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Abstract—As the most successful neural prosthesis, cochlear
implants have provided partial hearing to more than 120 000
persons worldwide; half of which being pediatric users who are
able to develop nearly normal language. Biomedical engineers
have played a central role in the design, integration and evaluation
of the cochlear implant system, but the overall success is a result
of collaborative work with physiologists, psychologists, physicians,
educators, and entrepreneurs. This review presents broad yet
in-depth academic and industrial perspectives on the underlying
research and ongoing development of cochlear implants. The
introduction accounts for major events and advances in cochlear
implants, including dynamic interplays among engineers, scien-
tists, physicians, and policy makers. The review takes a system
approach to address critical issues in cochlear implant research
and development. First, the cochlear implant system design and
specifications are laid out. Second, the design goals, principles,
and methods of the subsystem components are identified from the
external speech processor and radio frequency transmission link
to the internal receiver, stimulator and electrode arrays. Third,
system integration and functional evaluation are presented with
respect to safety, reliability, and challenges facing the present and
future cochlear implant designers and users. Finally, issues beyond
cochlear implants are discussed to address treatment options for
the entire spectrum of hearing impairment as well as to use the
cochlear implant as a model to design and evaluate other similar
neural prostheses such as vestibular and retinal implants.

Index Terms—Auditory brainstem, auditory nerve, auditory
prosthesis, biocompatibility, biomaterials, current source, electric
stimulation, electrode, fine structure, hermetic sealing, loudness,
music perception, pitch, radio frequency, safety, signal processing,
speech recognition, temporal resolution.
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I. INTRODUCTION

U SING electric currents to directly stimulate the auditory
nerve in a totally deafened person, the cochlear implant

is the only means available at present to penetrate the “inhuman
silence which separates and estranges,” as stated by the famous
blind-deaf writer, lecturer, and social advocate, Helen Keller
(1880–1968). The development of the cochlear implant has a
long, distinguished, and interesting history, including dynamic
interplays between engineers and physicians as well as an intri-
cate balance between experimentation and ethics (Fig. 1). The
cochlear implant today has not only provided useful hearing
to more than 120 000 deaf persons, but also become a multi-
billion-dollar industry, attracting discussion in the MBA class-
room, and attention in popular culture from the Oscar nominated
documentary film Sound and Fury to TV shows such as ER, The
Young and The Restless, and Cold Case.

The journey started with a “crackling and boiling” sensa-
tion, when the Italian scientist Alessandro Volta (1745–1827)
placed the two ends of a 50-volt battery to his ears more than
two centuries ago [1]. The unpleasant sensation was likely the
first demonstration that electric stimulation, instead of sound
and light, can induce auditory and visual sensations. In honor
of Volta’s work in electricity, an important electrical unit, the
volt ( ), was named after him. In addition, Napoleon made him
a Count and established the annual Volta prize.

In 1880, the most notable Volta prize went to Alexander
Graham Bell (1847–1922) who received 50 000 francs for
his invention of the telephone. Bell used the prize to help
hearing-impaired people including his deaf wife and Helen
Keller (who devoted her first book, The Story of My Life, to
him). Although it is hard to tell whether Bell had envisioned
it, there is no question that Bell’s enterprise, the Research
Laboratories of the Bell Telephone System, conducted early
comprehensive research in hearing and speech that forms the
theoretical foundation needed for later success of the cochlear
implant [2]. For example, Bell Labs’ vocoders that describe
how to break up and then reassemble speech [3], [4] have been
absolutely critical to the development of signal processing in
modern cochlear implant systems [5]–[7].

Over the next 150 years, a few brave ones repeated Volta’s
heroic experiment and all obtained the same disagreeable sensa-
tion as a result of the direct current (dc) stimulation [8], [9]. Rec-
ognizing the danger of dc stimulation and armed with vacuum-
tube-based oscillators and amplifiers, Harvard researchers S. S.
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Fig. 1. Three phases defining the major events in the development of cochlear implants. The conceptualization phases demonstrated the feasibility of electric
stimulation. The research and development phase legitimized the utility and safety of electric stimulation. The commercialization phase saw a wide spread use of
electric stimulation in treating sensorineural hearing loss.

Stevens and his colleagues used ac (sinusoidal) electric stimula-
tion to identify three mechanisms underlying the “electrophonic
perception” in the 1930s [10]–[12]. The first mechanism was re-
lated to the eardrum’s conversion of the electric signal into an
acoustic signal, resulting in a tonal pitch perception but at the
doubled signal frequency. The second mechanism was related
to the “electromechanical effect,” in which electric stimulation
causes the hair cells in the cochlea to vibrate, resulting in a per-
ceived tonal pitch at the signal frequency as if it were acousti-
cally stimulated. Only the third mechanism was related to direct
electric activation of the auditory nerve, as the subjects reported
noise-like sensation in response to sinusoidal electrical stimula-
tion, much steeper loudness growth with electric currents, and
occasionally activation of nonauditory facial nerves.

In the middle of last century, physicians became the driving
force to translate these early research efforts into clinical prac-
tice. In 1957, A French physician, Djourno and his colleagues
reported successful hearing using electric stimulation in two to-
tally deafened patients [13]–[15]. Their successful story crossed
the Atlantic, spurred an intensive level of activity in attempts to
restore hearing to deaf people, mostly on the U.S. west coast
in the 1960s and 1970s [16]–[19]. By one historian’s account
[20], William House in Los Angeles, CA, in 1961 implanted a
gold electrode insulated with silicone rubber in the scala tym-
pani of two deaf patients. He used a low-frequency square wave
(40–200 Hz) as the carrier of electric simulation, whose ampli-
tude was modulated by the sound. House’s initial device only

lasted two weeks but both patients reported useful hearing with
electric stimulation. In 1964, Blair Simmons at Stanford im-
planted a cluster of six stainless-steel electrodes into the audi-
tory nerve through the modiolus in a 60-year-old man with pro-
found hearing loss. In 1971, Robin Michelson in San Francisco
implanted a form-fitting (from human temporal bones) single-
channel electrode pair in four deaf patients. In 1978, Graeme
Clark in Australia developed a 20-electrode (Platinum rings)
cochlear implant system and implanted in two deaf patients.
Other similar experimental efforts included Chouard in France
[21], Eddington in Utah [22], and Horchmair in Austria [23].

However, the efficacy of these early cochlear implants, par-
ticularly the single-electrode systems, met with strong suspicion
and perhaps resistance from the mainstream scientific commu-
nity in 1970s. Compared with the three thousand tuned inner
hair cells in a normal cochlea, a single electrode cannot provide
the level of tuning and timing that resembles the normal pat-
tern of neural activity produced by acoustic stimulation. For ex-
ample, Nelson Kiang, a prominent physiologist at Harvard and
MIT, suggested that little or no discriminative hearing could be
generated from a single-electrode cochlear implant [20], [24].
Even the National Institutes of Health (NIH) condemned human
implantation as being morally and scientifically unacceptable in
the early 1970s [25]. At that time, any researchers who became
involved in cochlear implants did so at their own professional
risk. To settle the scientific issues, Michael Merzenich and col-
leagues organized the First International Conference on Elec-
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Fig. 2. Exponential growth of cochlear implant research and sales. Note the
10-year delay for sales growth. The data of annual publications on cochlear im-
plants (filled green bars with the unit on the left �-axis) were collected using key-
words (cochlear AND implant) in PubMed (http://www.pubmed.gov) on June
19, 2008. The sales data (open purple bars with the unit on the right �-axis) were
disclosed in Cochlear annual report (http://www.cochlear.com.au). Insert: An-
nual sale number of 3M/House single-electrode (blue line) and nucleus multi-
electrode (purple line) cochlear implants between 1982 and 1989 [25].

trical Stimulation of the Acoustic Nerve as a Treatment for Pro-
found Sensorineural Deafness in Man in San Francisco in 1973.
An outcome of this conference was, as shown in Fig. 2, an inten-
sified research effort in cochlear implants, particularly using an-
imal experiments, in the mid 1970s to 1980s. To settle the safety
and efficacy issues, NIH, in 1975, commissioned Bilger and col-
leagues at the University of Pittsburgh to evaluate objectively
and independently the audiological performance in the world’s
first group of single-electrode cochlear implant recipients, in-
cluding 11 implanted by House and 2 by Michelson [26]–[31].
Bilger’s report confirmed that the single-electrode cochlear im-
plants provided useful hearing in terms of aiding lipread and
identifying common environmental sounds, but these devices
could not provide open-set speech recognition. To a large ex-
tent, the San Francisco meeting and Bilger report legitimized
the cochlear implant as an acceptable and valid clinical prac-
tice.

Next, the race to commercialize the cochlear implant had just
begun because the technology for commercialization was ripe.
The development of cardiac pacemakers helped identify bio-
compatible materials, design insulated electrodes and set safe
electric stimulation limits. Thanks to the cold war, advances in
the space industry provided crucial technology in integrated cir-
cuits and hermetical sealing, with titanium encapsulation still
being the standard for today’s cardiac pacemakers and cochlear
implants. One industrial giant, 3M, became interested, choosing
to commercialize the simpler and safer House single-electrode
device over the more complicated Melbourne multi-electrode
device in 1978. Indeed, the 3M/House single-electrode implant
was the first to win FDA approval in 1984 and became the in-
dustrial leader with several hundred users in the mid 1980s (see
Insert in Fig. 2).

On the other hand, supported by a grant from the Australian
Department of Productivity, the University of Melbourne and

Fig. 3. Sentence recognition scores with a quiet background as a function of
time for the 3M/House single-electrode device (first column), the Cochlear Nu-
cleus device (filled bars), the Advanced Bionics Clarion device (open bars), and
the Med-El device (shaded bars). Previous results before 2004 were summarized
in Zeng [40]. The latest results were obtained in the following references: Nu-
cleus Freedom [41], Clarion HiRes system [42], and Med-El Opus device [43].
For a detailed description of the acronyms, see Section III.

Nucleus Limited (a medical device company focusing on pace-
makers) entered a public and private cooperative agreement
in 1979 to manufacture and market the 22-electrode cochlear
implant. In middle 1980s, NIH also helped speed up the ac-
ceptance of multi-electrode cochlear implants by funding the
UCSF and the University of Melbourne device development
(1RO1-NS21027) and hosting the first consensus conference
concluding that “multichannel implants may have some supe-
rior features in adults when compared with the single-channel
type” [33]. Time proved that the multi-electrode devices in-
deed not only produced much superior performance over the
single-electrode devices (Fig. 3), but also eventually phased out
the single-electrode devices in the market (Fig. 2).

In addition to the Nucleus device, several other multi-elec-
trode devices were also developed. The University of Utah de-
veloped a six-electrode implant with a percutaneous plug in-
terface [22], [34] and was called either the Ineraid or Symbion
device in literature, which was uniquely suited for research pur-
poses [35]–[38]. The University of Antwerp in Belgium devel-
oped the Laura device that could deliver either 8-channel bipolar
or 15-channel monopolar stimulation. These devices were later
bought out and are no longer available commercially. The MXM
laboratories in France also developed a 15-channel monopolar
device, the Digisonic MX20, which is marketed by Neurelec
(www.neurelec.com).

