical barriers to implantation of a TICI including power source management,
environmental sound detection, and management of component breakdown.1: 15
Contemporary CI are powered via electromagnetic induction using radiofrequency signals
via the coil of the external device and antenna of the receiver/stimulator. Any TICI would
need to be powered internally, likely with the use of a rechargeable battery. Batteries will
need to be able to recharge quickly, hold enough charge to power the CI for about a day, not
generate significant heat and have a very low chance of leaking potentially dangerous
battery chemicals even in the event of battery failure. 1516 At this time, all rechargeable
batteries eventually fail to hold significant charge and will need to be replaced (a strategy
used with pacemakers). Additionally, current Cls utilize an external device worn behind the
ear that houses 1 or more microphones and provides a largely unfettered access to the
acoustic environment and takes advantage of the filtering properties of the head. A TICI will
need to overcome the more limited direct access to sound sources. Options include
microphone placement subcutaneously in the external auditory canal or behind the ear or
using the tympanic membrane and/or ossicular chain as a microphone directly.l: 15 17-19 The
speech processor and related electrical components will also need to be implanted. It is
likely that with the increased number of components implanted, an explantation strategy will
need to be devised as component failure becomes more likely. It is also probable that TICI
will need some type of external hardware for battery recharging, programming, and
switching between programs. It may also be desirable to allow the TICI to be powered and
stimulated using a conventional external device.15 16 Briggs and colleagues (2008)
published the first report using a TICI system in 3 subjects. The authors termed use of the
TICI alone as “invisible hearing.” The devices utilized a subcutaneous microphone near the
radiofrequency coil, lithium ion battery, and the ESPri 3G external sound processor for use
in a conventional mode. Results indicated that the devices can be safely implanted and all 3
subjects reported benefit when using the devices in the invisible hearing mode. However, the
subjects scored higher in measures of Consonant Nucleus Consonant (CNC) word score in
quiet and City University of New York (CUNY) sentence scores in noise when using the
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devices in conventional mode with the external speech processor. With continued
improvement, it is likely that TICI will become a routine device option for patients.

Telemedicine and remote programming of Cochlear Implants

After CDI, the brain slowly learns to use the encoded electrical stimulation to extract
information about the acoustic environment. This is a dynamic process with continued
improvements being seen years after the initial device activation. Each electrode in the array
must be tuned to the response properties of the region that it stimulates. This typically
involves determining the psychophysical threshold as well as the maximum comfortable
level of stimulation (also known as T and C levels, respectively). Over time, changesin T
and/or C levels, individual electrode failures or extrusions, and non-auditory stimulations
(e.g., facial nerve stimulation as a result of sound) require reprogramming the speech
processor. Cl programming has traditionally been performed in the clinic by an implant
audiologist using proprietary equipment and software. This has required healthcare
encounters at dedicated CI program centers, often necessitating a travel requirement for the
patient and their family. Modern telecommunication technologies may offer an approach to
programming where the patient and their Cl team can work together to maximize each user's
performance without a physical visit to the center. This can offer specific benefit to patients
with limited access to transportation or who live in remote areas. Several recent reports
document the safety and efficacy of remote programming.29-22 Ramos and colleagues
(2009) describe a fairly simple set up for remote programming based on software for video
conferencing, computer operating systems, and standard CI programmer software and
hardware.20 In their experimental setup, a remote unit equipped with all required
programmer equipment and attended by a local representative interacted with a remote
location equipped with similar computing equipment and programs. The remote computer
was able to control the local computer and thus run the programming software. In their study
of 5 subjects who were programmed both with standard and remote programming sessions,
they found that remote programming was safe and was not statistically different from
standard programming. McElveen et al. (2010) also demonstrated the safety and non-
inferiority of remote programming in 7 patients compared to 7 matched controls using a
setup similar to Ramos et al. (2009).21 Wesarg et al. (2010) evaluated 70 subjects over
several different implant centers using a variety of technology and found no significant
difference in map characteristics between remote and local programming sessions.22 One
common finding in these three studies is the presence of monitoring personnel to ensure the
safety of the subject being programmed by watching for signs of painful stimulation and
ensuring that there are no communication issues between the remote programming
audiologist and the subject.29-22 Patient and healthcare professional satisfaction with remote
Cl programming in these and other studies has been quite high, with one recent study
reporting that >96% of respondents were satisfied with the remote programming sessions
and 100% reporting that that they would use remote programming in the future.20-23 These
studies demonstrate that remote programming is likely safe and feasible and may offer an
opportunity for better access and possibly improved outcomes for patients undergoing CDI
who live at a considerable distance from their implant center.
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Optical neural stimulation and optical cochlear implants

Contemporary hearing rehabilitation currently relies on two main modalities: acoustic
stimulation to the cochlea and/or electric stimulation of remaining cochlear nerve
afferents.24 Both strategies have advantages and limitations. Acoustic stimulation relies on
the presence of mechanoacoustic stimulation of the cochlea, typically with amplified and
filtered signals (e.g. conventional hearing aids) and necessarily relies on cochlear functions
including the biomechanics of the basilar membrane and organ of Corti as well as the
physiology of the inner and outer hair cells. In the case of conventional hearing aids, this
requires a patent external auditory canal that can tolerate the placement of the hearing aid. In
severe cases of SNHL, these biomechanical and physiological properties are deranged to the
point where mechanoacoustical stimulation does not provide the subject with a hearing
benefit. In many of these patients, a reduced but viable population of SGNs remain that can
be driven with nearby electrical voltage changes and this provides the neural basis for
electrical hearing via CDI. With modern CI electrode arrays and stimulation paradigms, Cl
users are commonly performing at perfect or near perfect levels on word recognition tests
including hearing in noise situations.2> However, despite these results, many patients
continue to report difficulty hearing in noisy environments and with music

perception.24 26. 27 As reviewed in Richter et al. (2013), while there are at most 22
electrodes, only 4-7 channels are truly independent versus the estimated 30-50 channels in
normal hearing subjects. The main problem is thought to be the spread of current (spread of
excitation) away from active electrodes.?8: 29 This spread of excitation may degrade the
specificity of the neural elements being stimulated through channel interaction or cross
talk.39: 31 Channel interaction is an example of how the spread of the excitatory currents
degrade the neural percepts with Cls. It is likely that increasing the number of independent
channels will improve listening in noise or music appreciation.28: 29 Virtual channels,
created by steering current between two electrodes, and bipolar electrode stimulation32 have
been used to decrease channel interaction but have yet to result in significant improvement
over more traditional stimulation methods.28

