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Abstract

This thesis for a higher doctorate in engineering at the University of Technology, Sydney 

(UTS) presents collected works related to the development of the modern cochlear implant, a 

prosthesis that restores useful hearing for deaf or severely hearing impaired persons. The 

emphasis is on the engineering aspects of the development, and the principal work for this 

thesis is the book Better Hearing with Cochlear Implants: Studies at the Research Triangle 

Institute, which is a major engineering treatise. In addition, ten further publications are 

included that also describe engineering aspects of the development. This bounded thesis 

includes the ten further publications, an acknowledgments section, a published review of the 

book, a one-page biographical sketch for the author, and the author’s full CV. The book is 

available separately at the UTS Library or from the publisher, Plural Publishing, Inc., of San 

Diego, CA, USA. 
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2
Engineering Design of 
Cochlear Implants

Blake S. Wilson

1. Introduction

The cochlear implant is the most successful neural prosthesis developed to
date. Approximately 60,000 people have received cochlear implants as of
this writing. This number exceeds by orders of magnitude the numbers for
any other type of neural prosthesis. According to the recent National Insti-
tutes of Health (NIH) Consensus Statement on Cochlear Implants (1995),
“A majority of those individuals with the latest speech processors for their
implants will score above 80 percent correct on high-context sentences,
even without visual cues.” This level of success is truly remarkable, given
the relatively crude representations of speech and other sounds provided
by present implant systems.

Although much progress has been made in the engineering design of
implant systems, much remains to be done. Patients with the best results
still do not hear as well as listeners with normal hearing, especially in 
challenging situations such as speech presented in competition with noise
or other talkers. In addition, some patients still do not enjoy much benefit
from implants, even with the current speech processing strategies and elec-
trode arrays.

This chapter provides an overview of prior and current designs for
cochlear implants, and presents possibilities for improvements in design.

2. Components of Implant Systems

In the great majority of cases, deafness is caused by the absence or degen-
eration of sensory hair cells in the inner ear. Such loss may be produced by
gene defects, viral or bacterial labyrinthitis, various autoimmune diseases,
Meniere’s disease, ototoxic drugs, overexposure to loud sounds, trauma, and
other causes (see Niparko, Chapter 3). The function of a cochlear implant
is to bypass the hair cells via direct electrical stimulation of surviving
neurons in the auditory nerve. In general, at least some neurons survive
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47



even in cases of prolonged deafness and even for virulent etiologies such
as meningitis (see Leake and Rebscher, Chapter 4; Hinojosa and Marion
1983).

The essential components of implant systems are shown in Figure 2.1. A
microphone converts sound into an electrical signal for input to the speech
processor. The processor transforms that input into a set of stimuli for an
implanted electrode or array of electrodes. The stimuli are sent to the elec-
trodes through a transcutaneous link (top) or through a percutaneous 
connector (bottom). A typical transcutaneous link includes encoding of 
the stimulus information for efficient radiofrequency transmission from an
external transmitting coil to an internal (implanted) receiving coil. The
signal received by the internal coil is decoded to specify stimuli for the elec-
trodes. A cable connects the internal receiver/stimulator package to the
implanted electrodes. In the case of a percutaneous connector, a cable 
connects pins in the connector to the electrodes.

These components are shown in a different way in Figure 2.2, which is 
a diagram of an implant system that uses a transcutaneous link. In this 
particular system a speech processor is worn on the belt or in a pocket. The
processor is relatively light and small. A cable connects the output of the
speech processor (a radiofrequency signal with encoded stimulus informa-
tion) to a head-level unit that is worn behind the ear. A standard behind-
the-ear (BTE) housing is used. A microphone is included within the BTE
housing, and its output signal is amplified and then sent to the speech
processor through one of the wires in the cable connecting the processor
and the head-level unit. The external transmitting coil is connected to the
base of the BTE housing with a separate cable. The external coil is held 
in place over the internal receiver/stimulator package (which includes 
the internal coil) with a pair of external and internal magnets. The
receiver/stimulator package is implanted in a flattened or recessed portion
of the skull, posterior to and slightly above the pinna (see Niparko, Chapter

2. Engineering Design of Cochlear Implants 15

Figure 2.1. Components of cochlear implant systems: a system with a transcuta-
neous transmission link (top), and a system with a percutaneous connector
(bottom). (From Wilson 1993, with permission from the Singular Publishing Group.)
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3).The ground electrode is implanted at a location remote from the cochlea,
usually in the temporalis muscle. For some implant systems, a metallic band
around the outside of the receiver/stimulator package serves as the ground
(or reference) electrode. An array of active electrodes is inserted into the
scala tympani (ST) through the round window membrane or through a
larger drilled opening at or near the round window.

An expanded view of the implanted cochlea is presented in Figure 4.1 
in Chapter 4. This figure shows a cutaway drawing of an electrode array
inserted into the first turn and part of the second turn of the ST. Different
electrodes, or closely spaced pairs of “bipolar” electrodes (illustrated),
ideally stimulate different subpopulations of cochlear neurons. Neurons
near the base of the cochlea (first turn and lower part of the drawing)
respond to high-frequency sounds in normal hearing, and neurons near the
apex of the cochlea respond to low-frequency sounds. Most implant systems
attempt to mimic this tonotopic encoding by stimulating basal electrodes
to indicate the presence of high-frequency sounds and by stimulating apical
electrodes to indicate the presence of low-frequency sounds.