At present, there are three major cochlear implant man-
ufacturers including Advanced Bionics Corporation, USA
(www.advancedbionics.com), Med-El Corporation, Austria
(www.medel.com), and Cochlear Corporation, Australia
(www.cochlear.com), with Cochlear being the dominating
player controlling 70–80% of the cochlear implant market
worldwide. Several startup companies are also developing
advanced and low-cost multi-electrode cochlear implants,
including Advanced Cochlear Systems (www.advcoch.com) in
Seattle, Washington, Nurobiosys Corporation in Seoul, Korea
[39], and Nurotron Biotechnology Inc. based in both Irvine,
CA and Hangzhou, China (www.nurotron.com).
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Fig. 3 summarizes sentence recognition scores in quiet by
4 different devices over 27 years. The sentence recognition
task is chosen because it can best measure the user’s ability
to communicate in daily life, e.g., a 70% sentence recognition
score would support a telephone conversation [40]. Starting
out with the single-electrode device providing little or no
open-set speech recognition in 1980, it took 15 years and the
collective effort from academia and industry to achieve this
level of performance, allowing an average multi-electrode
cochlear implant user to converse on the telephone. It appears
that speech recognition in quiet has reached a plateau in the last
10 years, with much effort being focused on improving speech
recognition in noise, music perception and tonal language
understanding, all of which are currently difficult tasks for
implant users (see Section IX for details).

In the remainder of this paper, system design and speci-
fications will be laid out first in terms of the overall system
architecture and functions (Section II). Then the subsystem
components from speech processors to electrode arrays and
fitting programs will be presented and analyzed in depth
(Sections III–VII). System integration will be discussed in
Section VIII and functional evaluation will be presented in
Section IX. The paper will end by addressing issues beyond
cochlear implants in Section X.

II. SYSTEM DESIGN AND SPECIFICATION

The over-arching goal of a cochlear implant is to use electric
stimulation safely to provide or restore functional hearing. Fig. 4
shows graphically a typical modern cochlear implant system.
The behind-the-ear external processor with ear hook and a bat-
tery case (2) uses a microphone to pick up sound, converts the
sound into a digital signal, processed and encodes the digital
signal into a radio frequency (RF) signal, and send it to the an-
tenna inside a headpiece (3). The headpiece is held in place by a
magnet attracted to an internal receiver (4) placed under the skin
behind the ear. A hermetically sealed stimulator (5) contains ac-
tive electronic circuits that derive power from the RF signal, de-
code the signal, convert it into electric currents, and send them
along wires (6) threaded into the cochlea. The electrodes (7) at
the end of the wire stimulate the auditory nerve (8) connected
to the central nervous system, where the electrical impulses are
interpreted as sound.

All modern cochlear implant systems have the following ar-
chitecture and functional blocks (Fig. 5). An external unit, also
known as the speech processor, consists of a digital signal pro-
cessing (DSP) unit, a power amplifier, and an RF transmitter.
The DSP is the brain of the cochlear implant system that receives
sound, extracts features in the sound, and converts the features
into a stream of bits that can be transmitted by the RF link. The
DSP also contains memory units or “maps” that store patient
specific information. The maps and other speech processing pa-
rameters can be set or modified by a PC fitting program.

An internal unit consists of the RF receiver and a hermeti-
cally sealed stimulator. Because the internal unit has no battery,
the stimulator must first derive power from the RF signal. The
charged up stimulator will then decode the RF bit stream and
convert it into electric currents to be delivered to appropriate

Fig. 4. A typical modern cochlear implant system that converts sound to elec-
tric impulses delivered to the auditory nerve (www.cochlear.com).

Fig. 5. Architecture and functional block diagram of a modern cochlear im-
plant. The single-electrode systems had an analog external unit and contained
no internal active circuits [44]. The Utah six-electrode, four-channel system had
a percutaneous plug and contained no internal circuits [22]. The Nucleus 22 de-
vice had essentially all components of a modern system, except for the back
telemetry circuits [45].

electrodes. All modern systems also contained a feedback loop
that can monitor critical electric and neural activities in the im-
plants and transmit these activities back to the external unit.

Table I summarizes system and functional specifications of
the latest cochlear implant from the three major manufacturers.
Over the last 25 years, there seems to be a convergence of tech-
nology in terms of system specifications. For example, the input
dynamic range (IDR) was set at 30 dB in the early Nucleus 22
device, but has now been increased to be 75–80 dB with the de-
fault value of 45–60 dB in the latest devices to match the range
of amplitude variations of natural speech and environmental
sounds [48]–[50]. Similarly, the frequency range has broadened
to include components lower than 300 Hz to take advantage
of the temporal pitch code in an attempt to improve pitch and
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TABLE I
SYSTEM AND FUNCTIONAL SPECIFICATIONS OF THREE MAJOR COCHLEAR IMPLANT SYSTEMS. DATA SOURCES: COCHLEAR FREEDOM [46]; CLARION HIRES 90 K

(WWW.BIONICEAR.COM); MED EL OPUS PROCESSOR AND SONATA IMPLANT [47]

tonal language perception [51]–[53]. The latest devices all con-
tain the standard CIS plus other proprietary multiple speech
processing strategies. The Nucleus device is slightly ahead in
adopting sound field processing, a directional microphone and
other cosmetic (e.g., water resistant) technologies.

The Nucleus device also has the longest history and the best
reliability record, but it appears to lag behind in the internal unit
design and technology. The latest Nucleus Freedom system is
still the slowest in terms of RF transmission frequency and data
rate, hence the lowest overall stimulation rate. It has kept to its
original design from the 1980s with only one current source,
unable to provide simultaneous stimulation and electrical field
imaging. Detailed presentation and analysis of these subsystem
components, functions, and specifications will be provided next.

III. SIGNAL PROCESSING

Except for the paradigm shift from the single electrode device
to the multi-electrode device in the early 1980s, advances in
signal processing are largely responsible for the continuous and
steady improvement by cochlear implant users. Because several
review papers have been published to focus on this topic [40],
[54]–[56], this section provides a brief overall review and an
update.

The theoretical basis for signal processing in cochlear im-
plants can be traced to early research in the source-filter model
in speech production [57] and the vocoders in telephone com-
munication [3], [4]. Briefly, speech sounds can be modeled as
either a periodical (for voiced sounds) or noise (for unvoiced
sounds) source whose frequency spectrum is filtered by the res-
onance properties in the vocal tract. Alternatively, the source can

be modeled as a carrier while the vocal tract acts as a modulator,
reflecting the opening and closing of the mouth or the nose. Gen-
erally speaking, the source varies rapidly whereas the filters vary
more slowly. Recently, Zeng has argued for a general model in
which the rapidly varying fine structure contributes mainly to
auditory object formation whereas the slowly varying envelope
contributes to speech intelligibility [58].

Fig. 6 classifies signal processing used in modern cochlear
implants. Most cochlear implants discard the fine structure and
encode the coarse features only. The first generation multi-elec-
trode Nucleus 22 device extracted the fundamental frequency
(F0), which is a source information reflecting voice pitch, and
the second resonance frequency in the spectral envelope (also
known as the second formant, or F2) [59]. In later versions of
the implant, the first formant was added [60], followed by addi-
tional three spectral peaks between 2000 and 8000 Hz [61], [62].
Consistent improvement in speech recognition was observed as
more spectral details were added (see Fig. 3).

In the late 1980s and early 1990s, another paradigm shift oc-
curred from spectral envelopes to temporal envelopes, showing
that the temporal envelope from a very limited number of spec-
tral channels can support a high level of speech recognition [5],
[63], [64]. Parallel changes occurred in cochlear implant signal
processing, from explicit encoding of spectral envelope cues to
explicit encoding of temporal envelope cues [6], [65].

Fig. 7(A) shows the functional block diagram of the contin-
uous-interleaved-sampling (CIS) strategy, which has been im-
plemented by all major manufacturers and is still available in
their latest devices (see Table I). The sound is first subject to
a number of bandpass filters with the number being as few as
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Fig. 6. Classifications of signal processing strategies in cochlear implants.

5 in the original CIS implementation [6] and as many as 20 in
the Nucleus Freedom device [46]. The temporal envelope from
each band is extracted by either half-wave (shown in the figure)
or full-wave rectification followed by a low-pass filter; or more
recently by the Hilbert transform [47], [66]. The envelope is
then logarithmically compressed to match the widely varying
acoustic amplitudes to the narrow electric dynamic range [50],
[67]. The compressed envelope amplitude modulates a fixed-
rate biphasic carrier, whose rate can vary from several hundreds
to several thousands per second. To avoid simultaneous elec-
trical field interference, a problem that apparently bothered early
devices such as the analog Ineraid implant [22], the biphasic
carriers are time interleaved between the bands so that no si-
multaneous stimulation occurs between the bands at any time. In
practice, a single current source is needed in a CIS strategy. The
CIS strategy can avoid simultaneous channel interaction while
preserving the temporal envelope samples for each band as long
as the carrier rate is sufficiently high. Typically the cutoff-fre-
quency of the low-pass envelope filter is set between 400 Hz or
slightly lower, requiring at least 800 Hz carrier for faithful rep-
resentation of these envelopes [6].

Fig. 7(B) shows a functional block diagram of the “ -of- ”
strategy, which was first described by Wilson and colleagues
[68] and had been refined in subsequential development as the
SPEAK and ACE strategies in the Nucleus devices [46], [65].
The pre-processing in the -of- strategy is similar to the CIS
strategy, including the bandpass filters and the envelope ex-
traction blocks. However, there are several major differences
between the two strategies. One difference is that the -of-
strategy has a greater number of bandpass filters, e.g.,

in the Nucleus implementation, than the CIS strategy. The
number of bandpass filters is typically set to equal the number
of intra-cochlear electrodes. The second difference is that the

-of- strategy is based on temporal frames, typically lasting
2.5 to 4 msec, whereas the CIS strategy does not have any ex-
plicit processing frames. In each frame of the -of- strategy,
an “ ” number of bands with the largest envelope amplitude are

Fig. 7. (A) Block diagram and signal processing in the continuous-interleaved-
sampling (CIS) strategy. (B) Block diagram of the “�-of-�” strategy.

selected (by definition, ). Envelopes from the selected
bands are subject to the same amplitude compression and used
to determine the current level of the biphasic pulse. The biphasic
pulses are interleaved between the output channels, with the per
channel stimulation rate being determined by the frame rate. Fi-
nally, only the corresponding “ ” electrodes (dark bands in the
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figure) out of the “ ” electrodes are stimulated in a particular
frame. The SPEAK strategy selects 6–8 largest peaks and has
a fixed 250 Hz per channel rate. The ACE strategy has a larger
range of peak selection and higher rate than the SPEAK strategy.
If , then the SPEAK and ACE strategies are essentially
same as the CIS strategy.

Fig. 8 shows the spectrogram of a sample speech (i.e.,
acoustic input) and electrodograms of the same speech by two
different processing strategies (i.e., electric output). The spec-
trogram is a pseudo 3-D plot, showing frequency ( -axis) and
intensity (color scale) changes as a function of time ( -axis).
The horizontal lines in the voiced portion of the speech represent
harmonics, with the bottom line representing the fundamental
frequency. The energy concentration and movements represent
formant frequency and its transitions. Electrodograms are the
electric parallel to spectrograms, displaying electric stimulation
information such as electrode, amplitude and timing as a func-
tion of time [69]. Electrodograms are an effective and valuable
tool t visualize and evaluate the effects of electric stimulation
parameters and signal processing on cochlear implant perfor-
mance [70], [71].