The use of photons as the energy source for neural stimulation has been proposed as one
mechanism to more specifically stimulate neural elements (reviewed in Richter et al. 2013,
Eshraghi et al. 2012, Jeschke & Moser 2015, and Moser 2015).4 24 27. 28 The precision that
light stimulation may offer could allow for the creation of more focal stimulation and thus
more independent channels of information flow.2” Light energy has been found to excite
many different types of tissues including peripheral nerve, cortical cells, cardiomyocytes,
and isolated neurons.2’- 28 Additionally, the light energy could be delivered via local light
sources such as miniature light emitting diodes (ULEDS) or could be transported via special
wave guides.2” There are several proposed mechanisms for how light can stimulate neural
tissues: 1) photoactivation of light gated ion channels (optogenetics), 2) thermal stimulation
of heat-gated ion channels (thermogenetics), 3) direct activation through alterations in local
plasma membrane electrical properties, 4) uncaging of neurostimulatory compounds, and 5)
modulation of intracellular calcium metabolism.4 24 27. 28 Of these, optical stimulation
mechanisms, optogenetic and infrared light stimulation have received the most attention.
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Optogenetics and thermogenetics require the expression of ion channels in the tissue to be
excited, which in the case of hearing loss and Cls in particular, are the SGNs.27- 28 Since the
discovery of channelrhodopsin 1 & 2 (ChR1 & ChR?2), the expression of these channels has
become a popular method for neural stimulation throughout the neurosciences.24: 27. 33, 34
The molecules function as transmembrane light gated ionotropic channels. A number of
channelrhodpsins have been developed with a variety of kinetic properties,?’ which with
creative expression including specific subcellular compartmental localization, could allow
for a variety of light wavelengths and channels to precisely tune neural responses. Though
cation channels and anion pumps have been expressed and used to drive neuronal activity in
rodent auditory brainstem neurons and auditory neocortex, the expression of these channels
requires either the post-fertilization transfer of the genetic material, typically utilizing a viral
vector, or transgenic techniques, neither of which are used in humans at this

time.24 27, 28,35, 36 Additionally, the channel kinetics of the available channels limit the rate
of stimulation to around 50-60 Hertz (Hz), much lower than the several hundred Hz spiking
that can been seen in SGNs as they follow the envelope of a sound stimulus.24 37

In similar fashion to optogenetics, thermogenetics utilizes a thermosensative ion channel
that has recently been described, which has been shown to allow for depolarization of
neurons with the focal application of heat, such as infrared (IR) light.28: 38 Similar
limitations to the expression of these channels as for optogenetic stimulation exist.

In addition to excitation of exogenously expressed thermosensitive channels, IR light has
been shown to directly stimulate neurons.28: 39 The mechanism underlying this is thought to
be focal thermal changes in the plasma membrane capacitance, which results in
depolarization. Shapiro et al. (2012) demonstrated that this excitation is due to a focal,
reversible increase in temperature due to IR energy absorption by water. This increase in
temperature results in a change in the local capacitance of the plasma membrane and leads to
membrane depolarization.3®> When compared with optogenetic and thermogenetic
techniques, IR stimulation has the advantage of not requiring the expression of special ion
channels or the infusion of special compounds. In a series of reports, Richter and colleagues
demonstrated neural excitation with IR energy and defined the amount of energy required
for this excitation, the temporal fidelity, and spread of excitation from focal IR pulse, which
was better than that of electrical stimulation.0: 414239, 43 | jttlefield and colleagues (2010)
demonstrated that IR light could activate auditory nerve fibers by using IR light directed
through the round window.3° However, several recent studies have challenged the
underlying assumptions of how IR energy stimulates the auditory system. The rapid rise in
temperature could result in pressure wave formation (up to about 60dB SPL equivalent),
which could then stimulate remaining hair cells and drive an auditory response (optoacoustic
effect).3” 44 Additionally, Verma et al. (2014) demonstrated that in a completely deafened
cochlea, IR stimulation was unable to drive cochlear nucleus responses.3’ There are
numerous challenges to implementing these strategies. However, as water is the main
molecule that absorbs IR energy, the light source needs to be very near to the target neuron
as the surrounding fluids will cause a significant decrement in the amount of energy
available to drive neural responses.28 When compared to existing CI technology, the energy
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requirement for IR stimulation was far in excess.?* 40 Further work needs to be performed
to clarify the mechanisms of how IR directly stimulates central auditory pathways.

IR light can also be used to free “caged” compounds that can drive neural excition.# One
example of this would be the use of light to break a photosensitive bond between glutamate
and an inactivating caging compound.

With continued refinement, focused optical stimulation of the SGNs holds promise to
overcome many of the technical and perceptual challenges currently presented in modern
Cls. This may take several forms but is mainly geared toward the creation of more
functionally independent channels of information flow. It is also highly likely that novel
coding and stimulation strategies will be needed for optical Cls that will take advantage of
the hopefully increased number of information channels and channel independence.24

Intraneural Cochlear implantation

Contemporary intrascalar Cl electrode arrays are arguably the most successful neurosensory
rehabilitation prosthesis, though as reviewed above, significant perceptual challenges remain
including listening in noise, music perception, impaired pitch perception, and poor sound
localization even with bilateral Cls.#> These deficits may be a result of the spread of
excitation (review above) from the levels of current required to overcome the distance
between the electrodes in the implant array and the excitable neural elements, the shunting
of current away from these neural elements by the electroconductive perilymph, and the
shielding effects of the modiolar bone covering the neural elements.8: 45 Optical stimulation,
as outlined above, is one mechanism that holds promise to refine the ability to precisely
stimulate neural elements and thus reduce the spread of excitation and channel interaction.
Another strategy is direct stimulation of the neural elements in the modiolus with intraneural
electrodes. Intraneural implantation may offer several advantages over intrascalar electrode
arrays including lower threshold currents due to direct interaction of the electrode and the
neural elements (possible allowing for an increased number of independent channels), the
ability to access more apical fibers resulting in better stimulation of lower characteristic
frequency neural elements, the electrode is farther from the facial nerve resulting in lower
risk of facial nerve stimulation, and less anatomic limitations to implantation for dysplastic
or ossified cochleas.8 Increased potential for neural injury due to insertional trauma
represents a significant hurdle for stimulation with intraneural electrodes.

Djourno and Eyries (1957) were the first to chronically implant an electrical auditory
prosthesis as described above. From 1964 through the middle of the 1980's, Simmons and
colleague published a series of reports investigating the direct intraoperative stimulation of
the auditory nerve, implantation of an intraneural device into the auditory nerve, subsequent
work in animal models and a return to human direct nerve implantation.8: 46-54 Amazingly,
the initial human experiments resulted in auditory perceptions.#: 48 Subsequent work in cats
and then humans demonstrated that chronically implanted intraneural electrodes yield stable
long-term thresholds and were well tolerated though evidence of partial SGN loss and
insertional neural trauma was found.#9-51. 53.54 As reviewed and cited in Arts et al. (2003),
the next development was that of the “Michigan” array, a series of electrodes on 1 or more

Otolaryngol Clin North Am. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roche and Hansen Page 9

thin shanks.® In a series of experiments, these arrays were found to be well tolerated in both
stimulating and non-stimulating conditions of the cochlear nerve and cochlear nuclei in
animal models. When implanted in the modiolus, there was comparatively less cochlear and
neural damage when compared to the published work of Simmons (1979).8 54 Both
modiolar and intracanalicular auditory nerve implantations have been used. Investigators at
the University of Utah have developed a multielectrode implant, termed the Utah electrode
array (UEA) that utilizes a series of needle electrodes arranged in a square configuration that
could be implanted into the modiolar nerve after a facial recess surgical approach.>® Badi
and colleagues demonstrated that in cats implantation with variations of the UEA into the
auditory nerve is feasible, appears to result in minimal histological trauma to implanted
nerves, and can elicit auditory responses.®>->7 Lastly, Middlebrooks & Snyder (2007)
implanted straight electrode arrays into the modiolar nerve and found that these electrodes
could produce low current threshold, frequency specific responses in the inferior colliculus
central nucleus with less electrode interaction and spread of excitation when compared to
intrascalar electrodes.*® The studies by Simmons, those with the Michigan array, those with
the UEA and the work by Middlebrooks & Snyder (2007) each demonstrate that intraneural
electrodes evoke auditory neural responses with less current levels than intrascalar
electrodes.8: 45 54,56 These studies demonstrate the feasibility of chronic intraneural
implantation and stimulation and the possibility of increased numbers of independent
channels with reduced channel interaction compared to current electrode arrays. Further,
intraneural implants, if proven safe and at least not inferior to conventional intrascalar Cls,
may offer a more reliable option for patients with malformed, brittle or ossified cochleae.