Figure 4.1 in Chapter 4 indicates a partial insertion of the electrode array.
This is a characteristic of all available ST implants—no array has been
inserted farther than about 30mm from the round window membrane, and
typical insertion depths are much less than that, e.g., 20 to 26mm.The figure

16 B.S. Wilson

Figure 2.2. Schematic drawing of the Med-El Combi 40 implant system, with the
major components indicated in Figure 2.1. The microphone is mounted in a behind-
the-ear (BTE) headset. (Courtesy of Med-El GmbH, Innsbruck, Austria.)
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also shows a complete presence of hair cells (in the organ of Corti) and a
pristine survival of cochlear neurons. However, the number of hair cells is
either zero or close to it in the deafened cochlea. In addition, survival of
neural processes peripheral to the ganglion cells (the dendrites, projecting
from the ganglion cells to the organ of Corti) is rare in the deafened
cochlea. Survival of the ganglion cells and central processes (the axons)
ranges from sparse to substantial. The pattern of survival generally is not
uniform, with reduced or sharply reduced counts of spiral ganglion cells 
in certain regions of the cochlea. In all, the neural “target” for a cochlear
implant can be quite different from one patient to the next (see Leake and
Rebscher, Chapter 4).

Figure 2.2 in the present chapter shows components of the Med-El
Combi 40 implant system. Other systems share the same basic components
but are different in detail. For example, systems recently introduced by
Advanced Bionics Corp., Cochlear Ltd., and Med-El GmbH incorporate 
the speech processor within a BTE housing, eliminating the separate and
much larger speech processor of prior systems and the cable connecting the
processor to the BTE housing. The details of processing and of techniques
for the transmission stimuli or stimulus information across the skin differ
widely among implant systems. The details of the electrode design also vary
widely across systems.

Some of the choices and unknowns faced by designers of implant systems
are summarized in Table 2.1. Each choice may affect performance, and each

2. Engineering Design of Cochlear Implants 17

Table 2.1. Principal options and considerations in the design of cochlear implant
systems.
Processing strategy Transmission link

Number of channels Percutaneous
Number of electrodes and channel-to- Transcutaneous

electrode assignments Maximum stimulus update rate, within and 
Stimulus waveform across channels

Pulsatile Back telemetry of implant status, electrode 
Analog impedances, and/or intracochlear evoked

Approach to speech analysis potentials
Filter-bank representation
Feature extraction

Electrodes Patient

Placement Survival of neurons in the cochlea and
Extracochlear auditory nerve
Intracochlear Proximity of electrodes to target
Within the modiolus neurons
Cochlear nucleus Function of central auditory pathways
Bilateral Cognitive and language skills

Number and spacing of contacts
Orientation with respect to excitable tissue

Adapted from Wilson et al. 1995, with permission from Mosby–Year Book, Inc.
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choice may interact with other choices. The variability imposed by the
patient may be even more important than the particulars of implant design
(Wilson et al. 1993). Even though any of several implant devices can support
high levels of speech reception performance for some patients, other
patients have poor outcomes with each of those same devices. Factors con-
tributing to this variability may include differences among patients in the
survival of neural elements in the implanted cochlea, proximity of the elec-
trodes to the target neurons, integrity of the central auditory pathways, and
cognitive skills.

The hardware of implant systems is described in greater detail in the
remainder of this section. Further discussion of strategies for representing
speech information with implants is presented in section 3, and further 
discussion about the patient variable is presented in section 4.

2.1 Microphone
The microphone typically is placed in the BTE housing or the speech
processor enclosure.A separate “tie-tack” or “clip-on” microphone also can
be placed remotely and connected to the speech processor with a thin cable.
(Connection of a remote microphone typically disables the microphone in
the BTE housing or speech processor enclosure.) A good microphone for
an implant system has a broad frequency response but not extending to very
low frequencies, so as to minimize responses to low-frequency vibrations
that can be produced by head movements and walking.

A directional microphone can help in listening to speech under adverse
conditions, such as attending to one speaker in competition with other
speakers or in competition with background noise (e.g., as in a cafeteria).
The directional pattern of sensitivity for a single microphone is determined
largely by its housing and placement on the body. For example, the head
can act as a baffle for high-frequency sounds from the contralateral side
when the microphone is mounted at the side of the head (in a BTE unit).
The length and orientation of the tube in front of the microphone can affect
its frequency response and directional pattern.

The selectivity of the directional pattern can be increased substantially
with the use of multiple microphones. With two microphones, for example,
sounds originating between and in front of the microphones produce
microphone outputs that are in phase with each other, producing a large
summed output. In contrast, sounds originating from other locations
produce microphone outputs that are not in phase with each other and
lower summed outputs. The summed signals emphasize sounds in front of
the microphones and suppress sounds from other locations.

Use of dual microphones in conjunction with adaptive filtering tech-
niques (to enhance the above summation and cancellation effects) has been
evaluated by Hamacher et al. (1997), and by Wouters and Vanden Berghe
(2001). Although the processing algorithms and test procedures differed

18 B.S. Wilson
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between these two studies, results from each demonstrated highly signifi-
cant gains in recognition of speech presented in competition with various
types of noise and at various speech-to-noise ratios (S/Ns). (Another dual-
microphone system, the Audallion Beamformer, has been made available
for use with devices manufactured by Cochlear Ltd. Results from evalua-
tion of this system for speech reception by implant patients have not been
published; however, a description of the system is presented in Figueiredo
et al. 2001.)