Panel B shows a six-channel CIS processor output, in which
only the most apical six electrodes are used. Each electrode car-
ries slowly varying envelope information, with the energy differ-
ence between electrodes carrying the spectral information. For
example, the apical electrodes (4–6) are stimulated at a higher
intensity than the basal electrodes (1–3) at 500 ms, when the
sound is a vowel (/a/ as in large); whereas only the most 3 basal
electrodes (1–3) are stimulated at 750 ms, when the sound is a
consonant (/s/ as in size). The insert in panel B shows detailed
timing information between 900 and 910 ms, during which the
interleaved pulses between electrodes can be seen as staggered
lines at 1.25 ms interval (or 800 Hz per electrode stimulation
rate). Note that the electric stimulation pattern does not con-
tain any spectral or temporal fine structure (e.g., fundamental
frequency, harmonics, and formant transition) in the original
sound.

Panel C shows the electrodogram of an 8 of 20 ( of )
SPEAK strategy, which has been implemented in the Nucleus 24
system [65]. In the SPEAK strategy, the number of band-pass fil-
ters can be 16 or 20 (m). Every 4 ms, six or more bands ( ) with
the highest energy are selected and the corresponding electrodes
are stimulated. Compared with the six-channel CIS strategy, the
8 of 20 SPEAK strategy produces more spectral details but less
temporal details because of the much lower per channel stimu-
lation rate at 250 Hz. With the faster Nucleus Freedom system,
the per-channel stimulation rate can be increased to 2500 Hz
to preserve greater temporal details. Cochlear has termed this
“faster” SPEAK strategy as the advanced combination encoder
or the ACE strategy [46].

At present, signal processing focuses on how to encode spec-
tral and temporal fine structure cues in cochlear implants. To
encode the spectral fine structure, more independent electrodes
are needed. Given the current electrode manufacturing tech-
nology and the placement of these electrodes in the cochlea
(see Section VI for details), it is difficult to increase the number
of physical electrodes. Instead, several innovative signal pro-
cessing techniques are being investigated to increase the spectral

Fig. 8. Spectrogram (panel A) and electrodograms of CIS (panel B) and
SPEAK (panel C) for the sentence: “A large size in stockings is hard to sell.”

resolution using focused stimulation and the number of func-
tional channels using virtual channels [72]. Recently, encoding
of the temporal fine structure cue has received much attention
[73]–[78]. One way to encode the fine structure is to increase the
electric stimulation carrier rate so that the temporal fine struc-
ture cue can be represented in the waveform domain, e.g., Med
El’s FSP processor [47]. A second way is to extract frequency
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Fig. 9. RF transmission coding in the nucleus freedom system. Waveform shows the original RF signal, with its amplitude being modulated on and off. The
numbers below the waveform show the raw bits recovered from the RF signal. The raw bits are grouped into 6, coding the discrete data token.

TABLE II
RF DATA TRANSMISSION SPECIFICATIONS IN THREE MAJOR COCHLEAR

IMPLANT MANUFACTURERS

modulation from the temporal fine structure and then use it to
frequency modulate the carrier rate [79]. A third way is to use
multiple carriers to encode the fine frequency structure [80]. The
effectiveness of these new strategies has not been demonstrated
in actual cochlear implant users.

IV. RADIO FREQUENCY (RF) LINK

To ensure safety and to improve convenience, the internal unit
in all modern devices is now connected to the external unit via
a transcutaneous RF link. The RF link uses a pair of inductively
coupled coils to transmit both power and data. The RF trans-
mission has to address a host of challenging technical issues
[81]–[83]. For example, the external unit needs to provide not
only reliable communication protocols including a signal mod-
ulation method, bit coding, frame coding, synchronization and
back telemetry detection, but also high-efficiency RF power am-
plifier and immunity to electromagnetic interference (EMI). The
internal unit, on the other hand, needs to harvest power with high
efficiency and retrieve data with high accuracy. In addition, the
size of the transmitting and receiving coils needs to be mini-
mized and cosmetically appealing. Table II describes RF char-
acteristics of the 3 major cochlear implant manufacturers. The
remainder of this section focuses on bit coding, frame coding,
and power management.

A. Bit Coding

The output of the external unit is a digital stream of 1s and 0s.
Prior to sending these bits to the RF power amplifier, bit coding
is usually required for reliable and accurate wireless transmis-
sion and decoding. At present, the major cochlear implant man-
ufacturers, at least in their forward transmission systems, all use
the amplitude shift keying (ASK) modulation for RF transmis-
sion. Fig. 9 shows a two-layered bit coding ASK scheme imple-
mented in the Nucleus Freedom system [81]. In the first layer,
1 is coded by 5 ON cycles of the 5 MHz carrier frequency,
i.e., RF is present for 5 cycles; 0 is by 5 OFF cycles of the
5 MHz carrier frequency, i.e., RF not present for 5 cycles. In
the present example, the amplitude modulated RF signal gives a
111011110111 bit pattern, displayed right underneath the wave-
form. In the second layer, the raw bit signal is grouped into 6 bits
to encode a 3-bit data token. In this example, the raw bit signal
“111011” represents a data token “110,” whereas “110111” rep-
resents a data token “010.” There are a total of 8 data tokens

, plus two synchronization tokens and two error to-
kens that are defined by the same 6-bit patterns, for a total of 12
tokens. The 12 tokens are only a subset of the available 64 pat-
terns , with the rest being unused. This redundancy is
critical for the system to detect transmission errors. In case the
decoder produces a pattern that is not part of the 10 data tokens,
or the 2 synchronization tokens, or the two error tokens, then
the system detects it as an error.

B. Frame Coding

The RF link uses a frame or packet coding scheme to transmit
specific stimulus parameters to the internal stimulator. In the
Nucleus system, the parameters include pulse amplitude, pulse
duration, pulse gap, active electrode and return electrode that
are used to define a biphasic pulse and the stimulation mode.
Dependent on the timing relationship between a frame and the
pulses it generates, frame coding schemes can be classified by
either the expanded mode or the embedded mode.

The expanded mode was first used by Cochlear in the Nucleus
22 device with a carrier frequency of 2.5 MHz and later in the
Nucleus 24 device with a carrier frequency of 5 MHz [81], [84].
Fig. 10 shows the expanded frame coding used in the Nucleus
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Fig. 10. The expanded mode frame coding scheme in the Nucleus system.

24 system, in which a frame consists of a SYNC burst and an
additional five bursts that specify a legal biphasic pulse [85]. The
SYNC burst is short, containing no more than seven RF clock
cycles.

The number of RF cycles ( ) within each burst is multiples
of eight cycles and conveys the information needed to specify
the electric biphasic pulse. The active electrode number is deter-
mined by , where , and ranges between
1 and 22. The stimulation mode is determined by ,
where , and ranges between 1 and 30. When the
stimulation mode returns a number between 1 and 22, it speci-
fies bipolar (BP) configuration with the return electrode being in
the cochlea (however, the active and return electrodes cannot be
the same). On other hand, monopolar stimulation is specified
by a stimulation mode number of 24 with the reference elec-
trode being a ball electrode placed under the temporalis muscle
(MP1), 25 being a plate electrode on the package (MP2), and 30
being both the plate and the ball electrodes ( ). The pulse
amplitude is coded by 271-n, where , resulting
in 256 discrete clinical units from 255 to 0. The pulse duration
of phase 1 is determined by the duration of the Phase 1 burst,
with the number of RF cycles from 18 to 3,00, or 3.6 to 600

. The phase delay determines the interval between the neg-
ative-going phase and the positive-going phase and can range
from 6 to 50 000 RF cycles, or 1.2 to 10 000 . The polarity of
phase 2 is opposite to that of phase 1, but their durations have
to match for balanced charge. The residual inter-pulse-interval
(RIPI) or inter-frame gap is inserted to produce the designed
stimulation rate. The number of the RF cycles for the RIPI can
range from 6 to 1 250 000, equivalent to 1.2 to 250 mS. This
250 mS upper limit is determined by the requirement of at least
a 4 Hz pulse rate to keep the internal circuit powered up. Note
that critical parameters such as active electrode and mode are
encoded by multiples of eight RF cycles, which allows theoreti-
cally a counting error up to 4 RF cycles for reliable transmission.

The Expanded mode requires a relatively simply decoder on
the receiver side. However, it has several limitations. First, the
maximal total stimulation rate is low because no stimulation is
generated when parameters such as Sync, Electrode, Mode, Am-
plitude, and RIPI bursts are being transmitted. Furthermore, the
RIPI is not a constant between frames even at a constant stimu-
lation rate, because it is affected by other stimulation parameters

Fig. 11. The embedded mode frame coding scheme.

such as electrode, mode, and amplitude. Finally, the amplitude
and pulse duration parameters are prone to RF cycle detection
errors, which may lead to an unbalanced charge.

To overcome the limitations of the expanded mode, the em-
bedded mode frame coding scheme was developed and has be-
come the de-facto standard for the current cochlear implants
[86]. Fig. 11 illustrates schematically the embedded mode frame
coding scheme. The basic idea is to transmit the information re-
garding electrode, mode, and amplitude ( , & ) for the next
biphasic stimulus, shown as , while the present
stimulus, shown as , is being delivered. Another ad-
vantage of the embedded mode is that there is a period of time
between the end of the present stimulus and the start of the next
stimulus for the internal circuitry to check the validity of stim-
ulation parameters, , and . In case of errors, the stimulus
can be stopped before it is actually delivered.

C. Maximum Total Stimulation Rate

The maximum total stimulation rate depends upon the bit rate
and the frame rate in the RF transmission link. Using five RF cy-
cles to encode the raw bits and 6 raw bits to encode three actual
data bits, the bit rate is 250 kB/second in the Nucleus 22 system
and 500 kB/second in the Nucleus 24 system. The Nucleus 22
uses only the expanded mode to encode frames and has a theo-
retically maximal total stimulation rate of 5900 Hz. In practice,
this theoretical rate is not attainable. For realistic stimulation pa-
rameters such as pulse duration of 100 , 30 phase
delay, electrode 1 and 2 bipolar mode with the highest ampli-
tude, the maximum rate is just above 3000 Hz [84]. The Nucleus
24 system supports both the expanded mode and the embedded
mode. For example, with pulse duration of 12 , the Nu-
cleus 24 (CI24M) system can produce the maximum pulse rate
of 8500 Hz using the expanded mode and 14 400 Hz using the
embedded mode. To further increase the maximum total stimu-
lation rate, the electrode mode and pulse duration information
can be set initially with only the electrode number and ampli-
tude information being transmitted on a pulse by pulse basis.
The Nucleus Freedom system (CI24R and CI24RE) adopts this
high rate mode and can attain a maximum total rate of 32 000
Hz [46].

Both the Advanced Bionics and Med El systems have used
higher RF and multiple current sources to achieve higher
maximum total stimulation rate than the Cochlear system. The
higher RF leads to higher bit rate in the RF transmission (see

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 21, 2009 at 18:53 from IEEE Xplore.  Restrictions apply.



124 IEEE REVIEWS IN BIOMEDICAL ENGINEERING, VOL. 1, 2008

Table II). The multiple current sources allow one-to-one map-
ping between the current source and the electrode, eliminating
the need to transmit the electrode information. The HiRes 90
K device has 16 current sources corresponding to 16 electrodes
and is capable of producing a maximum total stimulation of
83 000 Hz. Sonata has 12 current sources corresponding to
12 electrodes and is capable of producing a maximum total
stimulation rate of 50 700 Hz pulses. Although there has been a
trend for all manufacturers to push for higher stimulation rates,
there is little or no scientific evidence suggesting that higher
rate produces better performance [87]–[89].

