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Abstract

The cochlear implant (CI) is the first effective treatment for deafness and severe losses in hearing. 

As such, the CI is now widely regarded as one of the great advances in modern medicine. This 

paper reviews the key events and discoveries that led up to the current CI systems, and we review 

and present some among the many possibilities for further improvements in device design and 

performance. The past achievements include: (1) development of reliable devices that can be used 

over the lifetime of a patient; (2) development of arrays of implanted electrodes that can stimulate 

more than one site in the cochlea; and (3) progressive and large improvements in sound processing 

strategies for CIs. In addition, cooperation between research organizations and companies greatly 

accelerated the widespread availability and use of safe and effective devices. Possibilities for the 

future include: (1) use of otoprotective drugs; (2) further improvements in electrode designs and 

placements; (3) further improvements in sound processing strategies; (4) use of stem cells to 

replace lost sensory hair cells and neural structures in the cochlea; (5) gene therapy; (6) further 

reductions in the trauma caused by insertions of electrodes and other manipulations during implant 

surgeries; and (7) optical rather electrical stimulation of the auditory nerve. Each of these 

possibilities is the subject of active research. Although great progress has been made to date in the 

development of the CI, including the first substantial restoration of a human sense, much more 

progress seems likely and certainly would not be a surprise.
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 I. Introduction

The cochlear implant (CI) has transformed the field of otology. Just 50 years ago, there were 

no effective treatments for deafness and severe losses in hearing. The development of the CI 

changed that completely and today most recipients of CIs can converse with ease using their 

cell phones. The development has been both rapid and remarkable.
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In most cases, deafness and severe losses in hearing are caused by damage to or destruction 

of the sensory hair cells in the cochlea. The function of the CI is to bypass those damaged or 

missing structures by exciting neurons in the auditory nerve directly with electrical stimuli. 

Modern CIs selectively excite subpopulations of neurons using different electrodes in an 

array of electrodes inserted at surgery into the scala tympani of the cochlea. The 

bioengineering and surgical principles underlying successful CIs are explained in detail in a 

companion paper in this special issue (Eshraghi et al., 2012).

The purposes of the present paper are to (1) provide an overview of the efforts leading up to 

the current devices, and (2) describe some among the many possibilities for further 

improvements in design and performance. Remaining problems that might be addressed or 

at least ameliorated include a persistent variability in outcomes even with the newest CI 

systems; difficulties experienced by most patients in listening to speech in noisy 

environments or in competition with other talkers ; and reception of sounds more complex 

than western speech such as music and tone languages. Any further improvements would of 

course build upon the already impressive performances achieved to date.

 II. Historical aspects

 II.a Electrically evoked hearing

Alessandro Volta, who developed the electric battery, provided the first account of electrical 

stimulation of the auditory system. In the early 1800s, he connected each pole of a battery to 

a metal probe and inserted one probe into one of his ear canals and the other probe into the 

other canal. One of the probes had a switch to interrupt or allow the flow of current. He 

described his experience after closing the switch as a “jolt in the head,” followed by a sound 

that resembled “a kind of crackling, jerking, or bubbling as if some dough or thick material 

was boiling” (Volta, 1982).

In 1855, Duchenne de Boulogne stimulated the cochlea with an alternating rather than direct 

current, and he experienced similar sensations of buzzing, hissing, and ringing. The 

stimulation also elicited multiple other non-auditory sensations such as the sensation of a 

metallic taste (probably due to stimulation of the chorda tympani nerve, authors’ note). A 

fascinating series of experiments involving electrically evoked hearing is described in 

Chapter 22 of the book “Selections from the Clinical Works of Dr. Duchenne (de 

Boulogne)” (translated, edited, and condensed by G. V. Poole, 1883).

In 1930, Wever and Bray recorded electrical potentials in the cochlea that closely followed 

the waveform of the sound stimulus (Wever and Bray, 1930). This “Wever and Bray effect” 

suggested the possibility to some that, if the potentials could somehow be replicated, then 

lost or absent hearing could be restored.

Finally, in 1957, André Djourno and Charles Eyriès performed the first direct electrical 

stimulation of the human auditory system (Djourno and Eyries, 1957). The patient had only 

the stump of the auditory nerve remaining on both sides following previous ear surgeries. 

The patient was operated on again by the otolaryngologist Eyriès to address a recurring 

problem and during the operation he placed an electrode designed by the electrophysiologist 
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Djourno into the stump of the auditory nerve on one side. In addition, an induction coil with 

a return electrode was placed into the temporalis muscle. Postoperative testing revealed 

successful detections of electrical stimuli generated from a microphone. The patient could 

discriminate different intensities, but discrimination of different frequencies was very poor 

and was nonexistent for frequencies above about 1000 Hz. Although some words in small 

closed sets (e.g., with three words) could be identified, probably on the basis of rhythmic 

cues, the patient could not understand any speech spoken naturally and could not 

differentiate among talkers. The device failed only a few weeks after the implantation. One 

other patient also was implanted, but that device failed as well; thus leading Eyriès to refuse 

to proceed further with the project (see review in Seitz, 2002).

 II.b Initial efforts to develop a safe and effective CI

Although the studies in Paris by Djourno and Eyriès were abandoned almost as soon as they 

began, publication of the results in the French medical journal La Presse Médicale had far-

reaching effects. In particular, the publication prompted brief news accounts that were 

published outside of France, including the Los Angeles Times in the USA. A patient visiting 

the Los Angeles clinic of Dr. William F. House, M.D., gave Dr. House a copy of the news 

article and Dr. House later obtained a translated version of the publication in La Presse 
Médicale. The news article and the publication demonstrated to Dr. House that hearing 

percepts could be elicited with direct electrical stimulation of the auditory nerve, and this 

fact inspired him to develop an auditory prosthesis for deaf persons that could be used 

reliably for many years and hopefully a lifetime.

In 1961, Dr. House, who was an otologist, teamed with Dr. John Doyle, who was a 

neurosurgeon, to implant the first patients in Los Angeles (House and Urban, 1973; House, 

1976). These first implants consisted of either a single wire with a flamed ball contact at the 

end or an array of five electrodes made in the same way. A surgical approach was developed 

to allow insertion of the electrode(s) into the scala tympani through an incision in the round 

window membrane. The results obtained with these implants were promising: the patients 

had some basic frequency discrimination and could identify words in small closed sets. 