One of the future directions for cochlear implants described later in this
chapter is the use of bilateral implants, for which placement of the micro-
phones in each of the ear canals may be helpful. Sensing of sound pressure
within the canal would include the spatially dependent frequency filtering
provided by the pinna on both sides. (The principal component of the 
filtering is a deep spectral notch at high frequencies, produced by sum-
mation of sound directly entering the canal and sound reflected off the
pinna/concha surfaces. The reflection path depends on the location of the
sound source, and different locations produce different path lengths and
different frequency positions of the notch.) Such cues might augment other
cues to sound source location, that would be represented in any case with
microphones at the standard location or within the canal.*

2.2 Speech Processor
The function of the speech processor is to convert a microphone or other
input (e.g., direct inputs from a telephone, TV, CD player, or FM system)
into patterns of electrical stimulation. Ideally, the outputs of the speech
processor represent the information-bearing elements of speech in a way
that they can be perceived by implant patients. Strategies for achieving this
objective are described in section 3, below.

The processor is powered with batteries. Hearing aid batteries are 
used for the head-level processors (processors incorporated into the BTE
housing), and larger batteries (e.g., two AA batteries) are used for the body-
worn processors. Battery life typically exceeds 12 to 16 hours, allowing
patients to use their devices during the waking hours without the need for
recharging or replacing the batteries.

Adequate battery life for the head-level processors is made possible
through the use of low-power integrated circuit technology, particularly
low-power digital signal processing (DSP) chips that have become available
in the past 10 years or so. Present head-level processors have all or most of

2. Engineering Design of Cochlear Implants 19

*The other principal cues are the interaural differences in amplitude and timing
produced with sounds at various locations in the lateral plane. Pinna cues vary with
position in the three-dimensional space, including the vertical plane and front–back
positions.
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the capabilities of the body-worn processors for each of the systems. Use
of head-level processors is rapidly replacing use of body-worn processors,
as the former are more cosmetic and more convenient than the latter.

Advances in battery, integrated circuit, and DSP chip technologies have
been driven by huge commercial markets for mobile phones, portable com-
puters, and other hand-held or portable instruments. The economic incen-
tives to develop better batteries and power-efficient chips are enormous.

Recipients of cochlear implants have benefited from such developments,
in that the developments have made possible progressively smaller and
more capable speech processors and implanted receiver/stimulators. Even
greater reductions in size and increases in capabilities may be available in
the near future. Fully implantable systems, with the speech processor placed
in the middle ear cavity, may well be available within the next several years.†

2.3. Transmission Link
A percutaneous connector or transcutaneous link is used to convey 
stimuli or stimulus information from the external speech processor to the
implanted electrodes. A principal advantage of a percutaneous connector
is signal transparency, i.e., the specification of stimuli is in no way con-
strained by the limitations imposed with any practical design of a tran-
scutaneous transmission link. Also, the percutaneous connector allows
high-fidelity recordings of intracochlear evoked potentials, which may
prove to be useful in assessing the physiological condition of the auditory
nerve on a sector-by-sector basis (Brown et al. 1990, 1998; Wilson et al.
1997a; Abbas et al. 1999) and for programming the speech processor
(Brown et al. 1998, 2000; Shallop et al. 1999; Abbas et al. 2000; Mason et al.
2001; Franck 2002; Gordon et al. 2002; Seyle and Brown 2002).‡

An important advantage of transcutaneous links is that the skin is closed
over the implanted components, which may reduce the risk of infection
compared with systems using a percutaneous connector. A disadvantage is
that only a limited amount of information can be transmitted across the

20 B.S. Wilson

† Development of fully implantable systems is well under way or nearing comple-
tion at two of the major implant companies, at a new company in Canada, and at
the University of Michigan. Two of the principal problems facing designers of fully
implantable systems are (1) specification or design of batteries that do not need to
be replaced any sooner than every 5 to 10 years, and (2) specification or design of
microphones that can be implanted under the skin or elsewhere and yet still have
an adequate signal-to-noise ratio.
‡ Recordings of intracochlear evoked potentials may be helpful in setting currents
for threshold and comfortably loud percepts for processors using relatively low rates
of stimulation. However, the recordings are not good predictors of those currents
for processors using high rates of stimulation (Zimmerling and Hochmair 2002).
Although high-fidelity recordings of intracochlear evoked potentials are desirable,
reduced-fidelity recordings may suffice for certain applications.
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skin with a transcutaneous link. This usually means that the rates at which
stimuli can be updated are limited and that the repertoire of stimulus wave-
forms is limited (e.g., restricted to biphasic pulses only for some systems).

All commercially available implant systems use a transcutaneous link.
In some cases, the link is bidirectional, allowing transmission of data from
the implanted components out to the external coil and speech processor or
speech processor interface, as well as transmission of data from the speech
processor to the implanted receiver/stimulator and electrode array. The
data sent from the implanted components to the external components can
include:

• information about the status of the receiver/stimulator, such as measures
of critical voltages

• impedances of the implanted electrodes
• voltages at unstimulated electrodes
• neural evoked potentials, as recorded using unstimulated electrodes

Rates of transmission required for the first three measures are relatively
low. However, high-fidelity recordings of intracochlear evoked potentials
require high sampling rates (e.g., 50,000 samples/s), high resolution (e.g., a 
resolution of 12 bits or higher for the analog-to-digital converter), and rapid
recovery of the recording amplifiers from the saturation produced by the
presentation of stimulus pulses (van den Honert et al. 1997; Wilson 1997).
The CI24M implant system, manufactured by Cochlear Ltd., has a capabil-
ity to record intracochlear evoked potentials and to send the results from
the internal receiver/stimulator to the external coil and speech processor
interface (Brown et al. 1998). The arrangement for recording intracochlear
evoked potentials is shown in Figure 2.3. A separate computer is used in
conjunction with the speech processor interface and transcutaneous link to
specify and transmit the stimuli to the selected stimulus electrode (or elec-
trode pair) via the forward path of the link. Following delivery of the stim-
ulus pulses, voltages recorded at the selected (unstimulated) electrode are
encoded for transmission from the implanted receiver/stimulator back out
to the external coil and speech processor interface. The computer then is
used to reconstruct and plot the data received from the internal 
components.