D. Power Transmission

To extend battery life, high-power efficiency needs to be
achieved in the RF transmission link. A highly efficient Class-E
power amplifier is typically used in the present cochlear
implants [90], [91]. Properly designed transmitting and the
receiving coils are another critical component to determine the
power efficiency in the RF link. There are many conflicting
requirements in the RF design. For example, the power trans-
mission efficiency is maximized if the RF system works at its
resonance frequency, i.e., a narrow bandwidth. However, the
data transmission requires the RF system to have an unlimited
bandwidth. Moreover the highly efficiency Class-E power
amplifier is also highly nonlinear, with its distorted waveform
limiting the data transmission rate. Another example is the
conflicting requirement in coil size: The large the coil size, the
higher the transmission efficiency; on the other hand, the coil
size has to be limited by the head size and cosmetic considera-
tions. In general, the RF power amplifier and the coils need to
be designed and integrated to take into account of the overall
system power consumption, variations in skin thickness, and
forward and backward data transmission [92], [93]. At present,
the RF link has about 40% transmission efficiency, delivering
20–40 mW power to the internal unit over the skin thickness
from 4 to 10 mm.

V. RECEIVER AND STIMULATOR

The internal unit consists of a receiver and a stimulator, and is
sometimes referred as the “engine” of a cochlear implant. Fig.
12 shows the block diagram of a typical implanted receiver and
stimulator [81], [94]–[96]. The centerpiece is an ASIC (Appli-
cation Specific Integrated Circuit) chip, shown as the dotted box,
which performs critical function of ensuring safe and reliable
electric stimulation. Inside the ASIC chip, there are a forward
pathway, a backward pathway, and control units. The forward
pathway usually includes a data decoder that recovers digital
information from the RF signal, error and safety check that en-
sures proper decoding, a data distributor that sends the decoded
electric stimulation parameters to the right place (i.e., the pro-
grammable current source) at the right time (i.e., by switching
on and off multiplexers). The backward pathway usually in-
cludes a back telemetry voltage sampler that reads the voltage
over a period of time on the recording electrode. The voltage
is then amplified by the programmable gain amplifier (PGA),
converted into digital form by an analog-to-digital converter
(ADC), and stored in memory to be sent out to the external unit

Fig. 12. Block diagram of the cochlear implant internal unit.

via back telemetry. The ASIC chip also includes many control
units from the clock generated from the RF signal to the com-
mand decoder. There are several circuits and devices that cannot
be easily integrated in the ASIC chip, including the voltage reg-
ulator, the power generator, the coil and RF tuning tank, and the
back telemetry data modulator. The following highlights the de-
sign, implementation, and function of several important compo-
nents.

A. Safety Measures

Stimulation safety is a top priority in the receiver and stimu-
lator design. Under no circumstance should harmful electrical
stimulation such as over stimulation or unbalanced stimulation
be delivered to the cochlea. Additional considerations are
needed to prevent erratic functions of the receiver stimulator in
cases of unpredictable events, such as drop of the headpiece,
strong electromagnetic interference, and malfunction of the
external DSP unit. Several levels of safety check are commonly
implemented in current cochlear implants, including:

• Parity check to detect bit error from either RF transmission
or data decoding.

• Stimulation parameter check to ensure the validity of elec-
trode number, mode, amplitude, pulse duration, and inter-
pulse gap.

• Maximum charge check to prevent over stimulation, with
the charge density being typically less than 15 to 65

dependent on the electrode material, size
and shape [97], [98].

• Charge balance check to prevent unbalanced stimulation
and dc stimulation because they generate gases, toxic oxy-
chlorides, corrosion products, and associated pH changes
that can cause tissue damage [99].

• To prevent dc stimulation, capacitors are serially connected
to the electrodes to block any unbalanced charge being de-
livered to electrodes. All modern devices have used this
method.
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• To prevent accumulated unbalanced charges, especially
with high-rate stimulation, Nucleus cochlear implants
short all stimulating electrodes between pulses [100].

B. Current Source

The current source generates a stimulating current according
to the amplitude information from the data decoder. It usually
consists of a digital-to-analog converter (DAC) and current mir-
rors. The design of an accurate current source is demanding.
In the Nucleus 22 device, the amount of current in the drain
of a MOSFET is controlled by the voltage difference between
the gate and the source of the MOSFET. Because the relation-
ship between the drain and the source is not constant due to
the process variation of integrated circuit fabrication, a trimmer
network was needed to fine tune the reference current in the
Nucleus 22 device. Recent devices have abandoned this tech-
nique, instead they combine multiple DACs to obtain the desired
amount of current.

Another factor is the impedance of a current source. An
ideal current source has infinite impedance. In practice, the
impedance of a current source should be high relative to the
impedance of the load. Several techniques have been developed
to design a high impedance current source. For example, Cas-
code current mirrors are commonly used to increase the current
source output impedance, but the increased impedance usually
comes at the expense of reduced voltage compliance and power
dissipation [101].

For cochlear implants with multiple current sources, e.g.,
Advanced Bionics HiRes 90 k and Med El Sonata devices,
a switching network is no longer needed to connect one cur-
rent source to multiple electrodes. Instead, multiple current
sources are used sequentially or simultaneously, in which both
the N-channel and the P-channel current sources are used to
generate positive and negative phases of stimulation [102].
It is technically challenging to match between the N-channel
current source and the P-channel current source to ensure that
the positive and negative charges are balanced.

C. Low-Power Design

Low-power design and implementation of the internal ASIC
chip are critical to relaxing the RF transmission efficiency and
extending battery life [103], [104]. A recent implantable neural
recording system design only consumes 129 power with
the total chip consuming less than 1-mW power [104]. Several
design principles and methods should be considered to lower
the IC chip power consumption.

For any circuits, assuming that the current is already at the
low limit, high frequency and high voltage usually lead to high-
power consumption. For the receiver and stimulator circuitry in
a cochlear implant, the data detector usually requires high-fre-
quency operation. One of the reasons that ASK modulation is
preferred to FSK modulation is the relatively simple implemen-
tation and low-power consumption of the ASK data detection
circuitry, especially with the high-frequency RF signal.

To handle a wide range of electrode impedance, the current
source in a cochlear implant typically requires high compliance
voltage, thus leading to high-power consumption. Minimizing
voltage drop in the devices other than the electrode load is one

way to achieve low-power consumption. Using adaptive com-
pliance voltages is another way to balance the need between the
low-power consumption and the wide impedance range [105],
[106].

D. Back Telemetry

One function of back telemetry is for the external unit to
check the status of the internal unit, such as regulated voltage,
compliance voltage, register values, and hand shaking status.
This function of back telemetry is critical to ensure that the in-
ternal circuit works in the proper state and can correctly exe-
cute commands sent from the external unit. The other function
of back telemetry is to measure and monitor critical informa-
tion regarding the electrode-tissue interface, including electrode
impedance, electrode field potential, and neural responses [107].

Electrode impedance is derived by measuring the voltage
drop across an electrode for a given current. The current is
delivered below the audible threshold, with a value in tens
of or even lower. Extremely low electrode impedance
suggests shortage while extremely high electrode impedance
suggests open circuitry. Electrodes with both extreme values
are typically eliminated in the fitting process (See Section VII).
Electrode field potential can be obtained by stimulating one
electrode while recording the potential in other non-stimulating
electrodes. Electrical field imaging plots the potential distri-
bution as a function of electrode position and can be a useful
clinical tool to probe the interference and interaction between
electrodes [108].

Neural response telemetry (NRT) measures the auditory
neural response to electric stimulation. Because the neural
response is tiny, usually buried in the artifact of electric stim-
ulation, special techniques are required to remove the artifact.
Fig. 13 shows three techniques used to remove the electric
artifacts [109], [110]. First, alternating phase assumes the
neural responses are the same to anodic and cathodic-leading
stimuli so that simple averaging between the two responses
would cancel the artifacts while preserving the neural response.
However, this assumption is not true and additionally the nerve
may respond to the second phase, limiting the alternating phase
utility [111]. Second, forward masking takes advantage of
neural refractoriness in that a probe following a masker will
produce artifact but no neural response [109]. Third, template
subtraction uses statistical properties to characterize electric
artifact and use it to remove the artifact and recover the neural
response [112], [113]. At present, forward masking is the most
widely used technique.

It is technically challenging to design a robust back telemetry
system. Although all three back telemetry measurements sample
the voltage on the electrode, the sampled voltage varied in a
wide dynamic range. The voltage can range from several volts
in electrode impedance measurement, mVs in electrical field
imaging and in NRT. A programmable gain amplifier is
typically employed to match the sampled voltage signal to the
accepted range by the analog-to-digital converter. There are two
methods to transmit the information from the internal unit to
the external unit. One method uses load modulation, as typi-
cally used in the RFID applications, to change the load of the
internal coil so that the external unit can detect small changes
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Fig. 13. Three electric artifact removal techniques (three rows). The individual recordings and the derived ECAP responses were obtained in an actual Clarion
HiRes 90 k user [230].

in the amplitude of the RF signal applied to the external coil.
The advantage for the RFID method is that only one set of coils
is needed to transmit both forward and backward signals. The
disadvantages are the relatively complicated RF reader in the
external unit and the inability to perform both forward trans-
mission and back telemetry simultaneously. The other method
is to use a second set of coils for only backward signal transmis-
sion [114]. The advantage for the second method is the ability
to perform forward and backward transmission simultaneously
and independently, but the disadvantage is the increased size due
to the second set of coils and additional hardware.

VI. ELECTRODE ARRAYS

The electrode array is the direct interfaces between the elec-
trical output of the speech processor and the auditory neural
tissue. In the last three decades, these electrode arrays have
evolved from single channel to multiple channels with 12 to 22
active contacts, from an in situ position near the lateral wall of
the scala tympani to a position closer to the modiolus, and from
larger molded silicone elastomer “carriers” to smaller profiles.
These changes are summarized here and reflect improved under-
standing of cochlear anatomy and electrophysiology and their
relationship to cochlear implant performance.

A. Design Goals for Intracochlear Electrodes

Three goals have guided the development of contemporary
cochlear implant electrodes. The first goal is to insert the elec-
trode array more deeply into the scala tympani to better match
the assigned frequency band of electrical stimulation with the
existing tonotopic organization of the cochlea and the auditory
nerve. The second goal is to improve overall coupling efficiency
between the electrode and the nerve. The third goal is to reduce
the incidence and severity of insertion associated trauma and
potential infection.

1) Insertion Depth: Recent anatomical and high resolution
imaging studies [115]–[118] have allowed accurate prediction
of the relationship between the frequency organization of the
spiral ganglion and the position of electrode placement in an
individual subject. To access lower frequency components of
the speech spectra (200–1200 Hz), it is necessary to insert the
electrode array to an approximate depth of 1.5 cochlear turns
or 540 measured from the round window. Recent studies have
shown that in most cases the current generation of electrodes can
be inserted to a depth of less than 400 and that deeper insertion
results in higher rates of intracochlear damage and misplaced
electrodes [119], [120]. Thus, significant advances in electrode
design will be required to reliably achieve optimum insertion
depth with minimal trauma.