However, the insufficient biocompatibility of the electrodes resulted in complications that 

required removal of the electrodes and limited long-term testing. The fear of infection and 

electrode rejection led House to postpone any further work on the implant for several years. 

Doyle, however, continued to implant numerous patients. Glowing reports of the results 

were presented in newspaper articles, but little systematic analysis of these patients was 

published (Doyle et al., 1963). In 1968, a lack of funding finally brought Doyle's work to a 

halt. House's interest in implants was rekindled when he witnessed the development and 

success of other devices, such as pacemakers and ventriculoperitoneal shunts. The long term 

safety and efficacy of these devices suggested to House that a reliable and fully 

biocompatible CI could be made using the new techniques.

House resumed his work on implants in 1967. Soon thereafter he enlisted the help and 

partnership of Mr. Jack Urban, who was an electrical engineer. That partnership produced 

the first CI system that could be used outside of the laboratory and for many years by 
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patients. This result was a landmark in the history of CIs, and House is widely regarded as 

the “father” or first and foremost pioneer of the CI.

In 1966, Simmons implanted single-wire electrodes into the auditory nerve in the modiolus 

of a deaf-blind volunteer. This approach of course differed from that of the scala tympani 

implants.

Many basic studies were conducted with this patient by Simmons and his teams (Simmons, 

1966; Simmons et al., 1967). The results showed that perceived pitch varied with either a 

change in the stimulating electrode or a relatively large change in the rate of stimulation at a 

particular electrode (a change of about 30 Hz), up to a rate of about 300 pulses/s. When a 

wide-band speech signal was presented to one of the electrodes, or when speech signals 

filtered into different bands were each directed to different electrodes, the patient reported 

speech-like percepts, perhaps from a language other than the patient's native language (he 

said Spanish, and his native language was English), but he could not understand what was 

being said. Simmons was somewhat disappointed by these results and decided to cease 

further studies with human subjects until animal studies could be conducted to evaluate 

physiological responses to a wide range of electrical stimuli, and also to evaluate in greater 

detail than before the safety aspects of electrical stimulation. The results from the initial 

experiments with the chronically-implanted human subject indicated for the first time that 

both the “volley” and “place” theories of pitch perception are correct, and that changes in 

pitch due to different rates of stimulation (the volley theory) operate over a narrow range up 

to about 300 pulses/s only.

Beginning in the early 1970s, a team at the University of California at San Francisco 

(UCSF) also investigated the feasibility and possible efficacy of single-electrode implants. 

The first members of the team included Robin Michelson, who was an otologist, and 

Michael Merzenich, who was a neurophysiologist. A few patients were implanted and the 

results were similar to those previously reported by House, e.g., recognition of speech was 

not possible for the applied devices and the studied patients.

Merzenich also conducted a series of animal experiments whose results demonstrated that 

different frequencies of stimulation at a single electrode in the cochlea could evoke time-

locked neural responses in the auditory pathways up to about 600 Hz only (Merzenich et al., 

1973). This limit in time locking was judged to be too low for representing speech, which 

contains important information at frequencies above 600 Hz and indeed extending up to 

about 6 kHz. Subsequent studies by the UCSF teams therefore were directed at the 

development of CI systems that could provide multiple sites of stimulation along the length 

of the cochlea and thereby represent frequencies above 600 Hz with the place code 

mentioned previously.

The first single-electrode and multi-electrode systems developed by the UCSF teams are 

shown in Figure 1. They are large and cumbersome by today's standards, but also were 

among the first devices that could be used by patients outside of the laboratory.
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 II.c Evaluations of and reactions to the first implants

The initial reaction to CIs by auditory scientists and by otologists other than the developers 

was highly critical. Many of these experts offered categorical statements that CIs could not 

possibly restore any useful hearing, primarily because the patterns of stimulation and neural 

responses provided with the CIs of the time were incredibly crude and distorted compared 

with the patterns and responses observed in animals with normal hearing. For example, Dr. 

Merle Lawrence, Ph.D., who was an eminent auditory scientist, said that “direct stimulation 

of the auditory nerve fibers with resultant perception of speech is not feasible” (cited in 

Wilson and Dorman, 2008). Many other experts expressed similar views. However, pioneers 

persisted in the face of this intense criticism and provided the foundations for today's 

devices.

A review of the changing perspectives on CIs over the years is presented in Wilson and 

Dorman (2008). At first, the view was highly negative, as just mentioned. By 2008, however, 

Gifford et al. reported that more than a quarter of their CI patients were achieving scores of 

100 percent correct in tests of sentence recognition. CIs had improved so much that the 

standard audiological tests were no longer sensitive enough to demonstrate deficits in speech 

understanding. Gifford et al. called for tests with much greater difficulty to regain the 

sensitivity, and in essence complained that performance was too good with the contemporary 

CIs for meaningful measures with the standard tests.

In 1976, when CIs still were highly controversial, the United States National Institutes of 

Health (the NIH) commissioned a study at the University of Pittsburg to evaluate the 

performance (and the claims by the developers) of the first CI devices. The study was led by 

Dr. Robert C. Bilger, Ph.D., and included all 13 of the patients who had been in implanted in 

the USA as of that date. The CI devices all used a single site of stimulation in cochlea.

The results demonstrated that the CI enabled a better quality of life for each of the studied 

subjects and that, on average, lip-reading and speech productions scores were significantly 

better with the implant activated than without it. The report produced by the University of 

Pittsburg team is another landmark in the development of the CI, and is often called the 

“Bilger Report.” That report produced a fundamental change in the perception of the CI at 

the NIH and by many other experts elsewhere. The CI gained some respectability in the 

medical and scientific communities with the report, and the NIH increased its support of CI 

research and development substantially beginning in 1978, soon after the report was 

published. These events and others are described in detail in the paper by Wilson and 

Dorman (2008).