Hearing Preservation and Electroacoustical stimulation

The benefits of CDI and electric hearing are well established and CDI can now be
considered the standard of care for patients with severe to profound SNHL and no
meaningful benefit from conventional amplification. However, many patients with severe to
profound high frequency hearing loss and limited word discrimination retain substantial
residual hearing in the low frequencies. This residual hearing often provides significant
benefit; however, the profound SNHL in the high frequencies results in poor speech and
language abilities.>8 These patients are able to gain information about the low frequency
components of speech (vocal fold vibratory patterns) but are not able to process high
frequency components of speech such as fricative phonemes.> Conventional amplification
is of limited benefit in these situations.89 Such patients are left in a therapeutic bind: they do
not benefit significantly from amplification but conventional cochlear implantation with
standard electrode arrays and carriers typically results in complete loss of the residual
hearing.

Considerable recent work has focused on preserving the residual low frequency hearing after
CDlI, such that the implanted ear is simultaneously stimulated with electrical signals with
higher frequency information (where many formants of English language speech are found)
and acoustic signals, which will convey low frequency information. Two main hearing
preservation strategies have been employed: incomplete insertion of standard electrodes and
design of shorter electrode carriers. Preservation of low frequency hearing with standard
length electrode arrays is typically accomplished by terminating electrode advancement at
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the level of the basal turn®8 61-65 thereby reducing the risk of the electrode traversing the
basilar membrane and damaging the organ of Corti and neural elements. Shorter electrode
carrier designs include the Hybrid S, Hybrid S10, and L24 by Cochlear® and the M or Flex-
EAS electrodes by MED-EL. As reviewed in Mowry et al. (2012), results from studies
looking at the speech and language outcomes and preservation of hearing have been
favorable with shorter electrode carriers (from both companies) and standard electrode
carriers with shorter insertion angles.>8 Controversy exists as to whether a standard or short
electrode carrier is the best. Standard electrode carriers have higher rates of loss of residual
hearing including anacusis. However, if residual hearing is lost, longer electrodes have the
potential to offer more independent channels of information, depending on insertion depth,
due to the higher number of electrodes in the array and wider spacing, which can reduce
channel interaction.

The initial short electrode device, the Hybrid-S (Cochlear®) had 6 electrodes in the array in
a carrier that was 6 mm in length.%8 Results from the first 6 patients, 3 implanted with a 6
mm carrier and 3 with a 10 mm carrier, demonstrated that all 6 subjects preserved their
hearing and all demonstrated benefit; the 3 subjects implanted with the 10 mm carrier
performed considerably better than those implanted with the 6 mm carrier.66 Based on these
successful results, a phase | FDA trial using the Hybrid S 10 mm carrier enrolled 87 patients
with severe-to-profound high frequency SNHL and the preliminary results again
demonstrated favorable results.6” The vast majority of subjects demonstrated initial and
long-term hearing preservation after surgery (98 and 91%, respectively). About a 30% of
subjects suffered a =30 dB loss in the low frequencies. The majority of patients performed
better than pre-operative measures; 18% did not improve or performed worse.%” The L24
carrier (Cochlear®) is 16 mm in length but with 22 electrodes in the array. Results from a
multicenter trial in Europe demonstrated that subjects maintained low frequency hearing at
30 dB (96%) and 15 dB (68%) that was stable over time.58 Both the Hybrid S and L24 trials
found that habituation periods were significant with continued improvement occurring after
12 months of use.>8 In a study of 18 patients undergoing implantation with the M electrode
(MED-EL), 12 patients had residual hearing that could be amplified though only 6
consistently used their CI in hybrid mode on a routine basis.5® Numerous studies have
reported preservation of hearing after sub-total insertion of various full-length standard
carriers.58 Patients implanted with short electrode carriers (Hybrid S/L [Cochlear®] or M/
Flex-EAS [MED-EL]) achieve significant improvements in speech discrimination in quiet as
well as in noisy listening conditions.58: 67. 68 Similar results have been found in subjects
implanted with standard electrode arrays with sub-total insertion.>8 Electric and acoustic
stimulation with residual hearing preservation appears to be a viable option for patients with
significant levels of pre-operative low frequency hearing.

Neuroprotection

Most patients with severe-to-profound hearing loss have a reduced population of SGNs
presumably as a result of gradual neural degeneration following injury to the cochlear
epithelium and hair cell loss. While the residual neurons in these patients suffice to perform
well on standard speech perception testing using previous versions of electrode arrays and
stimulation strategies,’% 71 it is likely that emerging devices and stimulation strategies will
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be more dependent on a healthy complement of neurons to achieve optimal results.”?
Further, insertion of the electrode array itself into the scala tympani can result in trauma to
the neurosensory elements through violation of the basilar membrane, entry into the scala
media, disruption of the organ of Corti, injury to the stria vascularis and/or fracture of the
modiolus.1 9 As reviewed in Carlson et al. (2012), damage to the residual neural elements is
thought to underlie some of the variability in Cl outcomes. These findings have led to the
development and refinement of less traumatic surgical techniques (so called “soft
surgery”).4 9. 73-76 As reviewed in Eshraghi et al. (2013), even in situations where no
identifiable macroscopic trauma can be found in animal cochleae undergoing implantation,
molecular and cellular evidence for damage can be found® 73 and may explain the losses of
residual hearing seen in several hearing preservation trials using specialized electrodes and
techniques.58: 67. 68 Molecular events that could contribute to cell death include the
generation of reactive oxygen species (ROS) and pro-inflammatory cytokines that lead to
the activation of pro-apoptotic signals such as c-Jun-N-terminal kinase (JNK), a member of
the mitogen-activated protein kinase (MAPK) family.® 73 Various drugs that target the
aforementioned molecular signals and various delivery systems to deliver these drugs are
currently being investigated. The glucocorticoid, dexamethasone, and JNK pathway
inhibitors are the most well studied pharmaceutical therapeutics. Targeted delivery systems
have included transtympanic injections (such as transtympanic corticosteroids for sudden
hearing loss or aminoglycoside for Meniere's Disease), mini-osmotic pumps and
biodegradable gels that elute the compound of interest over time. Targeted delivery is
preferable to systemic administration as this can reduce the side effects and other non-
desirable effects of the medications® 73, which in turn may allow for higher local doses and
longer treatment durations. For example, in the setting of sudden hearing loss, intratympanic
corticosteroids can be used instead of systemic therapy in cases where the biochemical side
effects are difficult to tolerate (e.g., diabetes).