2) Coupling Efficiency: Reducing the electrode-to-nerve
distance decreases power consumption and interaction between
channels. Early attempts to reduce this distance were made by
molding electrodes to exactly match the volume of the scala
tympani. Because of individual anatomical and dimensional
variation this strategy was not successful. Shortly thereafter,
electrodes were designed and built with a spiral shape to hold
the array in a position closer to the modiolus. These electrodes
were first applied in larger clinical trials by Advanced Bionics
(Clarion™) and later used in conjunction with a separate
elastomer positioner to further reduce the distance from the
array to the spiral ganglion. In the late 1990s Cochlear Corpo-
ration, Advanced Bionics and Med-El all produced electrodes
designed to be located near the modiolus and termed them as
either perimodior or modiolus “hugging” electrodes.

3) Insertion Trauma: Intracochlear damage occurs when in-
sertion forces at any point on an electrode exceed the strength of
the tissue resisting that force. In many cases, this damage results
in decreased coupling efficiency and inconsistent channel-to-
channel performance. Analysis of the forces that affect the oc-
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TABLE III
DESIGN PARAMETERS FOR CURRENTLY AVAILABLE CLINICAL AND EXPERIMENTAL COCHLEAR IMPLANT DEVICES FROM THE THREE MAJOR COCHLEAR

IMPLANT MANUFACTURERS

currence of trauma and the angle at which an electrode con-
tacts tissue have identified two primary mechanisms of injury
[121]–[126]. First, damage most frequently occurs as a straight
electrode, or curved electrode held on a stylet, contacts the outer
wall of the scala tympani as it spirals away from the round
window or cochleostomy through which the electrode was in-
serted. Second, insertion injury occurs when an electrode is in-
serted beyond the depth at which it fully occupies the volume
of the scala tympani [127]. Techniques to reduce the incidence
and severity of trauma will be discussed.

B. Current Intracochlear Electrodes

Table III details specific design parameters for currently
available clinical cochlear implant devices from three major
manufacturers. Fig. 14 illustrates three commonly applied
cochlear implants, the Med-El Combi 40+™, Advanced
Bionics Helix™ and Cochlear Contour™. Each of these
devices is similar in construction with stimulating contacts
fabricated from platinum–iridium (PtIr) alloy foil held on a
silicone elastomer carrier. The connecting cable and lead wires
in all cochlear implants are subject to breakage, particularly in
active children. In addition, these wires dominate the mechan-
ical properties of the electrode array and the increased stiffness
they impart may be a cause of increased trauma. Fig. 15 illus-
trates the crinkled wires used to reduce stiffness and increase
reliability in the Med-El Combi 40+™ (Panel A) and Advanced
Bionics Helix™ (Panel B) electrodes. Note that the wires in the
Helix™ array are stacked along the inner radius of the spiral
array to further reduce stiffness in the horizontal plane of the
spiral and to increase stiffness in the vertical plane. The channel
(arrow, B.) in the center of the Helix™ array is premolded
to accept a wire stylet used to straighten the electrode during
insertion. Panel C illustrates helical winding used to increase
reliability in the cable section connecting the implanted stimu-
lator and the electrode array in the Advanced Bionics Helix™
and 1J devices. The large cylindrical platinum iridium contact

is a reference electrode used for either monopolar cochlear
stimulation or measurement of intracochlear action potentials
resulting from electrical stimulation. PtIr alloy wire leads are
currently used for all devices with helical winding or fine zig
zag patterns formed into each lead to increase flexibility and
minimize the rate of failure from repeated bending.

1) Standard Arrays: The Advanced Bionics Helix™ and
Cochlear Contour Advance™ arrays are spiral shaped to match
the diameter of the modiolus when fully inserted. Both devices
are mounted on a straight stylet to permit initial insertion to the
first cochlear turn then are advanced off of the stylet to complete
the insertion. The premolded spiral shape of the Contour and
Helix devices also ensures that the electrode contacts mounted
on the inner radius of the electrode will be facing the spiral
ganglion upon full insertion.

In contrast, the HiFocus 1J and Med-El Combi arrays follow
a path close to the lateral wall during implantation. When fully
inserted in temporal bones the HiFocus 1J electrode was posi-
tioned with a mean distance of 1.23 mm (electrode ) from
the modiolus [120]. Although there have been no quantitative
studies of the Combi array published to date it is reasonable
to assume that the position of this electrode would be similar
and published images of this electrode in place confirm their lo-
cation near the spiral ligament. This position compares with a
mean in situ distance from the electrode to the modiolus of 0.16
mm (electrode ) for the earlier HiFocus II electrode array
with positioner [128], 0.65 mm (electrode ) for the Hi-
Focus Helix array [120] and 0.33 mm for the Cochlear
Contour electrode [128]. Although the straighter electrodes are
located laterally, it should be noted that the location of the per-
imodiolar arrays is highly variable and that this variability may
affect threshold and channel interaction in highly idiosyncratic
ways along the length of an array in an individual subject and
across subjects throughout the patient population.

2) Electrodes for Combined Electrical Acoustic Stimula-
tion (EAS): As cochlear implant performance has steadily
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Fig. 14. Top: Med-El Combi 40+™’ Middle: Advanced Bionics Helix™ ;
Bottom: Cochlear Contour™ electrode arrays.

improved, the implantation of subjects with significant levels
of residual hearing has increased dramatically [129]–[131]. For
patients with high-frequency hearing loss, it seems appropriate
and possible to stimulate the basal cochlea electrically while
maintaining acoustic sensitivity in the apical, low frequency, re-
gion of the cochlea. Several studies have shown that this group
of subjects receives increased benefit from basal only electric
stimulation combined with amplified acoustic stimulation in
the same ear, particularly in the presence of noise [129], [132],
[133].

Although recent temporal bone studies report that stan-
dard length arrays from each of the major cochlear implant
manufacturers can be inserted without significant trauma to
approximately 400 , several shortened electrode arrays (6 to
24 mm in length) have been developed to minimize the prob-
ability of injury in the basal cochlea which would disrupt the
transmission of acoustic energy along the basilar membrane in
the cochlea. To maximize the flexibility in programming, most
of these EAS electrodes retain the same number of stimulating
contacts found in the corresponding standard length electrodes

Fig. 15. Panel A: Med-El Combi 40+™; Panel B: Advanced Bionics Helix™ ;
and Panel C: helical winding connecting the implanted stimulator and the elec-
trode array in the Advanced Bionics Helix™ and 1J devices.

in regular cochlear implants. Temporal bone studies using
these shortened electrodes indicate that they can be introduced
without damage and human trials have shown that subjects
implanted with these electrodes experience a smaller average
increase in acoustic threshold than is seen with full length
electrodes in similar subject populations [134]–[137].

It is clear that a growing number of subjects with residual
hearing will receive cochlear implants in the future. Whether
acoustic information is used from the implanted ear or the
contralateral ear, it will be increasingly important to minimize
intracochlear damage in these subjects in which we presume
that nerve survival is better than in subjects with greater hearing
loss and in which we hope to maintain acoustic function. Thus,
the continued development of strategies to reduce insertion
related trauma should be a high priority for manufacturers. With
the improvements outlined above, it appears that current stan-
dard length devices are close to meeting the goal of atraumatic
insertion with a minimal increase in the acoustic threshold. Be-
cause most insertion trauma begins at or near the first cochlear
turn, there is no logical reason that an electrode shortened to
16 –24 mm inserted to a depth of 250 – 300 should be less
traumatic than a full length electrode with the same mechanical
properties. Ideally, an electrode with a pre-molded spiral shape,
such as the Cochlear Contour™ or Advanced Bionics Helix™,
which is inserted using the AOS technique, will have no contact
with the spiral ligament or basilar membrane. Such a “free
floating” insertion would not only be accomplished without
damage but would also minimize changes in the mechanical
properties of the basilar membrane. Additionally, the majority
of patients with severe high-frequency hearing loss will even-
tually lose lower frequency hearing as well. Although this may
be a very gradual process, the additional cost and medical risk
associated with re-implanting these subjects with a full length
cochlear implant must be considered and weighed against the
perceived benefits of a shorter EAS electrode in the short term.
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Fig. 16. To define the initial site and extent of damage to each structure within the cochlea, we dissected and analyzed 13 epoxy embedded temporal bones with
traumatic insertions of the Cochlear Contour array. The bars labeled SL, BM, OSL, and RM represent the region of injury to the spiral ligament, basilar membrane,
osseous spiral lamina and Reissner’s membrane respectively. The location of each of these structures is shown in the inset cross section of the scala tympani. The
outlined box between 180� and 270� indicates the region where the electrode perforated the basilar partition. The distance over which the electrode perforated the
partition ranged from 7� to 185� with a mean distance of 64.7�. Beyond this perforation the electrode remained in either the scala tympani or scala vestibuli with
minimal damage. ��� � ������ ��	
���	, �� � ���� �����	�, �� � ���� ���������.

C. Insertion Trauma, Depth and Electrode Design

Temporal bone studies of cochlear implant electrodes devel-
oped in the 1980s and 1990s demonstrated that severe insertion
related trauma was prevalent with these first generation elec-
trodes [127], [138]–[147]. In contrast, recent reports with stan-
dard length electrodes indicate that the incidence of observed
trauma has been significantly reduced when devices are inserted
to an average depth of approximately 400 [119], [120], [124],
[134], [147], [148]. As a whole, these reports give an optimistic
view that improved design of electrode arrays may well de-
crease the frequency and severity of injury. However, we believe
that there are still significant challenges to be overcome before
these electrode arrays can be reliably inserted to optimum depth
without damage. First, these studies report that insertions deeper
than 400 (measured from the round window) are likely to pro-
duce severe damage including fracture of the OSL and tearing
of the basilar membrane or its connection to the spiral ligament.
Optimum placement of these electrodes will require an addi-
tional 135 , or more, of insertion depth to match stimulation
location with the tonotopic organization of the adjacent spiral
ganglion. We anticipate that the design of electrodes capable of
this deeper insertion will require significant invention. Second,
these recent temporal bone studies were conducted by experi-
enced cochlear implant surgeons with extensive practice in the
analysis of insertion trauma. Although we have not seen a corre-
lation between the incidence of trauma observed and a surgeon’s
clinical cochlear implant experience, numerous surgeons have

anecdotally remarked that repeated cycles of implanting and dis-
secting temporal bones in the laboratory is extremely beneficial
to the development of their surgical expertise in this special-
ized area. Unfortunately, this level of feedback is impossible for
most surgeons to achieve even as they gain substantial experi-
ence with cochlear implants. Thus, the small group of research
oriented surgeons that are currently conducting temporal bone
studies may become less and less well suited to evaluate the de-
velopment and safety of future cochlear implant electrodes that
will be implanted by surgeons without those insights.

To better understand the mechanics of intracochlear trauma
and where it occurs we identified the initiation and extent of
each injury site in a set of 13 temporal bones with severe trauma.
These specimens were selected from a series of temporal bones
implanted with Cochlear Contour™ electrodes evaluated at
UCSF. Fig. 16 illustrates the region of damage in each cochlear
structure in this series of specimens. As predicted, initial
damage in these specimens occurred at or near the first site
of contact with the lateral wall of the ST. In most cases this
injury continued for a distance of less than 90 after which the
electrode was located in either the ST or scala vestibuli with
minimal associated trauma. It is clear that if damage resulting
from this initial high angle contact of the electrode tip with
the lateral wall can be avoided the incidence of injury will be
minimized.