Although approval from the scientific community was growing, suspicion and resistance to 

the implant from members of the deaf community continued. Several groups, such as the 

World Federation of the Deaf, fought against medical treatments of deafness and argued in 

favor of preserving the deaf culture. In the United States, opposition to CIs became 

commonplace in the 1990s, and opposition to implants in children who could not provide 

informed consent was especially vigorous (Lane and Bahan, 1998). The main argument 

related to the teaching and adoption of American Sign Language (ASL) for deaf persons, 

which presumably enabled the persons to become members of a highly supportive ethnic 
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group, rather than being regarded by themselves and others as impaired or disabled 

(Baynton, 1996). To some members of the deaf community, implantation was perceived as a 

form of “ethnocide,” and a threat to the efforts made by the deaf social movement. The CI 

was believed to be a very poor substitute indeed for the support that the community could 

already provide. Furthermore, Deaf studies scholars have asserted that the CI was not only 

unnecessary but also unethical (Lane and Bahan, 1998). Balkany et al. pointed out however 

that the arguments made by some advocates of the deaf culture were in fact internally 

contradictory: “they hold that deafness is not a disability but support disability benefits for 

the deaf; they maintain both that cochlear implants do not work and that they work so well 

that they are genocidal” (Balkany et al., 1996). In addition, ethical standards hold that the 

best interests of the child should certainly supersede those of a special interest group and 

that parents have the right and the responsibility to determine their children's best interests 

(Balkany et al., 1996). The test of time has alleviated most of these initial concerns as one 

can no longer argue that CIs are not safe and effective. Today, there is no doubt regarding the 

benefits of the CI and most parents of deaf children now opt to have their children 

implanted.

 II.d Further developments leading up to today's commercially available devices

Relations between research institutions and industry strengthened during the early 1980s. In 

particular, House and Urban collaborated with the 3M Company to create the House/3M 

single channel device (Fig 2). Several groups around the world began to develop multi-site 

implants. In Australia, Graham Clark began studies on a multi-electrode device. Clark's 

work provided the foundation for early Nucleus devices, which were manufactured at the 

time by Nucleus Ltd. Several other international initiatives allowed for the early advances of 

the device with assistance of private industries: In San Francisco, the UCSF group, led by 

Robin Michelson and Michael Merzenich; the Utah group led by Don Eddington; and the 

Vienna group led by Erwin Hochmair, Ingeborg Desoyer and Kurt Burian. This history is 

well documented in a review by Wilson and Dorman (2008).

The 1990s stretched the limits of what a CI could do for its patients. From speech 

perception, to music appreciation, and discerning speech in loud environments, CI research 

continued to surprise researchers, clinicians, and patients. By 1990, children as young as 2 

years of age were being selected for implantation.

An important advance with the device included spatial separation of the electrodes along the 

length of the cochlea and non-simultaneous stimulations, which resulted in improved 

understanding of speech. This concept became known as “continuous interleaved sampling” 

(CIS), and was incorporated in major implant systems to become the basis of many 

processing strategies that were subsequently developed. This produced a significant jump up 

in implant performance. This History is well described in Fayad et al., 2008 and in Wilson 

and Dorman, 2008.

In the industrial arena, companies such as Advanced Bionics, Cochlear Limited, MED-EL, 

and MXM emerged and grew as major cochlear implant industries in the 1990s. This 

relationship of industry and research led to more focused and applied studies directed at 

improving the benefit of implantation in patients. The continued collaborative efforts serve 
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as steps in improvements and advances for the future. Prior to discussing the future goals, 

we discuss the historical events that marked the development of some of the current major 

industry participants in the development of cochlear implant technology.

 1 - MXM & Neurelec (France)—French otologists showed interest in the development 

of cochlear implants dating back to the early work of Djourno and Eyries. Henri Chouard, a 

student of Eyries, resumed Eyries work on cochlear implants. The development of the 

French Cochlear Implant began in Paris in 1973 in collaboration with INSERM (Institut 

National de la Santé et de la Recherche Scientifique). It was here that Chouard and Mac 

Leod collaborated with the Bertin Company (Chouard and Mac Leod, 1973). The result was 

the first extra-cochlear mono-channel device, which was appropriately named “Monomac”. 

A processor was developed in which the speech signal was divided into frequency bands 

according to an empirically derived map gained from experience with unilaterally deaf 

implantees through comparison with the opposite hearing ear. Energy in each frequency 

band was encoded as a repetition rate of fixed amplitude pulses. Further work in the 1980s 

led to the development of the Chorimac device. This implant originally had eight channels, 

which later evolved into a 12-channel device.

In Paris, the speech-processing strategy originating at the University of Paris led to the 

development of a device with eight fixed filters. It was commercially manufactured by the 

Bertin Company and introduced initially in 1976 as Chorimac-8. Their first implantation 

was performed on September 22nd 1976 in Paris. Further improvement to the device in 1982 

resulted in a 12-channel implant named the Chorimac-12. This was a turning point for the 

team as the technology was one of the first speech-processing strategies to use a constant 

rate of stimulation on each electrode (Chouard et al., 1985 a,b).

Chouard and his associates arduously implanted 12 electrodes through 12 separate openings 

into the cochlea (Fig 3). A considerable variability in outcomes was reported for this 

prosthesis in comparison to other devices in development at that time. For example, it was 

noted that place pitch information was poorly transmitted. Since standardized open set 

words were not used, it is not clear to what extent open-set speech could be recognized by 

the users of this early device. Two major problems with this device were difficulty of 

implantation and the large size of the external unit. However, the main achievements were 

summarized at the time by Chouard: Vowels were well recognized, consonant voicing was 

well differentiated, and different fricatives could be distinguished as well. (Chouard, 2010).

In Lyon, the Chorimac implant with its speech processing strategy were studied by Morgon 

and colleagues (Morgon et al., 1984). His team worked with two implanted post-lingual deaf 

adults. Although the two patients demonstrated a trend for improved word recognition with 

the implant, the results were not statistically significant. Research in Lyon by Berger-Vachon 

et al., in 1992 also focused on developing a computer model for speech processing, where 

the spectral composition could be varied and tested on subjects to suit their pitch perception 

variation.