Dexamethasone has been used by numerous authors to reduce inflammation induced by
cochlear device implantation and has demonstrated a protective effect in animal models.
Eshraghi et al. (2007) and Vivero et al. (2008) found that infusion of the dexamethasone via
a miniosmotic pumps protected the operated ears in guinea pigs from trauma induced
hearing loss with electrode insertion.”’: 78 Likewise, Ye et al. (2007) found that
triamcinolone, another glucocorticoid compound, reduced hearing loss caused from surgical
trauma (cochleostomy).”® James et al. (2008) used dexamethasone in a hyaluronic acid/
carboxymethylcellulose bead placed near the round window and this was found to protect
against hearing loss from electrode trauma.89

The JNK pathway mediates apoptosis signaling and inhibitors have been used in various
organ systems as neuroprotectants (e.g., retinal ganglion cells and cortical neurons).” Ex-
vivo studies of murine cochleae found that treatment with D-JNKI-1, a peptide JINK
inhibitor, prevented hair cell apoptosis induced with acoustic or aminoglycoside trauma.81
Eshraghi and colleagues performed a series of experiments in guinea pigs that demonstrated
the protective effects of D-JNK-1 from electrode insertion trauma induced hearing loss both
acute and delayed components.82: 83 Both of these previous studies used mini-pumps to
infuse the JNK inhibitor. Eshraghi et al. (2013) used D-JNK-1 mixed with a hyaluronate gel
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applied to the RWM a half an hour before electrode insertion and again demonstrated
physiologic and histological protection from the damaging effects of electrode insertion.”3
Further, inhibition of JNK using genetic and molecular approaches and pharmacological
compounds rescues cultured SGN from apoptosis.8* However, general JNK inhibitors, such
as D-JNK-1, inhibit SGN neurite regeneration. To the extent that neural regeneration (see
below) becomes a therapeutic goal in addition to prevention of neuron apoptosis, it will be
important to consider the effects of specific molecular targets on neurite growth in addition
to neuronal survival. Other examples of stimuli and signaling molecules that promote SGN
survival yet inhibit neurite regeneration include membrane depolarization, protein kinase A,
calcium-calmodulin dependent kinase 11, and members of the Bcl-2 family of proteins.85-89
Meanwhile, other factors, in particular the neurotrophins, neurotrophin-3 (NT-3) and brain-
derived neurotrophic factor (BNDF), promote both SGN survival and neurite regeneration
(see below).90

Typically, pharmacologic compounds must diffuse through the round window to gain access
to the scalar contents. As reviewed in Salt and Plontke (2009), a variety of substances (local
anesthetics, ototoxic medications, neurotransmitters and monoclonal antibodies) have been
placed into the middle ear with the goal of intralabyrinthine distribution.9? Recently,
measurements from the scala tympani have demonstrated that drug distribution is
accomplished mainly with passive diffusion movement and concentration gradient is found
between the basal and apical ends of the scala; thus to achieve high apical drug
concentrations, prolonged exposure to the round window is required.® 91 The drug of
interest must be able to liberate from the carrier substance, be absorbed into the perilymph
(typically through the round window membrane), and distribute throughout the inner ear
tissue via diffusion.! Carrier compounds which allow for the sustained release of drug over
time include liposomes, drug-loaded biodegradable microspheres and drug polymer
congregates.®! Alternatively, microcatheters and pumps can be used to infuse the drug to the
round window membrane.”3 82 91 With specific regard to the Cl, several authors have
discussed strategies for drug delivery utilizing the cochlear implant device including bathing
the implant in a drug or gel prior to implantation, drug liberation from the electrode array
carrier, drug release from a reservoir within the carrier, infusion through a separate channel
in the carrier and coating the carrier with a sustained release formulation (Figure 2).91-94
Richardson et al. (2009) demonstrated that polymer electrodes that elute neurotrophins with
electrical stimulation resulted in lower brainstem response thresholds and higher SGN
counts when compared to controls (non-electrically stimulated).%3

In summary, targeted drug therapy to help improve hair cell and neuronal survival, as well
as innovative drug delivery mechanisms hold significant promise for improving
performance with current devices and preserve the normal structures future innovations.

Improving the electrode and cochlear nerve interactions

As reviewed above, CDI allows for the perception of the acoustic environment by selective
stimulation of the remaining modiolar neural elements in a frequency specific manner.
However the distance between the stimulating electrodes and the neural elements that they
activate fails to recapitulate the intimate, precise innervation pattern of the cochlea.
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Improvements in how the electrode and neural elements interact may allow for enhanced
specificity in the coupling of specific electrodes and nerve fibers resulting in lower
stimulation current requirements and thus potentially less channel interaction.! Direct nerve
implantation (reviewed above) is one mechanism being studied that results in physical
contact of the electrode in the array with cochlear nerve afferent fibers. Two other strategies
are currently being studied: electrode carrier positioning techniques that result in a
periomodiolar position of the electrode array and neural stimulation to induce neural growth
to the electrode. It is possible that a combination of all three strategies will be utilized in
some combination in the future to take selective advantage of benefits that each strategy
may offer.

Perimodiolar position strategies have been utilized clinically in the past decade. Early
designs used ridged positioning elements that resulted in significant intracochlear trauma
and were associated with a significantly elevated risk of meningitis and were subsequently
withdrawn from the market.: 9596 Animal models have corroborated the clinical findings
that cochlear trauma increases the risk of otogenic meningitis.®” Recently, precurved
electrode carriers (Cochlear® Contour Advance™ electrode array) have been used with
great success. Roland et al. (2005) demonstrated that with the advance of stylet (AQS)
technique resulted in low levels of cochlear trauma through a reduction in the forces
imparted to the lateral cochlear wall.%8 This device uses a rigid stylet that is contained within
the electrode carrier that holds the carrier in a nearly straight alignment for the initial
insertion. Once the electrode carrier in at the 15t turn of the basal cochlea, the stylet is
grasped and the electrode is advanced further allowing the carrier to return to its nascent,
curved shaped in a tight spiral around the modular wall. This device is now routinely used in
many institutions. Midscalar positioning (electrode carrier array located in the middle of the
scala tympani without contact to either the modiolus or lateral wall) can also be utilized.
Advantages of this intrascalar position is that it may avoid some of the trauma that is seen
with electrode carrier interactions with either the lateral or modular walls while bringing the
electrodes closer to the remaining neural elements than traditional lateral wall
configurations.%9: 100 Histologic studies have demonstrated that the Advanced Bionics
midscalar electrode carrier (HiFocus™ Mid-scala) does allow for a low insertional trauma
when inserted off of a stylet.