The “neural response telemetry” feature of the CI24M implant does not
fulfill the requirements for high-fidelity recordings noted above, and the
types of stimuli that can be specified are limited. (For example, the feature
has a maximum sampling rate of 20kHz in an “interlaced” mode and a sam-
pling resolution of approximately 9 bits.) However, the data obtained with
its use may well be helpful in assessing the status of the nerve and for the
fitting of speech processors (Abbas et al. 1999; Shallop et al. 1999; Brown
et al. 2000; Mason et al. 2001; Franck 2002; Gordon et al. 2002; Seyle and
Brown 2002).

2. Engineering Design of Cochlear Implants 21
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A capability for recording intracochlear evoked potentials also has been
included in the new Clarion implant system (Frijns et al. 2002), and is called
“neural response imaging” for that system. The recordings are made with a
9-bit analog-to-digital converter, and with sampling rates as high as 60kHz.
The recording amplifier also has an exceptionally fast recovery from prior
saturation (less than 20 microseconds). These specifications allow better
recordings than those obtained with the back-telemetry feature of the
CI24M implant system. Such recordings may prove to be especially useful
for assessing the physiological status of the nerve on a sector-by-sector basis.

2.4 Electrodes
The electrodes for the great majority for current implant systems are placed
in the ST.The ST offers an accessible site that is relatively close to the spiral
ganglion, which is not readily accessible with present surgical techniques
(see Niparko, Chapter 3). The electrodes and electrode carrier (together
called the electrode array) must be biocompatible and remain so over the
life span of the patient.The array must also be mechanically stable and facil-
itate atraumatic insertion. Surgical handling of the array is determined by
its stiffness and cross-sectional area. In general, flexible arrays and narrow
cross-sectional areas facilitate insertion. Also, use of biocompatible lubri-
cants, such as hyaluronic acid, can facilitate insertion (Laszig et al. 2002).

Intracochlear electrodes can be stimulated in either a monopolar or
bipolar configuration. In the monopolar configuration, each intracochlear
electrode is stimulated with reference to a remote electrode, usually in the

22 B.S. Wilson

Figure 2.3. Schematic diagram of the system used for recording intracochlear
evoked potentials in the CI24M device. EAP: Electrically evoked whole nerve
Action Potential. (Courtesy of Cochlear Corporation, Englewood, CO, the U.S. sub-
sidiary of Cochlear Ltd., Sydney, Australia.)
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temporalis muscle or outside of the case of the implanted receiver/stimu-
lator. In the bipolar configuration, one intracochlear electrode is stimulated
with reference to another (nearby) intracochlear electrode. Different pairs
of electrodes are used to stimulate different sites along the electrode array.

The spatial specificity of stimulation, for selective activation of different
populations of cochlear neurons, depends on many factors, including:

• whether neural processes peripheral to the ganglion cells are present or
absent

• the number and distribution of surviving ganglion cells
• the proximity of the electrodes to the target neurons
• the electrode coupling configuration

These factors can interact in ways that produce selective excitation fields
for monopolar or bipolar stimulation and in ways that produce broad exci-
tation fields for either type of stimulation. For example, highly selective
fields can be produced with bipolar electrodes oriented along the length 
of surviving neural processes peripheral to the ganglion cells (e.g., van den
Honert and Stypulkowski 1987). Highly selective fields also can be pro-
duced with close apposition of monopolar electrodes to the target neurons
(e.g., Ranck 1975) or through use of “field steering” arrangements in which
the field produced by a central electrode is sharpened with the simultane-
ous application of opposite-phase fields at neighboring electrodes (e.g., Jolly
et al. 1996).

In general, broad fields become more likely with increasing distance
between electrodes and target neurons for either coupling configuration.
Broad fields (produced by high stimulus levels) may be required for 
adequate stimulation of cochleas with sparse nerve survival.

An important goal of implant design is to maximize the number of largely
non-overlapping populations of neurons that can be addressed with the
electrode array. This might be accomplished through the use of a bipolar
coupling configuration for some situations or through positioning of elec-
trode contacts immediately adjacent to the inner wall of the ST. Such posi-
tioning would minimize the distance between the contacts and the ganglion
cells.

Several new designs of electrode arrays produce close positioning of the
array next to the inner wall of the ST (e.g., Gstoettner et al. 2001; Balkany
et al. 2002). Such placements can not only increase the spatial specificity of
stimulation, as noted above, but also produce reductions in threshold and
increases in the dynamic range of stimulation (Ranck 1975; Shepherd et al.
1993; Cohen et al. 2001).