In 1986, Bertin's corporate patent was acquired by MXM. The young company was founded 

and owned by engineer Guy Charvin. The company developed slowly and launched its first 
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cochlear implant (DX-10) in 1992. Today, MXM is a holding company owning the CI 

manufacturer, Neurelec, which has been developing new implants under the model name of 

Digisonic. An Auditory Brainstem Implant (ABI) and a binaural CI have also been 

developed by Neurelec.

 2 - MED-EL GmbH (Austria)—The development of CIs at the Technical University of 

Vienna began with the request of Kurt Burian, the head of the ENT-clinic, to Ervin 

Hochmair (Hochmair, 2012). With the help of Ingeborg Desoyer, they gathered the 

information needed for a first concept of a CI with the goal to design a device which would 

provide some auditory input without undue burden to the CI patient. Their system included 

two parts: An external unit and an implanted receiver and stimulator: the external unit 

contained the sound processing and stimulation parameter generation;the implanted unit was 

powered via a transcutaneous link that received encoded acoustical information and 

generated the corresponding stimulation current at the different contacts of the electrode 

array. The transcutaneous link was comprised of two inductively coupled coils: One 

implanted and connected to the implant circuitry, and other an external sender coil. This 

approach left the skin intact, as opposed to a percutaneous plug, which would have 

facilitated research but would have constituted a hazard to the patient (Zierhofer and 

Hochmair, 1992).

At the time of development, the scala tympani had been established as a stimulation site by 

House and Simmons and the Hochmair team pursued this strategy for their own device. 

Together with Burian, the team applied for a research grant in the amount close to 10,000 

Euros at the Austrian research council in 1975, and the development of a first CI model soon 

followed. Eight Teflon insulated platinum-iridium wires were molded into a silicone carrier 

for ease of insertion. To overcome biocompatibility issues, the feed through consisted of 

gold/nickel-chrome paths on the glass substrate (Burian, 1979). The manufacturing of the 

implants took place in the Semiconductor Lab of the “Institut für Allgemeine 

Elektrotechnik” of the Technical University at Innsbruck. For sound processing, it seemed 

reasonable for the team to use of the well-known vocoder principle (Weisenberger et al., 

1989). This required several stimulation sites, multichannel processing, and a multichannel 

implant. Eight channels appeared to be a reasonable compromise between complexity of the 

device and research possibilities (Hochmair, 2012).

After little more than 18 months of development time, several implants were completed and 

tested. The first implantation took place on Dec. 16, 1977. Out of the two devices that had 

been implanted at the time by the team, one was functional (Hochmair, 2012). Several sound 

processing schemes were tested for this patient: from single channel quasi-analog-

stimulation to more complex patterns, but no open speech understanding could be attained. 

In the course of the trial sessions, it appeared that with one particular single broadband 

channel, some rudimentary speech understanding was possible and at least some support of 

lip reading could be obtained. With this finding, the team concluded that it might be well 

worth trying some device featuring just one, or two stimulation channels, while being much 

more transparent to analog stimulation signals than was possible with pulsatile stimulation at 

a sampling rate of 10 kHz. This new approach changed the direction of their research 

completely.
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In 1978, the Vienna team had designed and manufactured a passive single channel 

broadband analog implant. This simple device was biocompatible after molding it in epoxy 

used in the construction of pacemakers. It was easy to produce, since no complex hybrid 

circuit and no complicated hermetic housing was necessary, and two or four electrodes could 

be combined to a two- or four-channel implant, which was compliant with any type of 

analog signal, and even simultaneous analog signals. Several years later the epoxy case was 

replaced by a ceramic housing. These multichannel implants became the workhorse for 

future years, and provided the group with ample possibilities to experiment with different 

processing strategies. The first implantation with such a device took place in May 1978. 

Some open speech understanding could already be demonstrated in this same year. One 

interesting advantage of the Vienna device was the low power consumption of the broadband 

analog system (Hochmair, 2012).

In 1981, the 3M Corporation negotiated a license and support agreement involving the 

commercialization of their cochlear implant system. The 3M Company had some experience 

with the medical application of their contact lens business, but they intended to enter the 

market for hearing devices with the cochlear implant as their flagship product. 3M was 

already marketing the single-channel House device, and had high expectations for the new 

Vienna implant. However, a complete re-design with replacement of the intra-cochlear 

electrode with an extra-cochlear electrode resulted in speech performance below their earlier 

result. After only a few years with the 3M Corporation, the Hochmair group established its 

own company known as MED-EL in 1990. The company comprised three employees, two 

engineers for the manufacturing and one salesperson. Ingeborg Desoyer, one of the original 

team members, resigned from her academic career to head the new MED-EL company. 

Hochmair maintained his position at the university as head of the Institute of Applied 

Physics, where basic cochlear implant research was expanded by an agreement between the 

University and MED-EL and by financial support from the Austrian Research Fund. In order 

to improve processing strategies, the team incorporated Wilson's CIS-strategy (Hochmair 

2012) to the MED-EL device. Within a year, the newly designed eight-channel implant for 

pulsatile stimulation, the COMBI 40, and a wearable processor were made available for 

implantation (Von Wallenberg et al., 1990, Zierhofer et al., 1993, Teissl et al., 1998). This 

first multichannel system distributed by MED-EL proved successful and laid the basis for 

further developments. Today, MED-EL is still a private enterprise based in Innsbruck and 

directed by Desoyer Hochmair Ingeborg. Their cochlear implant devices are FDA approved. 

The company has developed several other devices including brain stem implants and 

electroacoustic stimulation (EAS) devices for patients with residual hearing (Gstoettner et 

al., 2009).

 3 - Cochlear Ltd. (Australia)—In the mid-1970s, the single-electrode device was 

developed in Los Angeles, and some scientists and surgeons were asserting at meetings that 

a more complex multi-electrode system may not be needed. Such doubts did not prevent 

Graeme Clark and his team in Melbourne, from creating a multi-channel electrode. In 1971, 

several studies at the University of Melbourne began to investigate the limitations of using 

the rate of electrical stimulation to code speech and other sounds (Clark et al., 1973 and 

Clark, 2003). The results from this research suggested that location along the cochlea 
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dominates over the rate of pulse delivery. This research helped highlight the emerging 

principle shared by other groups that a multiple-channel rather than a single-channel implant 

should be developed.