Cls require the presence of type | afferent fibers to work as evidenced by the profound lack
of benefit seen in children with cochlear nerve aplasia who have undergone CDI.
Progressive loss of these auditory fibers or other neuropathologic changes has been
postulated to result in reduced performance with Cls.101 One explanation for the loss of
SGNs with hearing loss is the resulting loss of neurotrophic factors produced in the cochlear
epithelium.191 Neurotrophins are implicated in the development of SGNs and their long-
term survival in both ex-vivo and in-vivo animal models when exogenously
administered.191. 102 | addition to their neuroprotective effects, neurotrophins have also
been demonstrated to enhance resprouting of auditory nerve peripheral processes.192 Wise et
al. (2005) demonstrated that the application of BDNF and NT3 enhanced sprouting from
neural elements near the site of drug application.193 Viral vectors have been used to force
expression of BDNF in a murine model and found enhanced neural regrowth.194 Thus it
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appears possible that exogenously administered or endogenously expressed neurotrophic
factors may have a role in preserving the neural substrate for Cls and possibly inducing
neural sprouting to further enhance the prosthesis-nerve interface. However for such axon
regeneration to be useful, it must be precisely guided to faithfully recapitulate the precise
tonotopic arrangement of the afferent auditory innervation. Thus, additional work has been
performed to look at neurite guidance cues in an effort to understand and potentially
modulate and control neurite growth patterns with the idea that it might be possible to guide
neurite growth in an advantageous way. Patterning of biochemical guidance clues have been
shown to direct SGN growth cone pathfinding and neurite growth. For example, stripes of
EphA4, a chemorepulsive peptide, guide neurite growth since the neurites avoid the EphA-
coated stripes.105 In addition to biochemical factors, physical surface features have recently
been shown to precisely direct SGN neurite growth.106: 107 The ability of these surface
features to guide SGN neurite growth depends on channel amplitude and periodicity,
mechanical and surface properties (e.g. polarity), and pattern complexity.198-110 Advantages
of such surface features compared with patterning of bioactive molecules include ease and
cost of production, reproducibility, and shelf-life stability.198. 110 Taken together,
neurotrophic enhanced neural sprouting and the use of directional neurite growth strategies
including physical surface and biochemical cues may allow for a more intimate interface of
the CI electrode array and the neural elements it stimulates.

Conclusions

Cochlear implantation and Cls have a long history filled with innovations that have resulted
in the high performing devices currently available. There are several promising technologies
reviewed above which hold the promise to drive performance even higher.

References

1.

Carlson ML, Driscoll CL, Gifford RH, et al. Cochlear implantation: current and future device
options. Otolaryngol Clin North Am. 2012; 45(1):221-248. [PubMed: 22115692]

. Ramsden RT. History of cochlear implantation. Cochlear implants international. 2013; 14(Suppl

4):53-5. [PubMed: 24533753]

. Volta A. On electricity excited by the mere contact of conducting substances of different kinds. Phil

Trans. 1800

. Eshraghi AA, Nazarian R, Telischi FF, et al. The cochlear implant: historical aspects and future

prospects. Anatomical record (Hoboken, NJ: 2007). 2012; 295(11):1967-1980.

. Weaver E, Bray C, Wever EG, Bray CW. The nature of the acoustic response: the relation between

sound frequency of impulses in the auditory nerve. The Journal of Experimental Psychology. 1930;
1930(13):373-387.

. Djourno A, Eyries C, Vallancien B. Electric excitation of the cochlear nerve in man by induction at

a distance with the aid of micro-coil included in the fixture. Comptes rendus des seances de la
Societe de biologie et de ses filiales. 1957; 151(3):423-425. [PubMed: 13479991]

. Eisen MD. Djourno, Eyries, and the first implanted electrical neural stimulator to restore hearing.

Otol Neurotol. 2003; 24(3):500-506. [PubMed: 12806307]

. Arts HA, Jones DA, Anderson DJ. Prosthetic stimulation of the auditory system with intraneural

electrodes. The Annals of otology, rhinology & laryngology Supplement. 2003; 191:20-25.

. Eshraghi AA, Gupta C, Ozdamar O, et al. Biomedical engineering principles of modern cochlear

implants and recent surgical innovations. Anatomical record (Hoboken, NJ: 2007). 2012; 295(11):
1957-1966.

Otolaryngol Clin North Am. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roche and Hansen

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Page 15

Kiang NY, Moxon EC. Physiological considerations in artificial stimulation of the inner ear. Ann
Otol Rhinol Laryngol. 1972; 81(5):714-730. [PubMed: 4651114]

Bilger RC, Black FO. Auditory prostheses in perspective. The Annals of otology, rhinology &
laryngology Supplement. 1977; 86(3 Pt 2 Suppl 38):3-10.

Clark GM, Tong YC, Martin LF. A multiple-channel cochlear implant: an evaluation using open-
set CID sentences. Laryngoscope. 1981; 91(4):628-634. [PubMed: 7219008]

Wilson BS, Finley CC, Lawson DT, et al. Better speech recognition with cochlear implants.
Nature. 1991; 352(6332):236-238. [PubMed: 1857418]

Carlson ML, Driscoll CL, Gifford RH, et al. Implications of minimizing trauma during
conventional cochlear implantation. Otol Neurotol. 2011; 32(6):962-968. [PubMed: 21659922]

Cohen N. The totally implantable cochlear implant. Ear Hear. 2007; 28(2 Suppl):100s-101s.
[PubMed: 17496658]

Briggs RJ, Eder HC, Seligman PM, et al. Initial clinical experience with a totally implantable
cochlear implant research device. Otol Neurotol. 2008; 29(2):114-119. [PubMed: 17898671]
Huttenbrink KB, Zahnert TH, Bornitz M, et al. Biomechanical aspects in implantable microphones
and hearing aids and development of a concept with a hydroacoustical transmission. Acta
Otolaryngol. 2001; 121(2):185-189. [PubMed: 11349775]

Maniglia AJ, Abbass H, Azar T, et al. The middle ear bioelectronic microphone for a totally
implantable cochlear hearing device for profound and total hearing loss. Am J Otol. 1999; 20(5):
602-611. [PubMed: 10503582]

Zenner HP, Leysieffer H, Maassen M, et al. Human studies of a piezoelectric transducer and a
microphone for a totally implantable electronic hearing device. Am J Otol. 2000; 21(2):196-204.
[PubMed: 10733184]

Ramos A, Rodriguez C, Martinez-Beneyto P, et al. Use of telemedicine in the remote programming
of cochlear implants. Acta Otolaryngol. 2009; 129(5):533-540. [PubMed: 18649152]

McElveen JT Jr, Blackburn EL, Green JD Jr, et al. Remote programming of cochlear implants: a
telecommunications model. Otol Neurotol. 2010; 31(7):1035-1040. [PubMed: 20147864]

Wesarg T, Wasowski A, Skarzynski H, et al. Remote fitting in Nucleus cochlear implant
recipients. Acta Otolaryngol. 2010; 130(12):1379-1388. [PubMed: 20586675]

Kuzovkov V, Yanov Y, Levin S, et al. Remote programming of MED-EL cochlear implants: users'
and professionals' evaluation of the remote programming experience. Acta Otolaryngol. 2014;
134(7):709-716. [PubMed: 24773208]

Moser T. Optogenetic stimulation of the auditory pathway for research and future prosthetics. Curr
Opin Neurobiol. 2015; 34c:29-36. [PubMed: 25637880]

Gifford RH, Shallop JK, Peterson AM. Speech recognition materials and ceiling effects:
considerations for cochlear implant programs. Audiol Neurootol. 2008; 13(3):193-205. [PubMed:
18212519]

Kohlberg G, Spitzer JB, Mancuso D, et al. Does cochlear implantation restore music appreciation?
Laryngoscope. 2014; 124(3):587-588. [PubMed: 23696450]

Jeschke M, Moser T. Considering optogenetic stimulation for cochlear implants. Hearing research.
2015

Richter CP, Rajguru S, Bendett M. Infrared neural stimulation in the cochlea. Proceedings of SPIE.
2013; 8565:85651y.