Although placements next to the inner wall appear to produce beneficial
effects in the basal turn of the cochlea, the relative efficacy of the place-
ments may be limited in higher turns. In particular, perimodiolar place-
ments may not be any more effective in the higher turns than standard

2. Engineering Design of Cochlear Implants 23
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placements (electrode array out against the lateral wall of the ST, see 
Shepherd et al. 1985, 1993; Gstoettner et al. 2001), due to (1) different
anatomic courses of the ST and spiral ganglion, and (2) a relatively non-
differentiated “clustering” of spiral ganglion cells at about the level of the
second turn of the ST. Figure 2.4 illustrates these different anatomic courses
(Ketten et al. 1997; also see Ariyasu et al. 1989). The course of the basilar
membrane is depicted by the outer spiral and the course of Rosenthal’s
canal (and, within it, the spiral ganglion) is depicted by the inner spiral.
Rosenthal’s canal has 13/4 turns, whereas the ST has 23/4 turns. Closer appo-
sition of electrodes next to the medial wall of the ST may well reduce the
distance between the electrodes and target ganglion cells in the basal turn,
but the distance may not be substantially reduced for higher turns. In addi-
tion, stimulation by electrodes at the second turn and higher is likely to
excite the cluster of cells at the apex of the spiral ganglion (not illustrated
in the figure or in Figure 4.1 in Chapter 4). Thus, different stimulus sites at
and beyond the second turn may not address significantly different popu-
lations of neurons. (However, some survival of peripheral processes in the
apical region of the cochlea might allow selective activation of those neural
elements with deeply inserted electrodes.)

A further possible limitation of perimodiolar electrode arrays has been
suggested by Frijns et al. (2001). Results from their modeling studies have

24 B.S. Wilson

Figure 2.4. Depiction of the anatomic courses of the basilar membrane (outer
spiral) and the spiral ganglion (inner spiral). (Diagram courtesy of Darlene Ketten
and adapted from Ketten et al. 1997.)
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indicated that perimodiolar electrodes beyond the first turn may stimulate
axons in the modiolus at lower current levels than the nearest ganglion 
cells. The axons are “fibers of passage,” from ganglion cells and peripheral
processes that innervate higher turns of the cochlea. Exclusive stimulation
of such fibers at relatively low current levels would be expected to produce
unintended (and tonotopically misplaced) percepts for the patient. Stimu-
lation of both the fibers and nearby ganglion cells at higher levels would be
expected to produce complex percepts, that would correspond to excitation
in multiple turns of the cochlea.

Although perimodiolar placements may not be a panacea, such place-
ments can increase the spatial specificity and dynamic range of stimulation
at least in the basal turn. The placements also can reduce thresholds and
increase dynamic range for most or all electrodes in the array. These
changes may in turn produce improvements in the speech reception per-
formance of implant systems.

An alternative to perimodiolar placements is to implant electrodes
directly within the auditory nerve (Simmons 1966). This relatively old
concept has been resurrected by a team at the University of Utah (Maynard
et al. 2001). The development includes refinement of surgical approaches
and placements, and fabrication of an 8 ¥ 10 array of pin electrodes suit-
able for a lifetime of use in humans. The dimensions of the array (1.4mm
¥ 1.8mm, with 200mm spacing between adjacent pins) and graded lengths
of the pins (with the longest pins at 1.5mm) approximate the cross-sectional
dimensions of the auditory nerve at the level of the basal turn, where the
array is to be implanted.

An intramodiolar implant offers the likely advantages of lower currents
required for threshold stimulation, greater spatial selectivity of stimulation,
and a greater number of stimulus sites, compared with ST implants, includ-
ing ST implants with perimodiolar placements of electrodes. On the other
hand, mapping of processor channel outputs onto stimulus electrodes is
likely to be far more complex with intramodiolar implants. The “roping”
structure of the auditory nerve presents a complex anatomy compared with
the cochleotopic organization of the spiral ganglion in Rosenthal’s canal,
and that complexity without doubt will complicate the fitting of speech
processors used in conjunction with intramodiolar electrodes. (This
problem might be addressed by placing a temporary ST implant at surgery,
following placement of the intramodiolar implant. Each electrode of the ST
implant would then be stimulated in sequence while recording the pattern
of neural responses across all electrodes in the intramodiolar implant. Maps
of the intramodiolar pin positions that correspond to the different sites of
ST stimulation could be constructed from the recordings. Upon completion
of the recordings, the temporary ST implant would be withdrawn and the
remainder of the surgery completed. The maps of the pin positions could
greatly facilitate the fitting of the speech processor at a later time.)

2. Engineering Design of Cochlear Implants 25
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3. Strategies for Representing Speech Information 
with Implants

The performance of cochlear implants has improved dramatically since the
introduction of single-channel devices in the mid-1970s. A large increment
in performance was obtained with the use of multiple channels of process-
ing and stimulation in the early 1980s (Gantz et al. 1988; Cohen et al. 1993).
Steady and large improvements since that time have been produced with
developments in speech processor design (e.g., Loizou 1998, 1999; Wouters
et al. 1998; Clark 2000; Wilson, 2000b; David et al. 2003). Differences in the
design of the multiple-electrode arrays have not produced obvious 
differences in performance to date, although in some studies a monopolar
coupling configuration provided better results than a bipolar coupling 
configuration, using the Nucleus 22 electrode array (Zwolan et al. 1996;
Franck et al. 2003).

Present strategies for representing speech information with cochlear
implants are listed in Table 2.2. They include the continuous interleaved
sampling (CIS; see Wilson et al. 1991), spectral peak (SPEAK; see Skinner
et al. 1994; Seligman and McDermott 1995; Patrick et al. 1997), advanced
combination encoder (ACE; see Arndt et al. 1999;Vandali et al. 2000; Kiefer
et al. 2001), “n-of-m” (corresponding to selection of n among m channels
for stimulation in each “sweep” across channels; see Wilson et al. 1988;
McDermott et al. 1992; Lawson et al. 1996; Ziese et al. 2000), and simulta-
neous analog stimulation (SAS; see Battmer et al. 1997; Osberger and
Fisher 2000) strategies. As described in the references above, each of these
strategies can support relatively high levels of speech reception for a sub-
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Table 2.2. Processing strategies used with implant systems in present use.
System CIS n-of-m ACE SPEAK SAS