In 1973, Clark partnered up with the physicist David Dewhurst, to help him with the 

electrical aspects required in creating a prototype for what they later called the Bionic Ear 

(Clark, 2003). With this partnership, Clark was able to focus on technical issues, such as the 

type of electrode array that would be inserted into the cochlea. While on the beach, Clark 

had collected some turban-shells, which have shape similar to that of the cochlea. He 

observed that grass and fine twigs with increased flexibility at their distal end had an easier 

time making it to the top turn of the turbon shells. It was here that he was inspired to design 

an electrode with graded stiffness in order to allow full insertion into spiral anatomy of the 

cochlea and still allowing adequate force to be exerted on the electrode at its base (Clark, 

2000). The University of Melbourne's multi-channel prototype involved an array of 20 

electrodes: 10 to act as active electrodes and 10 to act as interleaved common grounds.

By 1976, the search for deaf recipients as candidates to receive the first Australian implant 

was underway. Theoretical surgical techniques were also being perfected. The implantation 

surgery was performed on about 50 cadaveric temporal bones before it was conducted on a 

living individual, who had become completely deaf after a traumatic head injury as an adult. 

It was on August 1st, 1978 when the University of Melbourne's first multiple channel CI was 

implanted into this post-linguistically deaf volunteer patient (Clark, 2003).

The Melbourne multi-channel implant was a success, but several obstacles still remained 

before this implant evolved into today's Bionic Ear. First, much effort was placed into 

making the speech processor smaller and more portable. Research funding was running low, 

so the team sought help from the Australian government as well as industry, to bring this 

new implant to the public in great quantities (Clark 2000). The Australian team partnered 

with Nucleus to market their multi-channel implant. A competition soon began between the 

3M single-channel device and the newer multichannel devices to determine which product 

would provide the most benefit for speech understanding.

By 1985, results from clinical trial centers showed that the Nucleus multiple-channel device 

provided most people with considerable help with lip-reading, but it also gave them some 

understanding of speech using electrical stimulation alone, a result which had not been 

achieved with the 3M single-channel device (Dowell 1986). This information was presented 

to the FDA, and in October 1985, the Nucleus device became approved for use in treating 

post-lingually deaf adults (Clark, 2003). The US subsidiary, Cochlear Corporation, took the 

initiative in encouraging certain centers in the US to set up special training courses so that 

surgeons who were not familiar with the surgical approach were trained to perform the 

procedure with a minimal of risk to the patient..

In 1995, Cochlear Limited was listed on the Australian Stock Exchange as a separate 

company. Since then, Cochlear Limited has continued in the ventures began by its 

predecessor Nucleus (Cochlear Pty Limited). Today, Cochlear Limited manufactures not 
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only cochlear implants, but also brain stem implants and hybrid EAS devices for patients 

with residual hearing.

 4 - Advanced Bionics Corp. (USA)—Original developments at the University of 

California, San Francisco began with the efforts of Francis Sooy to bring together the 

collaboration between Robin Michelson and Michael Merzenich. Michelson, a clinical 

pioneer, and Merzenich, a talented basic scientist with a solid foundation in 

neurophysiology, was an integral element in the development of the UCSF cochlear implant 

team. Michelson was recognized for implanting a single-channel device into a congenitally 

deaf woman. She demonstrated auditory sensations from stimulation, as well as pitch 

perception for stimulus frequencies less that 600 Hz. Unfortunately, This patient had no 

word recognition. His pioneering work was presented, but not well-received at the 1971 

annual meeting of the American Otological Society (Michelson, 1971 and Merzenich et al., 

1973).

Merzenich performed his studies of recording the response properties of single units in the 

cat inferior colliculus in response to sound stimulation from one ear and electrical 

stimulation from the other ear of unilateral implanted cats. This was an effective model as 

the spatial attenuation of current along the cochlea would be determined through knowing 

the site of the response from the unit's acoustic input from the contralateral ear (Merzenich 

et al., 1973). His results showed that with bipolar stimulation from electrodes on a mold of 

the scala tympani could be localized to separate groups of nerve fibers (Merzenich et al., 

1974).

The team soon began to focus on developing the bipolar multi-channel array that would be 

inserted into the scala tympani. With the help of several NIH grants, the UCSF multi-

channel device was created and first implanted in the early 1980s. Further studies were 

undertaken to measure the biocompatibility of an improved electrode array for human 

insertion through long- term implantation in the cat (Leake-Jones and Rebscher, 1983).

Following the initial research at UCSF, Storz Medical Instruments collaborated with UCSF 

research group to develop a prototype device. The partnership also included the 

collaboration with the Research Triangle Institute (RTI) in North Carolina. Investigators at 

RTI were developing processing strategies for both single and multi-site implants, which 

were sponsored by the NIH and with UCSF Department of Otolaryngology as one of the 

collaborating clinical partners. The results from these studies showed promising outcomes in 

implanted patients (Merzenich et al., 1987). However, the team required more support to 

fully develop and market the UCSF multi-channel implant. This was the beginning of a 

partnership created Alfred E. Mann, which involved the Advanced Bionics Company.

The Advanced Bionics Company originally evolved from two medical device companies, 

which specialized in pacemakers and micro-infusion systems. Alfred E. Mann was the 

owner of several companies, including MiniMed Inc. in Sylmar, CA. MiniMed Inc. took part 

in developing a new multichannel device, which included the electrode array originally 

developed by UCSF research and clinical teams and an “interleaved pulses” processing 

strategy originally developed at RTI. The starting design for the electrode array was 
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provided by UCSF. The starting design for the sound processor, transcutaneous transmission 

system, and implanted electronics was provided by the RTI. At the start, Mann appointed 

Jeffrey H. Greiner to lead an organization of seven engineers and scientists into making the 

first development team in Advanced Bionics (AB). The multi-channel processor was 

released with the Clarion cochlear implant, which had a pre-formed electrode array for use 

in adults. Clinical trials began at UCSF in 1991, and in 1996 the FDA approved the AB 

device. The Clarion sound processor had a multiprogram processor with a unique single 

headpiece design, independent volume and sensitivity controls, and in 1997 was approved 

for use in children.