Several techniques have been used to minimize this mode of
trauma including curving the electrode tip to reduce the initial
angle of contact, use of the advance off stylet (AOS) method
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Fig. 17. Images illustrating the intended insertion path of a pre-molded spiral
electrode using the AOS technique. A Cochlear Contour electrode is shown as
an example. The electrode array loaded on a straight stylet is shown in image
(A) prior to advancing the array. As the stylet is held in position, the electrode
is gently pushed off of the stylet and resumes its pre-molded shape (B)–(D).
In this ideal case there is no contact with the lateral wall of the scala tympani.
One possible mode of damage with this technique occurs if the electrode and
stylet are advanced too far into the ST prior to advancing the array. In this case
the straight stylet and electrode will contact the outer wall resulting in trauma
similar to that of earlier straight electrodes. Studies at UCSF have shown that
the distance from the RW to the first turn of the cochlea varies by more than
50% and that the marker molded in the contour array may be well outside the
cochleostomy when this contact and damage occurs in many subjects.

to further reduce contact with the outer wall of the ST, changes
in the shape and stiffness of the electrode tip and mechanical
control of the vertical and horizontal stiffness of the electrode
to reduce upward bending [121], [124], [134], [147]–[149]. Fig.
17 illustrates the intended insertion path of a pre-molded spiral
electrode using the AOS technique.

Two observations from current temporal bone studies are
highly relevant to clinical practice. First, although manufac-
turers intend that electrodes will be inserted only until initial
resistance is felt by the surgeon, data from temporal bone
studies and surgeon descriptions indicate that all electrodes
are most often implanted to their full depth. In our trials at
UCSF surgeons have observed little resistance to insertion and
were confident that the electrodes were implanted with little
or no trauma. Particularly in cases with the Advanced Bionics
HiFocus™ electrode with positioner, subsequent dimensional
analysis [124], [127] and temporal bone evaluations indicate
that many, or most, of these insertions exceeded the depth at
which the electrode and positioner could be located without
trauma. This disparity indicates that it is very difficult to sense
the level of resistance that signals the initiation of injury with
a large tapered electrode carrier. Further, it is probable that
sensation may be reduced or masked by the use of insertion
tools. Due to concerns that the two part HiFocus™ electrode
and positioner might contribute to the incidence of meningitis
this system was voluntarily removed from the market in 2002
[150]. Looking toward future electrode designs it will be
necessary to prevent this mechanism of trauma by insuring
that perception of resistance by the surgeon is not required for
injury free insertion.

Second, high levels of performance have been seen in
subjects using all models of electrodes that were presumably
traumatic in many cases. This dilemma highlights the tradeoffs
between possible traumatic insertion and presumed optimum
electrode position near the modiolus. As an example, Balkany
[128] documented that the mean distance from the modiolus to
the electrode surface was significantly less for the HiFocus™
system than for other clinical electrodes. A large body of an-
imal based electrophysiology research and computer modeling
indicates that subjects with electrodes located farther from the

spiral ganglion and those with greatly degenerated spiral gan-
glion resulting from injury should have higher thresholds and
greater channel interaction than subjects with electrodes in a
perimodiolar position adjacent to less damaged neurons [140],
[151]–[155]. In a similar tradeoff the current Med-El Combi
40+ electrode may be located nearer lower frequency regions
of the spiral ganglion when it is deeply inserted. However,
trauma was observed at deeper levels in the cochlea ( )
in 10 of 21 (47.6%) temporal bones implanted with the Med-El
Combi 40+™ and Flex Soft™ electrodes [119]. It is not clear
whether this trauma was the result of the electrode tip being
too large to fit in the volume of the ST in these deepest inser-
tions or if another mechanism of damage is responsible with
these particular electrode designs. Recent studies evaluated the
relative importance of insertion depth, electrode placement and
trauma in clinical subjects and correlated these measures with
speech recognition scores. The results indicate that trauma, as
measured by the number of electrode contacts located in the
scala vestibuli, has a strongly negative affect on performance
even in subjects with very deeply inserted arrays [156], [157].

D. Future Intracochlear Electrode Arrays

Development of cochlear implant electrodes will continue
with improvements in safety, larger numbers of functional chan-
nels (either physical or virtual), deeper insertion and decreased
manufacturing cost. In current devices several mechanical char-
acteristics appear to reduce the incidence of insertion trauma.
These factors include the relationship of vertical stiffness to hor-
izontal stiffness in the array, the shape and stiffness of the elec-
trode tip and the overall shape and size of the array [121], [124],
[137]. Each of these factors interacts in different ways with indi-
vidual surgical techniques and surgical instrumentation. For this
reason, we feel that it will be necessary for manufacturers to ap-
proach the development of future electrodes with a very broad
view that includes a critical examination of current electrodes,
anatomy of the ST, the surgical approach, surgical instrumenta-
tion and device specific training for surgeons. We envision that
advances in imaging will allow both improved speech processor
fitting by documenting the unique position of each electrode
within the cochlea and increased safety by giving the surgeon
detailed feedback after each surgery [158]–[160]. With the ap-
plication of successful design features from current electrodes
and improved surgical training and instrumentation, it appears
that relatively modest modifications of the current designs will
ensure routine atraumatic electrode insertion to a depth of up to
400 .

At present, there is a large variation in distance from the
array to the modiolus in current perimodiolar designs [120],
[161]. Refinement will be needed to consistently locate stimu-
lating contacts close to the spiral ganglion. Because straighter
electrodes are located against the spiral ligament, they appear
to have less variable placement. This variability confounds
comparison and analysis of performance between different
perimodiolar designs and between perimodiolar electrodes and
laterally located electrodes as a group.

Over the longer term advances in materials technology will
be incorporated into electrode array design. Low cost thin film
based electrodes were first proposed in the early 1980s [162],
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[163], however, delamination and failure in both the insulation
and conductive layers have prevented these electrodes from pro-
gressing to clinical trial.

One of the proposed advantages of thin film electrodes
has been larger numbers of contact sites. Another approach
to achieving greater spectral resolution with a CI is to use
current focusing, or “steering,” to generate percepts between
two physical electrode contacts. This approach has been docu-
mented in animals [164] and human subjects [165]–[167] and
is applied clinically in the Advanced Bionic HiRes120 signal
processing algorithm. Optimization of electrode site spacing
and configuration for virtual channel stimulation will depend
on further basic research and testing of clinical subjects.

Additional features may be added to cochlear implant elec-
trodes to further increase subject performance. This may in-
clude sensors to guide the insertion process by measuring the
distance from the sensor to the margin of the surrounding ST
or by measuring pressure when the electrode contacts a surface
of the cochlea. To enable the surgeon to respond to this feed-
back, the tip of a future electrode might also be steered by flu-
idic channels or mechanical controls. Anti-inflammatory or neu-
rotrophic agents might also be administered via fine channels in
a cochlear implant electrode to support neural regeneration or
attract growth of dendrites to specific stimulating contact sites.

VII. FITTING PROGRAM

Because each patient is unique, the cochlear implant has to
be customized to meet his or her conditions and needs. A fit-
ting program is used to interface between a PC and the ex-
ternal speech processor. The interface provides two-way com-
munication during fitting sessions, which is generally conducted
one month after surgery and adjusted annually or as necessary.
The fitting program collects critical patient-specific information
from patient preference of speech processing strategies to the
setting of threshold and comfortable loudness values on all elec-
trodes. Once these critical electric stimulation parameters are
set, the fitting program stores the information as a “map” on the
PC, which is then downloaded to the memory (usually EPROM)
of the speech processor.

Fig. 18 shows a section of the fitting program interface used in
the Nucleus Freedom device, called Custom Sound. The -axis
represents the clinical units for electric currents whereas the

-axis represents the number of electrodes. The electrodes can
be flagged (electrode 12 and 3 in this case), hence not used, be-
cause they are malfunctioning electrically, e.g., short or open
circuitry, or cause unpleasant or unwanted problems such as
dizziness or other facial nerve stimulation. To create the map, on
all other useful electrodes, both the lowest current level inducing
threshold (T level) and the highest level inducing comfortable
loudness (C level) are typically measured and recorded, with
the difference being the dynamic range (DR). These electrical
parameters usually change with different processing strategies
and electrode configurations, and sometimes may change with
time and experience, thus requiring separate measurements and
monitoring. Four to nine different maps can be downloaded
to the speech processor dependent upon the manufacturer (See
Table I). The fitting process can be time consuming, lasting from

Fig. 18. A section of nucleus freedom custom sound fitting program.

20 min to 2 h, depending on the device complexity, patient con-
dition, and audiologists’ skill levels.

At present, efficient, integrated, and objective fitting needs to
be developed. Significant progress has been made in efficient
fitting of cochlear implants, includes measuring only the com-
fortable loudness level (Clarion), streamlining the mapping by
interpolating the T and C levels in a subset of the electrodes
[168], and optimizing the map by genetic algorithms [169]. Be-
cause structured training has been shown to benefit cochlear im-
plant performance [170], a future fitting system may be inte-
grated with a structured training system.

While electrode impedance has long been used to determine
a short or open connection, other objective measures are slowly
moving into cochlear implant fitting. A promising measure is
the electrical compound action potential or ECAP that can be
measured by the latest device from all three manufacturers.
The ECAP threshold is typically between the behaviorally
measured T and C levels, and can be used to create a map
without any subjective responses from the patient. Such objec-
tively created maps are especially valuable to the increasing
pediatric implant populations as well as those who cannot give
accurate behavioral responses, but their speech performance is
still sub-optimal compared with the behaviorally created maps
[171]–[173]. Another measure under investigation for objective
mapping is acoustic reflex, which contracts the middle ear
muscle to attenuate a loud sound, but its clinical acceptance
appears to be at least several years away [174], [175]. Finally,
high resolution imaging data before and after surgery will likely
be integrated in the fitting system to only predict performance
but also optimize the frequency map between the electrodes
and the residual nerve [176], [177].

VIII. SYSTEM INTEGRATION

To provide safe, reliable and useful electric hearing, the
cochlear implant imposes extreme physical, power, environ-
mental and handling constraints on both system design and
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system integration. First, the implant must be safe, causing
no harm, chronic pain or discomfort to the people who use it.
Second, the implant must be reliable, because children who
receive cochlear implants will depend on them to develop their
speech and communication skills and will use their devices
for a significant portion of their life before it is replaced if
at all. This imposes a serious need to design the product to
withstand the implant environment for up to, if not beyond, 30
years. Third, for the implant to reside safely and unobtrusively
on the patient’s head, severe restrictions are imposed in the
physical size and shape of the package available to house
electronics. Fourth, the implant is powered by batteries so
that a low-power consumption design is vital. Furthermore,
the implant should be able to handle not only a very harsh
operating environment inside the human body for a long time,
but also extreme physical abuse such as mechanical impact in
case of a fall or crash. The implant users want to participate
in the normal activities of daily living unshackled by the need
to use and protect an overly delicate prosthesis. Finally, the
implant must be designed in close collaboration with surgeons
and patients to accommodate a broad range of anatomical
variations and to ensure reliable, effective and satisfactory
outcomes. To illustrate the importance of system integration,
the following two sections illustrate some of the problems that
occurred in earlier generations of the cochlear implants and
had led to reduced overall system performance, cumbersome
administrative overhead, and increased risk to the patients.

A. Design and Implementation Issues

One example is the setting of input dynamic range in the
speech processor. In the early cochlear implant systems (e.g.,
[59]), the input dynamic range was set to be around 30 dB be-
cause of the beliefs that speech dynamic range is also about 30
dB [178] and that the 30 dB range better matches the 10–20-dB
electric dynamic range. Detailed acoustic analysis and cochlear
implant speech evaluation have shown that greater than 30-dB
input dynamic ranges are needed for better performance [50],
leading to a setting of the 50–60-dB input dynamic range in cur-
rent cochlear implants.