Combi 40, 40+ • •
Laura •
CI22 •
CI24M • • •
Clarion • •

Note: The Combi 40 and Combi 40+ systems are manufactured by Med-El GmbH of 
Innsbruck, Austria; the Laura system was recently manufactured by Philips Hearing Instru-
ments and before that by Antwerp Bionic Systems, in Antwerp, Belgium (manufacture of this
system has been discontinued); the CI22 was manufactured by Cochlear Ltd. of Sydney, Aus-
tralia, up until 1997; the CI24M system is manufactured by Cochlear Ltd. now; and several
versions of the Clarion system have been manufactured by Advanced Bionics Corp. of Sylmar,
CA. As described in Wilson, 2000b, the ACE strategy can be regarded as a close variation of
the n-of-m strategy. Systems are listed in the leftmost column and the strategies used with each
are indicated in the remaining columns. See text for full names of the strategies. Note that the
strategies indicate broad categories and that the details of implementation for a given strat-
egy can vary (sometimes widely) across systems.
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stantial subpopulation of users. However, a wide range of outcomes persists
with any of the strategies, with some users obtaining only modest if any
benefit from their implants.

3.1 CIS Strategy
As indicated in Table 2.2, the CIS strategy is available as a processing option
for each of the three major implant systems in current use.A block diagram
of the strategy is presented in Figure 2.5. Inputs from a microphone and
optional automatic gain control (AGC) are directed to a preemphasis filter,
which attenuates frequency components below 1.2kHz at 6dB/octave. This
preemphasis helps relatively weak consonants (with a predominant fre-
quency content above 1.2kHz) compete with vowels, which are intense
compared with most consonants and have strong components below 
1.2kHz.

The output of the preemphasis filter is directed to a bank of bandpass
channels. Each channel includes stages of bandpass filtering, envelope
detection, and compression. Envelope detection typically is accomplished
with a rectifier, followed by a low-pass filter (a Hilbert transform also has
been used for envelope detection, see, e.g., Helms et al. 2001). A logarith-
mic transformation is used to map the relatively wide dynamic range of
derived envelope signals onto the narrow dynamic range of electrically
evoked hearing. The channel outputs are used to modulate trains of bipha-
sic pulses. This transformation produces a normal or nearly normal growth
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Figure 2.5. Block diagram of a continuous interleaved sampling (CIS) processor.
Pre-emp.: preemphasis; BPF: band pass filter; Rect.: rectifier; LPF: low-pass filter;
EL: electrode. (Adapted from Wilson et al. 1991, with permission from Macmillan
Publishers Ltd.)

60



of loudness with increases in sound level (Eddington et al. 1978; Zeng and
Shannon 1992; Dorman et al. 1993). The modulated pulses for each channel
are applied through a percutaneous or transcutaneous link to a corre-
sponding electrode in the cochlea. Stimuli derived from channels with low
center frequencies for the bandpass filter are directed to apical electrodes
in the implant, and stimuli derived from channels with high center fre-
quencies are directed to basal electrodes in the implant.

Patterns of stimulation for a simplified implementation of a four-channel
CIS processor are illustrated in Figure 2.6. Speech inputs are shown in the
top panels, and stimulus pulses are shown for each of four electrodes (and
channels) in the bottom panels.The four electrodes are arranged in an apex-
to-base order, with electrode 4 being the most basal. The amplitudes of the
pulses for each of the electrodes are derived from the envelope signals in
the corresponding bandpass channels. The envelope signal in the bandpass
channel with the lowest center frequency controls the amplitudes of pulses

28 B.S. Wilson

Figure 2.6. Stimuli produced by a simplified implementation of a continuous inter-
leaved sampling (CIS) processor. The top panels show preemphasized (6dB/octave
attenuation below 1.2kHz) speech inputs. An input corresponding to a voiced
speech sound (“aw”) is shown in the left panel and an input corresponding to an
unvoiced speech sound (“t”) is shown in the right panel. The bottom panels show
stimulus pulses produced by a CIS processor for these inputs. The numbers indicate
the electrodes to which the stimuli are delivered. The lowest number corresponds
to the apical-most electrode and the highest number to the basal-most electrode.
The pulse amplitudes in the figure reflect the amplitudes of the envelope signals for
each channel. In actual implementations, the range of pulse amplitudes is com-
pressed using a logarithmic or power-law transformation of the envelope signal for
each channel. The duration of each of the trances is 25.4ms. (Adapted from Wilson
et al. 1991, with permission from Macmillan Publishers Ltd.)
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delivered to the apical-most electrode, and the envelope signal in the band-
pass channel with the highest center frequency controls the amplitude 
of pulses delivered to the basal-most electrode. This arrangement mimics
the tonotopic organization of the cochlea in normal hearing, with high-
frequency sounds exciting neurons at basal locations and low-frequency
sounds exciting neurons at apical locations.

Continuous interleaved sampling processors use relatively high rates 
of stimulation to represent rapid temporal variations within channels. The
pulse rate must be higher than twice the cutoff frequency of the low-pass
filters (in the envelope detectors) to avoid aliasing effects (Rabiner and
Shafer 1987;Wilson 1997). Results from recent recordings of auditory nerve
responses to sinusoidally amplitude modulated pulse trains indicate that the
rate should be even higher—four to five times the cutoff frequency—to
avoid other distortions in the neural representations of the modulation
waveforms (Wilson et al. 1994; Wilson 1997, 2000c). A typical CIS proces-
sor might use a pulse rate of 1000 pulses/s/electrode or higher, in conjunc-
tion with a 200-Hz cutoff for the low-pass filters.