By 2001, the launch of the CII Bionic Ear implant and HiFocus electrode allowed for the 

advantage of being upgraded through software programming for advancing hearing 

performance without additional surgery. In 2002, the launch of the T-Mic™ microphone 

gave recipients wireless connectivity to cell phones, headsets, and MP3 players. Some 

controversy arose during this same time period regarding the usage of a silastic positioner, 

which was suggested as a possible cause to several cases of meningitis, that were most likely 

due to inner ear trauma or abnormal sealing of the cochleostomy.

In 2003, the HiRes 90K implant was introduced with the Harmony CI device being released 

shortly thereafter in 2006. In 2004, Boston Scientific acquired the Advanced Bionics 

Company. This acquisition was short-lived as Advanced Bionics again became a separate 

entity as it was sold back to Al Mann following a disagreement with Boston Scientific that 

ended up in court for a legal decision that favored Al Mann In 2009, Advanced Bionics was 

acquired by Sonova Holding AG.

 III. Ongoing research and the future

Over the past several decades, developments in the field of microelectronics and advances in 

signal processing techniques not only helped make CIs a reality, but led to increased 

efficiency and effectiveness of these CI devices in patients. The early efforts in the 

development of CIs led to the multi-channel electrode. More recent advances in user 

performance were gained thorough improvements in surgical approaches and by the 

development of elaborate speech coding strategies. The development of the n-of-m (Wilson 

et al., 1988), the continuous interleaved sampling (CIS) (Wilson et al., 1991), and spectral 

peak (SPEAK) (Skinner et al., 1994) strategies allowed improvements in CI performance.

While a substantial progress has already been made, the CIs are not perfect and further 

challenges remain. Recent and future research efforts will include several major approaches: 

preservation of hearing post-implantation, the improvement of the electrode design, novel 

strategies to increase the number of functional channels on the CIs, the design of novel 

coding strategies, the development of a less traumatic insertion of the electrode, as well as 

the use of stem cells and various drugs to retain and regenerate neurons in the cochleae.

 III.a Hearing preservation

Preserving residual hearing in the CI patients has been an important goal as more institutions 

across the world are implanting children as young as 1 year of age (Yoon, 2011). Many 
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patients with residual hearing (generally in low frequency range) are also becoming 

candidates for implantation (Balkany et al., 2006). Temporal bone studies began to evaluate 

various electrode designs and resulting trauma to cochlear structures (Fayad et al., 2000, 

Nadol et al., 2001). A grading system was established (Eshraghi et al., 2003) and used by 

various cochlear implant research teams (Adunka et al., 2004, Berrettini et al., 2008, 

Cervera-Paz and Linthicum, 2005). The grading system ranged from 0 to 4 (Eshraghi et al., 

2003): With grade 0 having no macroscopic damage to grade 4 having evidence of fractures 

to the osseous spiral lamina or modiolus (Fig 5).

These studies, combined with video fluoroscopic evaluation (Fig 6) of the dynamics of 

insertion, helped to improve the surgical techniques used by the surgeons to improve the 

design of the CI electrodes (Balkany et al., 2003; Roland et al., 2000; Fayad and Linthicum, 

2006; Eshraghi et al., 2004). One of the applications of these hearing preservation 

techniques was to improve the short and long-term expectation of newer hybrid or electro-

acoustic devices that are at present under clinical evaluation. These newer EAS devices are a 

combination of hearing aids and cochlear implants, and are designed for patients who still 

have residual hearing in the lower frequencies. MED-EL GmbH (Gstoettner et al., 2008) and 

Cochlear Corporation are independently performing clinical trials on such hybrid devices 

(Gantz et al. 2005).

Various studies have focused on measuring mechanical insertion forces and insertion trauma 

caused to the cochlea from different multichannel cochlear implant electrodes (Rebscher et 

al., 2008, Roland, 2005, Gstoettner, 1997, O'Leary et al., 1991, Welling et al., 1993, Adunka 

et al., 2004; Nadol et al., 2001, Gstoettner et al., 2004; Fraysse et al., 2006; Helbig et al., 

2011). Efforts to reduce trauma and improve hearing preservation included improvements in 

the surgical approach (see e.g. Gantz and Turner, 2003) and the development of improved 

more atraumatic CI electrode arrays. Today, small and more compliant electrodes have been 

designed and produced, so that insertion into the cochlea provides a reduced risk for 

insertion-associated trauma to cochlear structures.

Several cochlear implant models have been designed over the last 10 years. In perimodiolar 

design, the placement of the stimulating electrodes is closer to the long modiolus and 

auditory nerve, which reduces the stimulation thresholds. In another electrode design, the tip 

of the electrode is softer and the contact with the outer cochlear wall (i.e area of the spiral 

ligament) is intended to be less traumatic. Several studies have been performed, which 

include the use of commercial and experimental perimodiolar electrode models (Eshraghi et 

al., 2003, Wardrop et al., 2005, Adunka et al., 2006). A study conducted by Balkany et al. 

(2002) demonstrated that various devices evaluated were effective at placing the electrodes 

close to the modiolus, but that each had sections of the electrode array where electrodes 

were pushed slightly away from the bony wall of the modiolus. The CI manufacturers have 

addressed these issues by designing smaller, softer, and more flexible electrodes. 

Furthermore, changes in insertion techniques may lead to less insertion caused trauma and 

hence, improvement in residual hearing preservation.

The possible traumatic effect of the cochlear implant electrode insertion has been evaluated 

in humans (e.g. Nadol et al., 2001). The effects measured were small and predictions on 
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outcome measures were difficult. Recently, animal studies have been used to better study the 

effect of insertion trauma on spiral ganglion neuron survival. The pattern of hearing loss 

caused by electrode insertion trauma has been studied in rats (Eshraghi et al., 2005) and 

guinea pigs (Eshraghi et al., 2006). In these studies, electrode insertion damaged cochlear 

function. Functional changes had an immediate and a delayed component. The insertion of a 

CI electrode array causes direct tissue trauma and cell loss via both necrosis and apoptosis 

(the acute component). In addition, the results show generation of major molecular events 

that may contribute further to a loss of residual hearing on days following trauma (the 

delayed component of hearing loss). These events include oxidative stresses and release of 

pro-inflammatory cytokines, activation of the caspase pathway resulting in apoptosis, and/or 

generation of proapoptotic signal cascades via the mitogen-activated protein kinases/c-Jun-

N-terminal kinases (MAPK/JNK) (Eshraghi et al., 2011). Damage to the cochlea can occur 

on both cellular and molecular levels and do not cause detectable macroscopic damage to 

cochlear structures when “soft techniques” and proper surgical measures were used. 