Friesen LM, Shannon RV, Baskent D, et al. Speech recognition in noise as a function of the
number of spectral channels: comparison of acoustic hearing and cochlear implants. The Journal of
the Acoustical Society of America. 2001; 110(2):1150-1163. [PubMed: 11519582]

Kral A, Hartmann R, Mortazavi D, et al. Spatial resolution of cochlear implants: the electrical field
and excitation of auditory afferents. Hearing research. 1998; 121(1-2):11-28. [PubMed: 9682804]
Shannon RV. Multichannel electrical stimulation of the auditory nerve in man. I. Basic
psychophysics. Hearing research. 1983; 11(2):157-189. [PubMed: 6619003]

Donaldson GS, Kreft HA, Litvak L. Place-pitch discrimination of single- versus dual-electrode
stimuli by cochlear implant users (L). The Journal of the Acoustical Society of America. 2005;
118(2):623-626. [PubMed: 16158620]

Otolaryngol Clin North Am. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roche and Hansen

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 16

Nagel G, Ollig D, Fuhrmann M, et al. Channelrhodopsin-1: a light-gated proton channel in green
algae. Science (New York, NY). 2002; 296(5577):2395-2398.

Nagel G, Szellas T, Huhn W, et al. Channelrhodopsin-2, a directly light-gated cation-selective
membrane channel. Proceedings of the National Academy of Sciences of the United States of
America. 2003; 100(24):13940-13945. [PubMed: 14615590]

Shapiro MG, Homma K, Villarreal S, et al. Infrared light excites cells by changing their electrical
capacitance. Nature communications. 2012; 3:736.

Shimano T, Fyk-Kolodziej B, Mirza N, et al. Assessment of the AAV-mediated expression of
channelrhodopsin-2 and halorhodopsin in brainstem neurons mediating auditory signaling. Brain
Res. 2013; 1511:138-152. [PubMed: 23088961]

Verma RU, Guex AA, Hancock KE, et al. Auditory responses to electric and infrared neural
stimulation of the rat cochlear nucleus. Hearing research. 2014; 310:69-75. [PubMed: 24508368]

Albert ES, Bec JM, Desmadryl G, et al. TRPV4 channels mediate the infrared laser-evoked
response in sensory neurons. J Neurophysiol. 2012; 107(12):3227-3234. [PubMed: 22442563]

Littlefield PD, Vujanovic I, Mundi J, et al. Laser stimulation of single auditory nerve fibers.
Laryngoscope. 2010; 120(10):2071-2082. [PubMed: 20830761]

Richter CP, Rajguru SM, Matic Al, et al. Spread of cochlear excitation during stimulation with
pulsed infrared radiation: inferior colliculus measurements. Journal of neural engineering. 2011;
8(5):056006. [PubMed: 21828906]

1zzo AD, Richter CP, Jansen ED, et al. Laser stimulation of the auditory nerve. Lasers in surgery
and medicine. 2006; 38(8):745-753. [PubMed: 16871623]

1zzo AD, Walsh JT Jr, Ralph H, et al. Laser stimulation of auditory neurons: effect of shorter pulse
duration and penetration depth. Biophysical journal. 2008; 94(8):3159-3166. [PubMed: 18192375]
1zzo AD, Suh E, Pathria J, et al. Selectivity of neural stimulation in the auditory system: a
comparison of optic and electric stimuli. J Biomed Opt. 2007; 12(2):021008. [PubMed: 17477715]
Teudt IU, Maier H, Richter CP, et al. Acoustic events and “optophonic” cochlear responses
induced by pulsed near-infrared laser. IEEE transactions on bio-medical engineering. 2011; 58(6):
1648-1655. [PubMed: 21278011]

Middlebrooks JC, Snyder RL. Auditory prosthesis with a penetrating nerve array. J Assoc Res
Otolaryngol. 2007; 8(2):258-279. [PubMed: 17265124]

Simmons FB, Mongeon CJ, Lewis WR, et al. Electrical Stimulation of Acoustical Nerve and
Inferior Colliculus. Arch Otolaryngol. 1964; 79:559-568. [PubMed: 14135073]

Simmons FB, Epley JM, Lummis RC, et al. Auditory Nerve: Electrical Stimulation in Man.
Science (New York, NY). 1965; 148(3666):104-106.

Simmons FB. Electrical stimulation of the auditory nerve in man. Arch Otolaryngol. 1966; 84(1):
2-54. [PubMed: 5936537]

Simmons FB. Permanent intracochlear electrodes in cats, tissue tolerance and cochlear
microphonics. Laryngoscope. 1967; 77(2):171-186. [PubMed: 6018791]

Simmons FB, Glattke TJ. Comparison of electrical and acoustical stimulation of the cat ear. Ann
Otol Rhinol Laryngol. 1972; 81(5):731-737. [PubMed: 4651115]

Simmons FB, Mathews RG, Walker MG, et al. A functioning multichannel auditory nerve
stimulator. A preliminary report on two human volunteers. Acta Otolaryngol. 1979; 87(3-4):170-
175. [PubMed: 442996]

Simmons FB. Percepts from modiolar (eighth nerve) stimulation. Annals of the New York
Academy of Sciences. 1983; 405:259-263. [PubMed: 6575649]

Simmons FB, Schuknecht HF, Smith L. Histopathology of an ear after 5 years of electrical
stimulation. Ann Otol Rhinol Laryngol. 1986; 95(2 Pt 1):132-136. [PubMed: 3754409]

Simmons FB. Electrical stimulation of the auditory nerve in cats. Long term electrophysiological
and histological results. Ann Otol Rhinol Laryngol. 1979; 88(4 Pt 1):533-539. [PubMed: 475252]
Badi AN, Hillman T, Shelton C, et al. A technique for implantation of a 3-dimensional penetrating
electrode array in the modiolar nerve of cats and humans. Arch Otolaryngol Head Neck Surg.
2002; 128(9):1019-1025. [PubMed: 12220205]

Otolaryngol Clin North Am. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roche and Hansen

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 17

Badi AN, Kertesz TR, Gurgel RK, et al. Development of a novel eighth-nerve intraneural auditory
neuroprosthesis. Laryngoscope. 2003; 113(5):833-842. [PubMed: 12792319]

Badi AN, Owa AO, Shelton C, et al. Electrode independence in intraneural cochlear nerve
stimulation. Otol Neurotol. 2007; 28(1):16—24. [PubMed: 17195741]

Mowry SE, Woodson E, Gantz BJ. New frontiers in cochlear implantation: acoustic plus electric
hearing, hearing preservation, and more. Otolaryngol Clin North Am. 2012; 45(1):187-203.
[PubMed: 22115690]