An expanded display of stimuli during a short segment of the vowel input
is presented in Figure 2.7. This display shows the interlacing and order of
stimulus pulses across electrodes. In this particular implementation of a CIS
processor, stimulus pulses are delivered in a non-overlapping sequence
from the basal-most electrode (electrode 4) to the apical-most electrode
(electrode 1). The rate of pulses on each electrode may be varied through
manipulation in the duration of the pulses and the time between sequen-
tial pulses. Any ordering of electrodes may be used in the stimulation
sequence, such as an apex-to-base order or a staggered order (i.e., an order
designed to produce on average the maximum spatial separation between
sequentially stimulated electrodes).
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Figure 2.7. Expanded display of continuous interleaved sampling (CIS) stimuli.
Pulse duration per phase (d) and the period between pulses on each electrode
(1/rate) are indicated. The sequence of stimulated electrodes is 4-3-2-1 (a base-to-
apex order). The duration of each trace is 3.3ms. (Adapted from Wilson et al. 1991,
with permission from Macmillan Publishers Ltd.)
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Unlike some prior processing strategies for implants, no specific features
of speech are extracted or represented with CIS processors. Instead, enve-
lope variations in each of multiple bands are presented to the electrodes
through modulated trains of interleaved pulses. The rate of stimulation 
for each channel and electrode does not vary between voiced and unvoiced
sounds (see illustration of this by comparing the left and right panels of Fig.
2.6). This “waveform” or “filter-bank” representation does not make any
assumptions about how speech is produced or perceived.

A key feature of the CIS, n-of-m,ACE, and SPEAK strategies is the inter-
lacing of stimulus pulses across electrodes. This eliminates a principal com-
ponent of interaction among electrodes that otherwise would be produced
through vector summation of the electric fields from different (simulta-
neously stimulated) electrodes (e.g., Favre and Pelizzone 1993). Such 
interaction, if allowed to stand, would be expected to reduce the salience
of channel-related cues.

An additional aspect of the CIS, n-of-m, and ACE strategies is relatively
high cutoff frequencies for the low-pass filters in the envelope detectors,
along with rates of stimulation that are sufficiently high to represent the
highest frequencies without aliasing or other distortions. The cutoff fre-
quencies generally are in the range of 200 to 400Hz. This range encom-
passes the fundamental frequency of voiced speech sounds (see periodicity
of envelope variations in the lower left panels of Fig. 2.6) and rapid transi-
tions in speech such as those produced by stop consonants. The range also
does not exceed the perceptual space of typical patients. In particular, most
patients perceive changes in frequency or rate of stimulation as changes in
pitch up to about 300Hz or 300 pulses/s, respectively (e.g., Shannon 1983;
Tong et al. 1983; Townshend et al. 1987; Zeng 2002). Further increases in
frequency or rate do not produce further increases in pitch for a majority
of patients, for loudness-balanced stimuli. Some subjects have higher pitch
saturation limits, as high as about 1000Hz, but these subjects are the excep-
tion rather than the rule (Hochmair-Desoyer et al. 1983; Townshend et al.
1987;Wilson et al. 1997b).Thus, representation of frequencies much beyond
300Hz probably would not convey any additional information that could
be perceived or utilized by typical patients.

3.2. n-of-m and ACE Strategies
The CIS, n-of-m, and ACE strategies share (1) nonsimultaneous stimula-
tion and (2) high cutoff frequencies for the envelope detectors. The princi-
pal difference between the CIS and the other strategies is that the channel
outputs are “scanned” in the latter strategies to select the n channels with
the highest envelope signals prior to each frame of stimulation across elec-
trodes. Stimulus pulses are delivered only to the subset of m electrodes 
that correspond to the n selected channels. This “peak picking” scheme is
designed to reduce the density of stimulation while still representing the
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most important aspects of the acoustic environment. It also allows a lower
overall stimulus rate, that might be accommodated with a limited-
bandwidth transcutaneous transmission system. The deletion of low-
amplitude channels for each frame of stimulation may reduce the overall
level of masking across electrode and stimulus regions in the implanted
cochlea. To the extent that the omitted channels do not contain significant
information, such “unmasking” may improve the perception of the input
signal by the patient.

The n-of-m and ACE strategies are quite similar in design. The n-of-m
approach was first described in 1988 (Wilson et al. 1988) and has been
refined in several lines of subsequent development (e.g., McDermott et al.
1992; Lawson et al. 1996; McDermott and Vandali 1997). Current imple-
mentations include those listed in Table 2.2, along with laboratory imple-
mentations. Comparisons between n-of-m (or ACE) and CIS have indicated
roughly equivalent performances for the two (e.g., Lawson et al. 1996; Ziese
et al. 2000) or somewhat better performance for the n-of-m approach (e.g.,
Kiefer et al. 2001). The results have varied from subject to subject and also
among different implementations of the strategies, using the Combi 40+,
CI24M, or laboratory hardware and software.

Work to evaluate and refine n-of-m processors is still in progress. The
choices of n and m probably are important, as the m electrodes most likely
should be perceptually distinct for the best performance (limiting the
number for practical electrode arrays), and n should be high enough to
include all essential information but lower than m to provide any reduction
in the density or overall rate of stimulation. In addition, there may be better
ways to choose the n channels and electrodes for each frame of stimula-
tion. Flanagan (1972), for example, describes various alternative procedures
for identifying the channels for analogous “peak picking” vocoders (see also
Loizou 1998). Those procedures were more effective for vocoders than a
simple selection of maxima, and they might be more effective for implants
as well.