Programmed cell death caused by this cellular and molecular damage may explain the loss 

of residual hearing observed in some patients after cochlear implantation (Adunka et al., 

2010, Eshraghi et al., 2006).

Currently, several otoprotective drugs such as dexamethasone (Vivero et al., 2008, Eshraghi 

et al., 2007, James et al., 2008) and AM-111 (Eshraghi et al., 2007, Eshraghi et al., 2011) are 

under evaluation to test their efficacy against inner ear electrode insertion trauma. Novel 

techniques of stimulation using infrared nerve stimulator are also under investigation (Izzo et 

al., 2006, Richter et al., 2011a). Since the optical fibers coupled to the laser do not require 

direct contact with the neural tissue, such implants open the door to even less traumatic 

ganglion cell stimulation (Rajguru et al., 2010b).

 III.b Optical stimulation of auditory neurons

In recent years, optical methods to manipulate excitable cells have been explored and have 

become an important tool for the studies of the nervous system. The techniques require that 

the target tissue is sensitized by light. This can be achieved in several ways: By introducing 

and expressing the genes for light-sensitive ion channels into the cells (also known as 

optogenetics), by directly introducing chemicals such as caged neurotransmitters to the cells, 

or by utilizing the endogenous sensitivity of cells to light (Callaway and Yuste, 2002; Hirase 

et al., 2002; Boyden et al., 2005; Wells et al., 2005; Izzo et al., 2006; Rajguru et al., 2010a). 

Pulsed infrared radiation (IR) can excite tissues without any pre-treatment. Application of 

short pulses of long-wavelength IR result in transient temperature changes that stimulate the 

cells (Wells et al., 2007; Dittami et al., 2011; Shapiro et al., 2012). Infrared neural 

stimulation (1450-1550, and 1844-2120 nm) has great potential for basic science 

investigations and as a new approach for therapeutic interventions such as cochlear implants 

(Richter et al., 2011a). The potential mechanism and further application of pulsed IR in the 

cochlea is reviewed by Goyal et al. (Goyal et al., 2012) in the same issue.

Pulses of IR radiation are delivered via an optical fiber coupled to a diode laser. No direct 

contact between the optical fiber and the target tissue is required for stimulation, and the 

excitable cells in the beam path are stimulated. The most attractive feature of infrared neural 
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stimulation is the improvement in spatial selectivity of stimulation (Richter et al., 2011b). 

The optical radiation does not spread significantly in the tissue, when compared with 

conventional electric current (Izzo et al., 2007c), and it can be further focused using optical 

lenses. This ability to confine the infrared stimulation to a smaller portion of neurons may 

allow for more discrete neural stimulation with improved spatial resolution.

While cochlear implants remain the success story among neuroprostheses, they still have 

room for improvement. In particular, the performance of cochlear implant users in noisy 

listening environments, the performance with tonal languages, and the appreciation of music 

need significant improvement. Infrared neural stimulation of a selective population of the 

spiral ganglion can be extremely beneficial and may improve user performance in noisy 

listening environments and provide better music appreciation by providing more 

independent channels to encode the acoustic information. The efficacy of infrared to 

stimulate cochlear neurons in gerbils, guinea pigs and cats has been demonstrated (Izzo et 

al., 2007a; Izzo et al., 2007b; Izzo et al., 2008; Rajguru et al., 2010b; Rajguru et al., 2011). 

Experiments are currently underway to investigate the safety and efficacy of a chronic 

optical cochlear implant in a cat model. As shown in figure 7, a method to chronically 

implant a multi-channel light delivery system to stimulate an animal over extended periods 

of time has been developed in Dr. Richter's laboratory in collaboration with Lockheed 

Martin Aculight Corporation. The data obtained from these studies will verify that the 

smaller spread of excitation can result in a separation of the independent channels to 

stimulate the cochlea. The experiments will also provide the safe repetition rate and energy 

levels for chronic stimulation. It remains to be seen if the neural responses evoked by the 

optical stimulus correlate with a meaningful perception of sound. Preliminary results 

obtained with a single channel implant do not suggest any damage caused by the long-term 

stimulation (Robinson et al., 2011). The implant has been in place for only a short time and 

has been used to stimulate the cochlea repeatedly for this time. It should be emphasized that 

that the design of the light delivery system as currently presented is not a prototype for a 

human cochlear implant based on infrared neural stimulation. The current design instead 

serves to determine basic parameters for laser stimulation that can be the basis for the future 

parameter space for an implantable human prototype. Infrared radiation of the cochlear 

neural structures will likely take advantage of the tonotopic organization of the cochlea and 

will stimulate selected neuron populations along the cochlea to convey frequency 

information.

 III.c Protection, generation, and replacement of neural structures in the cochlea

CIs continue to provide a great benefit to the congenitally deaf and those individuals with 

profound sensorineural hearing loss. However, it is possible that the progressive 

degeneration of auditory neurons over time may compromise the function of CIs (Hardie and 

Shepherd, 1999). In addition, the future advances in CI technology such as spatially 

restricted stimulation with infrared stimulation of spiral ganglion neurons (Rajguru et al., 

2010a), placement of intra-neural electrode arrays (Middlebrooks and Synder, 2008), and the 

development of advanced stimulation strategies, can further benefit from efforts at replacing 

degenerated spiral ganglion neurons. Several researchers have investigated the ability of 

stem cells to replace damaged hair cells after injection of these stem cells into the damaged 
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cochlea of animals (Parker, 2011). The results suggest that stem cells transplanted in the 

cochlea can survive. Cells such as neural stem cells may be efficacious in replacing lost hair 

cells and/or neurons. The current results suggest that only a fraction of the injected stem 

cells develop hair cell characteristics.