The second example is related to accuracy of current sources.
In the first-generation Clarion device [95], the current source
had little head room, resulting in saturating response at rel-
atively low current values. This nonlinear saturation likely
contributed to unusually wide electric dynamic range and low
speech performance in some cochlear implant users [50] and
possibly also produces artificially high perceptual thresholds of
electric vision when the Clarion cochlear implant was adopted
by Second Sight for its retinal implants [179]. A different
current source problem also created an administrative burden
in the Nucleus 22 implant users. Because of large variability in
the chip fabrication process, the current source in each Nucleus
22 device produced different values ( ) when the same
current amplitude was specified. The manufacturer had to cali-
brate each individual device and create a patient-specific lookup
table for fitting and research purposes [62]. The manufacturer
has been able to reduce the current source variability to less

than 10%, thus eliminating the cumbersome device-specific
calibration and patient-specific lookup table in the Nucleus 24
devices.

B. Cochlear Implant and Bacterial Meningitis

In 2002, the U.S. Food and Drug Administration received a
growing number of reports of bacterial meningitis in cochlear
implant recipients. Although these cases occurred in subjects
implanted with devices produced by all the major manufacturers
the frequency of infection was clearly greatest in the device
with a separate elastomer positioner, the HiFocus™ II system.
At this time, the HiFocus™ II was withdrawn from the market
voluntarily and reintroduced a short time later without the at-
tached positioner. Cohen and colleagues [180] found that the
number of meningitis cases was actually greater than previously
thought and confirmed that devices from all manufacturers were
associated with these infections. Concurrently, the FDA issued
an advisory notice that all children receiving cochlear implants
should also be vaccinated against streptococcus pneumoniae
and other species common to the middle ear space [181], [182].

From a device design perspective, it appears that two factors
may contribute to the incidence of meningitis. First, a two-part
electrode might allow increased bacterial biofilm formation be-
tween the individual components of the device, which would
be resistant to normal immune response. This mechanism could
also occur in a single part device with enclosed fluid channels
or a stylet channel that opened into the ST due to damage. The
second mechanism that may play a role in infection is intra-
cochlear trauma. A severe fracture of the osseous spiral lamina
or damage to the inner surface of the ST provides a direct path
for bacteria to enter the central nervous system via the internal
auditory meatus [183]. Future electrode arrays should be de-
signed with these two factors in mind.

C. Safety Considerations

Absolute product safety is almost impossible to demonstrate
in human implant applications, however, safety is a very im-
portant consideration in the design of any neural prosthetic de-
vice. Safety should occupy a high priority in any set of product
design requirements. The safety of an implantable neural pros-
thetic device can be segmented in to four categories: 1) materials
and their biocompatibility and toxicity; 2) sterilization to elim-
inate infection; 3) mechanical design with its potential to cause
structural tissue damage; and 4) energy exposure limits and the
resulting tissue and neural damage. Safety problems related to
each of these categories can have both short and long term con-
sequences.

1) Biocompatibility: is the property of a material being bio-
logically compatible by not producing a toxic, injurious, or im-
munological response in living tissue. The materials used to fab-
ricate implantable system components need to be compatible
with the tissue and structures in the vicinity of the device and
need to be appropriately selected for their specific use.

There is a significant history of implantable materials demon-
strating the successful biocompatibility in implantable applica-
tions. The most direct approach to selecting materials to achieve
biocompatibility in system design would be to use materials that
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TABLE IV
LIST OF BIOCOMPATIBLE MATERIALS AND THEIR APPLICATIONS

have established acceptable biocompatible safety records in im-
planted applications. By selecting materials that already meet
an FDA recognized biocompatibility standard you can avoid the
need for animal testing and may be able to submit a declaration
of conformity in place of performance data [184]. In addition to
saving time and expense, declaration of conformity allows de-
sign energy and focus to be placed elsewhere. Materials selec-
tions would then be based on factors related to their mechanical
properties, electrical properties and abilities to achieve hermetic
isolation. Table IV presents a partial list of frequently used bio-
compatible materials in cochlear implants.

These materials are currently used in cochlear implants that
have received FDA approvals. Implanted devices fabricated
with these materials have demonstrated significant histories of
safe and effective performance in the field. While the materials
listed above are considered to be biocompatible, caution must
be exercised in their specific use. For example, when selecting
materials for the design of electrodes used to deliver electrical
stimulation, it has been found that platinum-iridium electrodes
are safer and less damaging to neural tissue then titanium
electrodes used at the same stimulation exposure levels [185].
Therefore, even though titanium is biocompatible, its use
should be limited to specific applications that do not include
delivering electrical stimulation to neural tissue. The materials
most commonly used for this application in cochlear implants
are platinum-iridium alloys. A metal alloy with a ratio of 90%
platinum to 10% iridium is a common selection and offers
good electrical conductivity, good mechanical strength and
ductility properties that have a reasonable resistance to fatigue
failure. Changing these ratios can achieve different material
properties while maintaining the biocompatibility of the final
combination of materials. Caution should always be exercised
and reviewed with experts and regulatory authorities before any
final decisions are made.

Fabricating system components from biocompatible mate-
rials frequently requires the use of nonbiocompatible and toxic
materials. While these other materials are usually removed
during the manufacturing process caution needs to be exer-
cised to ensure there are no residual amounts left on the final
component. Manufacturing processes must be designed and
validated to ensure the end result is a component that contains
only biocompatible materials.

2) Sterilization: A serious, but often overlooked and un-
derestimated need for the design and manufacturing of an im-
plantable device is ensuring it can be sterilized and that the

final result is that the sterile product reaches the customer. Sev-
eral publications are available that deal with sterilization re-
quirements for implanted devices. Ethylene oxide (EtO) is fre-
quently used to sterilize cochlear implants and has been stan-
dardized (ANSI/AAMI/ISO 11135: “Sterilization of medical
devices. Validation and routine control of ethylene oxide steril-
ization”; ANSI/AAMI/ISO 10993–7: “Biological evaluation of
medical devices part 7, ethylene oxide residuals”). Other accept-
able sterilization methods are available for cochlear implants. In
fact, there are situations where a device may be exposed to mul-
tiple sterilization processes. These are covered by multiple stan-
dards and documents available from the FDA and other sources
[186]. It is suggested that the designer review these standards
before design requirements are finalized.

Even though the material used for a specific design may be
sterilized, it must also be designed and manufactured to tolerate
the process that will be used to achieve sterilization. Steril-
ization processes often expose materials to high temperatures
and harsh chemicals. The EtO sterilization process applies
both high temperatures and a chemical gas to the components
to achieve sterilization. Materials exposed to the EtO process
must be able to withstand exposure to both of these condi-
tions without damage. Additionally, the structure of implanted
components and housing must be designed to avoid pockets,
crevices or other small spaces in the external surfaces where
bacteria can collect, making it more difficult if not impossible
for the sterilization processes to be effective.

Device testing to assess the effectiveness of the selected ster-
ilization process shall be conducted and documented before reg-
ulatory approval is granted. Failure to pass this test is a se-
rious problem and frequently occurs late in the design process.
This problem would cause a significant delay in the delivery
schedule. It is suggested that the implant designer conduct an
early sterilization test on the package to ensure it is effective
and a later test on the completed product to ensure that expo-
sure to the sterilization process does not harm the product.

3) Mechanical Safety: Tissue trauma is frequently the results
of mechanical stress or chronic force applied to tissue by the
implantable package and electrode. Tissue trauma can also be
induced by surgeries that result from a design that is difficult
to put in place and stabilize. Relative to the package, smaller
is generally better, but this is not the only consideration. The
cochlear implant package is normally placed behind the pinna
of the ear embedded in bonny tissue around and adjacent to the
mastoid cavity. A very small package that cannot be stabilized
will probably cause more tissue damage then a well-designed
package that can be stabilized in an effective bone bed. A new
device implanted in a healthy subject will probably be encapsu-
lated in tissue that will stabilize the device after several weeks;
the design goal is to provide stabilization until this encapsula-
tion occurs. The top surface of the package needs to be shaped
to reduce internal tissue trauma that could result in long term
problems. Softly rounded corners and soft silicone rubber en-
capsulation helps prevent these problems. There have been cases
of severe tissue necrosis reported with some implants and this
usually results in an explant and a subsequent re implant with
a different device or a different placement method. Designers
need to work carefully with skilled surgeons to ensure the final
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design meets the surgical needs and minimizes the potential for
chronic tissue trauma.

4) Energy Exposure: must be constrained to safe levels in
implanted products. The type of energy that is encountered in
implants includes, electricity, heat, light and sound. The bio-ef-
fects of light and sound energy sources, particularly the interac-
tion between tissue and laser or ultrasonic sound, are well doc-
umented. This section focuses on electrical and heat energy ex-
posures that are most relevant to cochlear implants.

Stimulation of the cochlea requires exposure to adequate
amounts of electrical energy to achieve sufficient neural recruit-
ment to achieve loudness. Increasing requirements to improve
tonotopic selectivity is forcing a reduction in contact surface
area along with a higher density electrode pitch. These trends
are placing additional burdens on keeping electrical energy
below safe exposure levels. The standard parameter used to
quantify energy delivery for neural activation is charge density.
The maximum total charge, charge density and its delivery must
be specified for safe operation of the stimulator. Most modern
cochlear implants use current source stimulation drivers. The
charge is the product of current and time of the signal applied to
the contact. Driver currents in cochlear implants range from a
few micro-amps to as high as two milliamps. Electrical contacts
vary in range from 0.12 up to over 1.5 . Typically the
safe charge density limit is less than 15 to 65
although higher values have been considered safe in electric
stimulation of the nerve tissue [97], [98].

External devices that maintain surface contact with the skin
should not have chronic temperatures that exceed 41 degrees
centigrade, although recent amendments to IEC standards have
raised the chronic temperature to 43 . It is suggested that a
careful review of this standard be conducted during the design
process. This criteria allows considerable rise if the environ-
mental temperature is low, but may be difficult to achieve in
very hot climates. The temperature rise of implanted electronics
must be minimized to safe levels. Implanted devices must not
have surface temperatures that exceed 39 centigrade under any
condition in vivo. The implant environment must be considered
during design and testing to ensure the final device meets re-
quirements [187]. For example, implanting a device in tissue
increases its thermal mass and will aid in limiting the rise in
temperature. Different tissue groups and locations in the body
will have different influences on rises in temperature. Highly
perfused tissue will have a more pronounced affect on temper-
ature than poorly perfused tissue. It is important to test the final
design in an effective tissue environment. One approach is to
measure the temperature rise while the device is implanted in
the tissue of a live animal with tissue similar to the final human
implant subjects. The temperature rise is a result of normal op-
eration but is probably increased more as a result of exposures
to outside energy sources such as MRI unless the device con-
tains a rechargeable battery. Analytical treatment of this topic
is difficult and early in vivo modeling and testing is suggested.