Turner CW, Gantz BJ, Karsten S, et al. Impact of hair cell preservation in cochlear implantation:
combined electric and acoustic hearing. Otol Neurotol. 2010; 31(8):1227-1232. [PubMed:
20802370]

Hogan CA, Turner CW. High-frequency audibility: benefits for hearing-impaired listeners. The
Journal of the Acoustical Society of America. 1998; 104(1):432-441. [PubMed: 9670535]

Rizer FM, Arkis PN, Lippy WH, et al. A postoperative audiometric evaluation of cochlear implant
patients. Otolaryngol Head Neck Surg. 1988; 98(3):203-206. [PubMed: 3127782]

Kiefer J, Gstoettner W, Baumgartner W, et al. Conservation of low-frequency hearing in cochlear
implantation. Acta Otolaryngol. 2004; 124(3):272-280. [PubMed: 15141755]

Hodges AV, Schloffman J, Balkany T. Conservation of residual hearing with cochlear
implantation. Am J Otol. 1997; 18(2):179-183. [PubMed: 9093674]

Balkany TJ, Connell SS, Hodges AV, et al. Conservation of residual acoustic hearing after
cochlear implantation. Otol Neurotol. 2006; 27(8):1083-1088. [PubMed: 17130798]

von llberg C, Kiefer J, Tillein J, et al. Electric-acoustic stimulation of the auditory system. New
technology for severe hearing loss. ORL; journal for oto-rhino-laryngology and its related
specialties. 1999; 61(6):334-340.

Gantz BJ, Turner CW. Combining acoustic and electrical hearing. Laryngoscope. 2003; 113(10):
1726-1730. [PubMed: 14520097]

Gantz BJ, Hansen MR, Turner CW, et al. Hybrid 10 clinical trial: preliminary results. Audiol
Neurootol. 2009; 14(Suppl 1):32-38. [PubMed: 19390173]

Lenarz T, Stover T, Buechner A, et al. Hearing conservation surgery using the Hybrid-L electrode.
Results from the first clinical trial at the Medical University of Hannover. Audiol Neurootol. 2009;
14(Suppl 1):22-31. [PubMed: 19390172]

Gstoettner WK, Van De Heyning P, O'Connor AF, et al. Electric acoustic stimulation of the
auditory system: results of a multi-centre investigation. Acta Otolaryngol. 2008:1-8.

Fayad J, Linthicum FH Jr, Otto SR, et al. Cochlear implants: Histopathologic findings related to
performance in 16 human temporal bones. Ann Otol Rhinol Laryngol. 1991; 100(10):807-811.
[PubMed: 1952646]

Khan AM, Handzel O, Burgess BJ, et al. Is word recognition correlated with the number of
surviving spiral ganglion cells and electrode insertion depth in human subjects with cochlear
implants? Laryngoscope. 2005; 115(4):672—677. [PubMed: 15805879]

Roehm PC, Hansen MR. Strategies to preserve or regenerate spiral ganglion neurons. Curr Opin
Otolaryngol Head Neck Surg. 2005; 13(5):294-300. [PubMed: 16160524]

Eshraghi AA, Gupta C, Van De Water TR, et al. Molecular mechanisms involved in cochlear
implantation trauma and the protection of hearing and auditory sensory cells by inhibition of c-
Jun-N-terminal kinase signaling. Laryngoscope. 2013; 123(Suppl 1):S1-14. [PubMed: 23382052]

Adunka O, Kiefer J, Unkelbach MH, et al. Development and evaluation of an improved cochlear
implant electrode design for electric acoustic stimulation. Laryngoscope. 2004; 114(7):1237-1241.
[PubMed: 15235353]

Eshraghi AA, Yang NW, Balkany TJ. Comparative study of cochlear damage with three
perimodiolar electrode designs. Laryngoscope. 2003; 113(3):415-419. [PubMed: 12616189]
Adunka OF, Pillsbury HC, Buchman CA. Minimizing intracochlear trauma during cochlear
implantation. Advances in oto-rhino-laryngology. 2010; 67:96-107. [PubMed: 19955726]
Eshraghi AA, Adil E, He J, et al. Local dexamethasone therapy conserves hearing in an animal
model of electrode insertion trauma-induced hearing loss. Otol Neurotol. 2007; 28(6):842-849.
[PubMed: 17471110]

Otolaryngol Clin North Am. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roche and Hansen

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Page 18

Vivero RJ, Joseph DE, Angeli S, et al. Dexamethasone base conserves hearing from electrode
trauma-induced hearing loss. Laryngoscope. 2008; 118(11):2028-2035. [PubMed: 18818553]

Ye Q, Tillein J, Hartmann R, et al. Application of a corticosteroid (Triamcinolon) protects inner
ear function after surgical intervention. Ear Hear. 2007; 28(3):361-369. [PubMed: 17485985]

James DP, Eastwood H, Richardson RT, et al. Effects of round window dexamethasone on residual
hearing in a Guinea pig model of cochlear implantation. Audiol Neurootol. 2008; 13(2):86-96.
[PubMed: 18057872]

Wang J, Van De Water TR, Bonny C, et al. A peptide inhibitor of c-Jun N-terminal kinase protects
against both aminoglycoside and acoustic trauma-induced auditory hair cell death and hearing
loss. J Neurosci. 2003; 23(24):8596-8607. [PubMed: 13679429]

Eshraghi AA, He J, Mou CH, et al. D-JNKI-1 treatment prevents the progression of hearing loss in
a model of cochlear implantation trauma. Otol Neurotol. 2006; 27(4):504-511. [PubMed:
16791042]

Eshraghi AA, Wang J, Adil E, et al. Blocking c-Jun-N-terminal kinase signaling can prevent
hearing loss induced by both electrode insertion trauma and neomycin ototoxicity. Hearing
research. 2007; 226(1-2):168-177. [PubMed: 17098385]

Atkinson PJ, Cho CH, Hansen MR, et al. Activity of all INK isoforms contributes to neurite
growth in spiral ganglion neurons. Hear Res. 2011; 278(1-2):77-85. [PubMed: 21554942]
Roehm PC, Xu N, Woodson EA, et al. Membrane depolarization inhibits spiral ganglion neurite
growth via activation of multiple types of voltage sensitive calcium channels and calpain.
Molecular and cellular neurosciences. 2008; 37(2):376-387. [PubMed: 18055215]

Renton JP, Xu N, Clark JJ, et al. Interaction of neurotrophin signaling with Bcl-2 localized to the
mitochondria and endoplasmic reticulum on spiral ganglion neuron survival and neurite growth. J
Neurosci Res. 2010; 88(10):2239-2251. [PubMed: 20209634]

Hansen MR, Roehm PC, Xu N, et al. Overexpression of Bcl-2 or Bcl-xL prevents spiral ganglion
neuron death and inhibits neurite growth. Developmental neurobiology. 2007; 67(3):316-325.
[PubMed: 17443790]

Hansen MR, Bok J, Devaiah AK, et al. Ca2+/calmodulin-dependent protein kinases Il and 1V both
promote survival but differ in their effects on axon growth in spiral ganglion neurons. J Neurosci
Res. 2003; 72(2):169-184. [PubMed: 12671991]

Xu N, Engbers J, Khaja S, et al. Influence of cAMP and protein kinase A on neurite length from
spiral ganglion neurons. Hear Res. 2012; 283(1-2):33-44. [PubMed: 22154930]

Green SH, Bailey E, Wang Q, et al. The Trk A, B, C's of neurotrophins in the cochlea. Anatomical
record. 2012; 295(11):1877-1895.