On the other hand, various investigations have identified the cellular and molecular 

mechanisms underlying the degenerative changes of the cochlear spiral ganglion neurons. 

Efforts to manipulate these mechanisms may allow researchers to prevent the degeneration 

of these neurons following hair cell loss (Roehm and Hansen, 2005). Other strategies 

include directing the differentiation of embryonic and adult neural stem cells into neural cell 

types that extend axons toward the hair cells (reviewed by Coleman et al., 2007). This has 

led to exciting new research aimed at promoting the differentiation of stem cells into spiral 

ganglion neurons. However, more work is required to identify the best means of directing 

stem cell development and differentiation into the specialized neurons that exist in the 

cochlea, as well as to determine whether their axons can form synapses with hair cells, 

leading to signaling in the central auditory pathway.

While most of this work has been limited to animal models, the continued efforts of many 

research groups with stem cell therapy targeting development and regeneration of cells may 

promise a novel solution for hearing loss. Excellent reviews have summarized these topics 

for readers interested in more detail should consult these (Staecker, 2005, Roehm and 

Hansen, 2005, Fritzsch et al., 2007, Coleman et al., 2007, Parker 2011, Collado et al., 2008, 

Brigande and Heller, 2009).

A related and promising area of research is gene therapy, which recruits undamaged 

endogenous cells at the location of damage within the cochlea to develop into hair cell like 

cells. The principle relies on the discovery that expression of the basic helix-loop- helix 

transcription factor Atoh1 is sufficient to promote supporting cell trans-differentiation and 

restoration of hair cells (Akazawa et al., 1995; Bermingham et al., 1999; Shimizu et al., 

1995, Zheng et al., 2000, Kelley 2006). Several investigators have used adenoviral vectors to 

deliver the Atoh 1 gene in animal models and demonstrated improvement in cochlear 

function and hair cell recovery at least in the low frequency region (Staecker et al., 2011, 

Izumikawa et al., 2005).

The challenge also remains to deliver the stem cells and/or various neuroprotective drugs 

directly into the inner ear. Current research in progress includes delivery of drugs via 

hydrogels or nanoparticles. Other approaches include direct drug-delivery using osmotic 

pumps or a reciprocating perfusion system (Borenstein, 2011) as well as modifications to 

current implant electrode arrays. While these drug-delivery techniques are currently at an 

early stage of development, their success in delivering various otoprotective agents will 

potentially aid the efforts to alleviate various hearing and balance disorders.

 IV. Concluding remarks

As microchip technology advances at an exponential rate, the size of both internal and 

external devices is expected to be miniaturized. In addition, advances in directional 
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microphone technology will improve the design of future devices. Combined, the 

improvements in technology (including laser technology) and utilization of robotic electrode 

insertion to reduce the electrode insertion trauma and improve surgical accuracy, will 

achieve the goal of having a completely implantable device with a significant improvement 

in battery life (Bell et al., 2012). Better speech processing strategies will continue to improve 

the quality of sound perceived and improve the perception of music by cochlear implant 

recipients. Furthermore, bilateral implantation using a single internal device and a single 

processor (Eshraghi et al., 2012) will allow a true binaural stereophonic hearing with 

excellent sound perception in noise.

Finally, continued collaborations between institutions, industry and governments worldwide 

will make cochlear implantation affordable for all. Cost-saving initiatives such as more 

efficient and affordable microprocessors, as well as streamlining the post-operative care and 

rehabilitation process may play a part in making the cochlear implantation an affordable 

possibility for all CI candidates around the globe.
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Fig 1. 
The cochlear implant designed by Michelson in 1978. a) The internal portion of the device 

measuring 70 mm in length; b) Radiographic image of a skull with an implant in place, c) 

The internal portion of the implant, d) The external portion of the implant. (Courtesy of the 

American Academy of Otolaryngology-Head and Neck Surgery Foundation
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Fig 2. 
The 3M Cochlear implant system developed by House in 1973. Left image) The internal and 

external portions of the device, Right image) External portion of the device placed on the 

patient head.(Courtesy of the American Academy of Otolaryngology-Head and Neck 

Surgery Foundation)
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Fig 3. 
Figure drawn by Chouard in 1973 representing the multiple cochleostomies performed on 

the promontory of the cochlea from the aspect of the middle ear. Structures are labeled: 

facial nerve (middle ear segment- (VII 2); Internal carotid artery- (C); Geniculate ganglion- 

(Gg); Basal turn of Cochlea- (I); Second turn of Cochlea- (II). Courtesy of PR Chouard
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Fig 4. 
The success of the cochlear implant was a worldwide mission. Some important influences 

are depicted above, with years representing the time of first cochlear implantation and/or the 

time period of significant research contributions. Some of the major companies which later 

originated from the early works of each team are also depicted in red.
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Fig 5. 
Photograph of cryo-histological sectioned surfaces from two fresh temporal bones that 

underwent cochlear implantation. a) Grade 0- with no macroscopic damage; b) Grade 4- 

where a fracture of osseous spiral lamina can be seen. (see Eshraghi et al. Table-1, this issue)
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Fig 6. 
Videofluoroscopic evaluation of two stages of an electrode insertion. These images represent 

two pictures taken during the videofuoroscopy evaluation of the insertion characteristics of a 

Nucleus contour electrode array. Before (a) and after (b) removal of the insertion stylet, the 

electrode is positioned at a more perimodialar position (compare a with b).
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Fig 7. 
A three-channel light delivery system with side-firing optical fibers was inserted into the 

cochlea via a cochleostomy created near the round window niche. The light delivery system 

was stabilized with dental acrylic. A) Shows a micro-Computed Tomography reconstructed 

section of a cat cochlea with the placed three-channel light delivery system (optical fibers). 

B) This is a sketch of panel A. (Courtesy: Drs. Claus-Peter Richter and Suhrud M. 

Rajguru).Structures that can be identified are labeled: SV=scala vestibuli, N=auditory nerve, 

SG=spiral ganglion, bone=otic capsule bone.
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