D. Risk Management

It is critical to recognize the interactions of the device, the
user, and the environment and their contributions to the safe

Fig. 19. Interaction of human factors that results in either safe and effective
use, or unsafe or ineffective use [adapted from [188]].

and effective device use or unsafe or ineffective use. The FDA
has adopted a human factors engineering approach to identify
and isolate these factors and to address and manage their risks
[188]. Fig. 19 shows the dynamic interactions among the de-
vice, its user and environment and their contributions to the safe
vs. unsafe and effective vs. ineffective usage. The goal of the
FDA guideline is to minimize use-related hazards, assure that
intended users are able to use medical devices safely and effec-
tively throughout the product life cycle, and to facilitate review
of new device submissions and design control documentation.
Verification and validation are needed to ensure that the system
specifications be met and the device be safely used under simu-
lated or actual environments.

IX. SYSTEM EVALUATION

The cochlear implant has to be judged and accepted by
its user. Detailed psychophysical, speech, music, language,
and cognitive performance has been systematically measured
and evaluated. Cost-utility benefits have also been analyzed
and demonstrated, resulting in complete or partial coverage
of cochlear implantation by major insurance companies and
Medicare in the US [189]. Here basic psychophysical perfor-
mance and challenges under complex listening situations are
highlighted to illustrate both the limitation of current cochlear
implant design and the opportunity for the future.

Basic psychophysical performance helps us understand what
the cochlear implant limitations are and how to compensate
for these limitations. For example, the psychophysical perfor-
mance may be limited by the design, the hardware, the elec-
trode-tissue interface, or the brain. Fig. 20 shows cochlear im-
plant performance in loudness, pitch, tuning, and temporal pro-
cessing. Different from a power function in normal loudness
growth and a wide 100–120 dB dynamic range, cochlear im-
plant users typically have an exponential loudness growth func-
tion and a much narrower 10–20 dB dynamic range. The al-
tered loudness growth and the reduced dynamic range are to
large extent due to the damaged cochlea [190] and can be com-
pensated effectively by the amplitude compression circuitry in
the speech processor. The temporal pitch is limited to 300–500
Hz in a typical cochlear implant user, whereas pitch above this
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Fig. 20. Basic psychophysical performance in cochlear implants: (A) Loud-
ness growth as a function of current level from three studies [67]; (B) Pitch
estimate as a function of electric stimulation rate (�-axis) and place (symbols)
[51]; (C) Spatial tuning curves in a cochlear implant user (squares superimposed
with the two shallow lines) and a normal-hearing listener (steep lines without
symbols) [195]; and (D) Temporal modulation detection as a function of mod-
ulation frequency in an average cochlear implant user (circles) and an average
normal-hearing listener (thick line) [38].

frequency may be provided by place pitch, as evidenced by
the different saturation points between apical and basal elec-
trodes at 1000–2000 Hz high stimulation rates. Current proces-
sors have not taken advantage of this dual pitch code. The spa-
tial tuning curve in electric hearing can be 10 or more times
wider than that in acoustic hearing. Although tripolar stimula-
tion has been proposed, it is not clear how it and other similar
proposals can effectively compensate for this huge difference
in the spatial tuning curve [191], [192]. The psychophysical
measure that justifies the “bionic ear” nickname is the superior
performance in detecting temporal variations by cochlear im-
plant users. Apparently this superior performance also has to do
with the lost cochlear compression [193] and significantly con-
tributes to cochlear implant speech performance [194].

One key question in early cochlear implant research was to
evaluate how many channels are needed to support open-set
speech recognition. The answer was clearly more than one, but
whether 3–4 channels or 32 or more are needed depends upon
the difficulty of the task, particularly upon whether the task re-
quires extraction and use of pitch of complex sounds [196],
[197]. At present, many modern cochlear implant users have
approached normal performance in standard audiological tests,
e.g., daily sentence recognition in quiet [198].

Another interesting question regarding system evaluation is:
What does a cochlear implant sound like? This line of research
is also called acoustic simulation of cochlear implants, which
has not only allowed a normal-hearing listener to appreciate
the sound of electric stimulation but also helped identify the
key parameters associated with cochlear implant performance.
The acoustic simulation of the cochlear implant is based on

vocoders that extract temporal envelopes from a number of spec-
tral bands and use them to amplitude-modulate noise-band or
sinusoidal carriers [4], [5]. The acoustic simulation has cap-
tured the essence of a cochlear implant from the signal pro-
cessing point of view but is severely limited by a lack of incor-
poration of the highly distorted electrode-to-neuron interface.
This limitation produces several problems associated with the
acoustic simulation of a cochlear implant. One problem is that
the acoustic simulation is likely to predict the performance by
the best cochlear implant users, therefore cannot account for the
large individual variability among the cochlear implant users.
The other problem is that the acoustic simulation cannot sim-
ulate the qualitative aspects of a cochlear implant. As cochlear
implant patients with almost normal hearing on the contralateral
side as well as detailed physiological data become available, re-
alistic acoustic simulations are being developed to overcome not
only the present simulation limitations but also provide an ac-
curate account of the complicated interactions between electric
stimulation and the nervous system.

Despite the high-level performance, significant difficulty still
remains, even for today’s star cochlear implant users. Fig. 21
highlights three challenges of aural and oral communication in
the present cochlear implant users. Panel A shows that a normal-
hearing listener requires SNR to achieve 50% correct
performance, whereas a cochlear implant user requires 10 dB,
resulting in a 15 dB deficit in SNR. The SNR deficit is increased
to 30 dB when the noise is a competing voice [70], [199]–[201].
Panel B shows that while the cochlear implant users can use
rhythmic cues normally, they cannot perform simple melody
and timbre recognition [202]. It is amazing to observe that these
implant users can converse relatively easily on the phone but
cannot tell the difference between two familiar nursery songs,
suggesting that speech recognition and music perception are
two different processes [203]. Panel C shows that cochlear im-
plant users cannot perceive or produce Mandarin tones normally
[204], [205]. There is also evidence that cochlear implant users
have a great deal of difficulty in talker identification [206] and
emotion detection [207]. Advances in signal processing (Sec-
tion III) and electrode design (Section VI) are needed to bridge
the performance gaps between normal-hearing and cochlear im-
plant listeners.

X. BEYOND COCHLEAR IMPLANTS

Intensive and interesting investigation is being conducted
to extend the utility of cochlear implants. One active area of
research is to demonstrate the effectiveness of bilateral cochlear
implants and justify the cost of the second implant [209]. The
current bilateral implants are essentially two independent
devices, showing mostly the better ear or the head shadow
effect [210]. However, encouraging results have been produced
by coordinating the use of two implants in the laboratory,
showing significantly improvement in detecting interaural
timing differences [211] and binaural masking level differences
[212]. These recent advances have increased the likelihood
of success in using two implants to produce truly functional
binaural hearing. A second area of active research in extending
the cochlear implant’s utility is combined acoustic and electric
hearing [213], [214]. Many hearing-impaired persons have
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Fig. 21. Challenges facing the present cochlear implant users (open bars);
as a control, the comparative normal data are presented as the filled bars. A.
Speech recognition in noise, showing signal-to-noise ratio (SNR) needed to
achieve 50% correct performance in the presence of either steady-state noise
or a competing voice [7]. Music perception, showing melody recognition [202]
and timbre recognition [208]. C. Tonal language processing, showing Mandarin
tone perception [205] and production [204].

significant residual hearing at low frequencies, for example,
below 300 Hz. These low-frequency sounds are not even
transmitted by the telephone because they provided little or no
speech intelligibility [215]. Surprisingly, these low-frequency
acoustic sounds, when combined with a cochlear implant, can
improve the implant performance in noise by 10 dB in SNR
[216]–[218]. All manufacturers are conducting clinical trials
in combined acoustic and electric hearing with the expectation
that this new technology will penetrate new markets.

It is clear that one has to go beyond cochlear implants to
address the full spectrum of hearing disorders. Fig. 22 shows
presently available options in treating hearing impairment. The
traditional hearing aid will likely occupy the largest market,
helping millions with moderate to severe hearing impairment.
The middle ear implant uses similar cochlear implant tech-
nology but uses mechanical output to directly drive the cochlea,
which will likely help those with conductive or mixed hearing
loss, with unilateral loss, and with chronic dysfunction of the
middle ear [219]. The auditory nerve implant is also revived to
provide low stimulation current and sharp spatial selectivity,
potentially solving the poor pitch perception problem in electric
hearing [220], [221]. Hardware from the microphone to the

Fig. 22. Treatment of hearing impairment using hearing aids, middle ear
implants, and cochlear implants. The hearing aids shown are Exélia micro from
Phonak (www.phonak.com). The middle ear implant shown is Soundbridge
from Med-El (www.medel.com). The cochlear implant shown is Nucleus-24
from Cochlear (www.cochlear.com). The stimulation site of a brainstem
implant may be cochlear nucleus or inferior colliculus. The brainstem implant
shown is a penetrating electrode array that stimulates the cochlear nucleus
(developed by Huntington Medical Research Institutes: www.hmri.org).

implant packaging will become better and smaller, making to-
tally implantable devices feasible and effective [222].

For those who have an ossified cochlea, no auditory nerve, or
acoustic tumors, the cochlear implant is not going to provide any
help. The stimulation site has to be moved to the central auditory
nervous system. The auditory brainstem implant (ABI) stimu-
lates the first stage in the auditory brainstem (i.e., the cochlear
nuclei) has been ongoing for more than 20 years with several
hundred patients, but has produced mixed results [223], [224].
Recent data suggest that the likelihood of success of the ABI de-
pends on the presence of acoustic tumors, which has somehow
affected the integration of the central nerve pathways critical
to speech perception [225]. Because of its relatively easy sur-
gical access and clearly defined anatomical structure, the infe-
rior colliculus (IC) has also been proposed as an effective stim-
ulation site [226]. Several patients have received the IC implant
recently, producing useful hearing [227].

As the most successful neural prosthesis, the cochlear im-
plant has also served as a model for the design and evaluation
of other neural prostheses. One notable example is develop-
ment of a retinal implant by Second Sight, which was based
on a 16-channel cochlear implant (Advanced Bionics Corpo-
ration Clarion C1 device) and had been implanted in at least
six subjects blind as a result of retinitis pigmentosain [179]. In
the retinal implant, a camera replaced the microphone while a
surface electrode array arranged in a 4 4 pattern replaced the
16-electrode cochlear electrodes. The RF link protocol and the
internal receiver and stimulator remained basically unchanged.
The other example is the vestibular implant, which is used to
restore balance function [228], [229]. No human vestibular im-
plantation has been reported but the first vestibular implant used
in a human clinical trial will likely be adapted from the cochlear
implant. After all, the fundamental principles are the same for
all neural prostheses, involving electric stimulation of the nerve.

XI. SUMMARY

Electric stimulation had a humble beginning as dangerous
direct current stimulation almost fried Volta’s brain. Thanks

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 21, 2009 at 18:53 from IEEE Xplore.  Restrictions apply.



ZENG et al.: COCHLEAR IMPLANTS: SYSTEM DESIGN, INTEGRATION, AND EVALUATION 137

to persistent and outstanding collaborative work by engineers,
scientists, physicians, and entrepreneurs, safe and charge-bal-
anced stimulation has now provided or restored hearing to more
than 120 000 people worldwide. The present review has sys-
tematically and comprehensively presented the cochlear implant
system design and specifications, identified key subsystem com-
ponents and functions, provided valuable system integration and
evaluation information, and discussed broad perspective and im-
pact beyond the cochlear implant. It is fair to conclude that the
cochlear implant not only has a long and distinguished history
but also a bright future as it continues to broaden its utility for
treatment of a wide range of hearing impairment and to serve as
a model to guide development of other neural prostheses.
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