Salt AN, Plontke SK. Principles of local drug delivery to the inner ear. Audiol Neurootol. 2009;
14(6):350-360. [PubMed: 19923805]

Garnham C, Reetz G, Jolly C, et al. Drug delivery to the cochlea after implantation: consideration
of the risk factors. Cochlear implants international. 2005; 6(Suppl 1):12-14. [PubMed: 18792345]

Richardson RT, Wise AK, Thompson BC, et al. Polypyrrole-coated electrodes for the delivery of
charge and neurotrophins to cochlear neurons. Biomaterials. 2009; 30(13):2614-2624. [PubMed:
19178943]

Hochmair I, Nopp P, Jolly C, et al. MED-EL Cochlear implants: state of the art and a glimpse into
the future. Trends Amplif. 2006; 10(4):201-219. [PubMed: 17172548]

Aschendorff A, Klenzner T, Richter B, et al. Evaluation of the HiFocus electrode array with
positioner in human temporal bones. J Laryngol Otol. 2003; 117(7):527-531. [PubMed:
12901805]

Reefhuis J, Honein MA, Whitney CG, et al. Risk of bacterial meningitis in children with cochlear
implants. The New England journal of medicine. 2003; 349(5):435-445. [PubMed: 12890842]
Wei BP, Shepherd RK, Robins-Browne RM, et al. Effects of inner ear trauma on the risk of
pneumococcal meningitis. Arch Otolaryngol Head Neck Surg. 2007; 133(3):250-259. [PubMed:
17372082]

Roland JT Jr. A model for cochlear implant electrode insertion and force evaluation: results with a
new electrode design and insertion technique. Laryngoscope. 2005; 115(8):1325-1339. [PubMed:
16094101]

Otolaryngol Clin North Am. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roche and Hansen

Page 19

99. Hassepass F, Bulla S, Maier W, et al. The new mid-scala electrode array: a radiologic and
histologic study in human temporal bones. Otol Neurotol. 2014; 35(8):1415-1420. [PubMed:
24836594]

100. Wanna GB, Noble JH, Carlson ML, et al. Impact of electrode design and surgical approach on
scalar location and cochlear implant outcomes. Laryngoscope. 2014; 124(Suppl 6):S1-7.
[PubMed: 24764083]

101. Pettingill LN, Richardson RT, Wise AK, et al. Neurotrophic factors and neural prostheses:
potential clinical applications based upon findings in the auditory system. IEEE transactions on
bio-medical engineering. 2007; 54(6 Pt 1):1138-1148. [PubMed: 17551571]

102. Budenz CL, Pfingst BE, Raphael Y. The use of neurotrophin therapy in the inner ear to augment
cochlear implantation outcomes. Anatomical record (Hoboken, NJ: 2007). 2012; 295(11):1896—
1908.

103. Wise AK, Richardson R, Hardman J, et al. Resprouting and survival of guinea pig cochlear
neurons in response to the administration of the neurotrophins brain-derived neurotrophic factor
and neurotrophin-3. The Journal of comparative neurology. 2005; 487(2):147-165. [PubMed:
15880560]

104. Shibata SB, Cortez SR, Beyer LA, et al. Transgenic BDNF induces nerve fiber regrowth into the
auditory epithelium in deaf cochleae. Experimental neurology. 2010; 223(2):464-472. [PubMed:
20109446]

105. Brors D, Bodmer D, Pak K, et al. EphA4 provides repulsive signals to developing cochlear
ganglion neurites mediated through ephrin-B2 and -B3. The Journal of comparative neurology.
2003; 462(1):90-100. [PubMed: 12761826]

106. Reich U, Mueller PP, Fadeeva E, et al. Differential fine-tuning of cochlear implant material-cell
interactions by femtosecond laser microstructuring. Journal of biomedical materials research Part
B, Applied biomaterials. 2008; 87(1):146-153.

107. Clarke JC, Tuft BW, Clinger JD, et al. Micropatterned methacrylate polymers direct spiral
ganglion neurite and Schwann cell growth. Hear Res. 2011; 278(1-2):96-105. [PubMed:
21616131]

108. Tuft BW, Li S, Xu L, et al. Photopolymerized microfeatures for directed spiral ganglion neurite
and Schwann cell growth. Biomaterials. 2013; 34(1):42-54. [PubMed: 23069708]

109. Tuft BW, Zhang L, Xu L, et al. Material stiffness effects on neurite alignment to
photopolymerized micropatterns. Biomacromolecules. 2014; 15(10):3717-3727. [PubMed:
25211120]

110. Tuft BW, Xu L, White SP, et al. Neural pathfinding on uni- and multidirectional
photopolymerized micropatterns. ACS applied materials & interfaces. 2014; 6(14):11265-11276.
[PubMed: 24911660]

Otolaryngol Clin North Am. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Roche and Hansen

Page 20

Key Points

e Cochlear device implantation (CDI) remains the only reliable option for
auditory communication rehabilitation in cases of severe and profound
sensorineural hearing loss (SNHL) where the site of lesion is outside of the
central auditory processing stream.

e Cochlear implants (CI) sample the acoustic environment, process the input
signal into discrete frequency bands, compress the amplitude into an electrically
useable range, and then stimulate the residual neural elements in a tonotopic
manner to reproduce the frequency and amplitude analyzing capability of the
cochlea.

o  Cls represent the most successful neural prosthesis in clinical use and have a
long and interesting history that has led to the modern devices currently
available. Further refinements of the existing current iteration of these devices
and the development of novel technology hold promise to continue to improve
and benefit patient experience.
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Figure 1.
Audiometric profiles of candidates for implantation with conventional (A) and hybrid (B)

devices. The blue shaded area represents where pure-tone thresholds should lie. Candidates
for hybrid cochlear implant devices must not have pure-tone thresholds in the grey regions
representing thresholds that are either too poor (a) to utilize acoustic stimulation or good (b)
to benefit from electrical stimulation of high frequency regions.
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Figure 2.
Schematic representation of cochlear implant devices utilizing either electrical (A) or optical

(B) stimulation. Devices in current clinical use employ electrical stimulation and contain
variable numbers of electrode channels depending on the specifics design of the electrode
array; electrical currents spread outward from the electrodes to depolarize the remaining
spiral ganglion cells. Overlapping electric fields result in channel interactions and
degradation of the spectral and temporal resolution that is possible from the stimulating
signal pattern. Optical stimulation, such as focused light delivered through microscale light
emitting diodes (mLEDSs), may allow for more focused stimulation of spiral ganglion cells.
Thus, it should be possible to generate more independent channels of information, which
could result in better spectral and temporal percepts of the acoustic environment.

Otolaryngol Clin North Am. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Roche and Hansen

From Jeschke M, Moser T. Considering optogenetic stimulation for cochlear implants.
Hearing Res 2015;322:224-34; with permission.
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