3.3 SPEAK Strategy
The SPEAK strategy uses an adaptive n-of-m approach, in which n may
vary from one stimulus frame to the next. The input is filtered into as many
as 20 bands. Envelope signals are derived as in the CIS, n-of-m, and ACE
strategies above, with an envelope cutoff frequency of 200Hz. The number
of bandpass channels selected in each scan (the adaptive n) depends on the
number of envelope signals exceeding a preset “noise threshold” and on
details of the input such as the distribution of energy across frequencies. In
many cases, six channels are selected. However, the number can range from
one to a maximum that can be set as high as 10. Cycles of stimulation, which
include the selected channels and associated electrodes, are presented at
rates between 180 and 300/s.The amount of time required to complete each

2. Engineering Design of Cochlear Implants 31

64



cycle depends on the number of electrodes and channels included in the
cycle (n) and the pulse amplitudes and durations for each of the electrodes.
In general, inclusion of relatively few electrodes in a cycle allows relatively
high rates, whereas inclusion of many electrodes reduces the rate.

A diagram illustrating the operation of the SPEAK strategy is presented
in Figure 2.8. The speech input is directed to a bank of bandpass filters and
envelope detectors, whose outputs are scanned for each cycle of stimula-
tion. In this diagram, six channels are selected in each of two scans, and 
the corresponding electrodes are stimulated sequentially in a base-to-apex
order. The diagram does not illustrate the compressive mapping of enve-
lope signals onto pulse amplitudes.

The SPEAK strategy was designed for use with the N22 implant system.
The transcutaneous link in that system is relatively slow, e.g., the maximum
cycle rate for six channels of stimulation is about 400/s under ideal condi-
tions (Crosby et al. 1985; Shannon et al. 1990). This limitation constrained
the design of the strategy such that the average rate was set at about 250
cycles/s, and the range of rates is between 180 and 300/s, as noted above.

The rates used in the SPEAK strategy, in combination with the 200-Hz
cutoff for the envelope detectors, are substantially lower than the minimum
required to prevent aliasing and other distortions. For the average rate of
250/s, the representation of frequencies in the modulation waveforms above
125Hz is subject to aliasing effects, and the representation of frequencies
in the range of one-fourth to one-half the pulse rate probably is distorted
to a lesser extent (Busby et al. 1993; McKay et al. 1994; Wilson 1997).

Results from recent comparisons of the SPEAK and ACE strategies gen-
erally have indicated superiority of the latter (e.g., Arndt et al. 1999; Kiefer
et al. 2001; Pasanisi et al. 2002). The performance of the SPEAK strategy
may be affected by (1) relatively low rates of stimulation, (2) aliasing and
other distortions arising from the use of low rates in conjunction with a high
cutoff frequency for the envelope detectors, or (3) some combination of
these factors. At present, the ACE strategy is regarded by many clinicians
as the “default” or “first-choice” strategy for the CI24M implant system.

3.4 SAS Strategy
The SAS strategy was derived from a compressed analog (CA) strategy
(Eddington 1980; Merzenich et al. 1984), originally used in somewhat dif-
ferent implementations with the now-discontinued University of California
at San Francisco (UCSF)/Storz and Ineraid implant systems. In contrast 
to the other strategies described above, the CA and SAS strategies use
“analog” or continuous waveforms for stimuli, instead of biphasic pulses. A
block diagram of the CA strategy is presented in Figure 2.9. A microphone
or other input is compressed with a fast-acting AGC. The AGC output is
filtered into contiguous bands (usually four in the UCSF/Storz and Ineraid
implementations), that span the range of speech frequencies. The signal
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Figure 2.8. Key steps in the spectral peak (SPEAK) processing strategy. Speech
inputs are directed to a bank of up to 20 bandpass filters and envelope detectors.
The envelope signals are scanned just prior to each cycle of stimulation across elec-
trodes. Between 1 and 10 of the highest-amplitude signals are selected in each scan,
depending on characteristics of the input (i.e., overall level and spectral composi-
tion). Electrodes associated with the selected envelope signals (and bandpass chan-
nels) are stimulated in a base-to-apex order. (From Patrick et al. 1997, with
permission from the Singular Publishing Group, Inc.)
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from each bandpass filter is amplified and then directed to a correspond-
ing electrode in the implant. The gains of the amplifiers for the different
bandpass filters can be adjusted to produce stimuli that do not exceed 
the upper end of the dynamic range of percepts for each electrode and 
that provide a high-frequency emphasis (e.g., percepts for high-frequency
channel 4 can be made as loud as percepts for low-frequency channel 1,
even though high-frequency sounds in speech generally are much less
intense than low-frequency sounds).

The compression provided by the AGC can reduce the dynamic range of
the input to approximate the dynamic range of electrically evoked hearing.
The dynamic range of stimulation also can be restricted with a clipping
circuit before or after the amplifiers, for some or all of the bandpass chan-
nels (Merzenich et al. 1984; Merzenich 1985). Of course, such “front-end”
compression introduces spectral components that are not present in the
input. The severity of this distortion depends on the time constants of the
AGC (attack and release) and the compression ratio of the AGC (e.g.,
White 1986). Thus, a balance must be met between sufficient compression
for mapping the wide dynamic range of the input onto the narrow dynamic
range of electrically evoked hearing, and introduction of spurious frequency
components, principally in the high-frequency channels.

Stimuli produced by a simplified implementation of a CA processor are
shown in Figure 2.10. This figure has the same format as Figure 2.6 (which
shows stimuli for a CIS processor).The CA stimuli represent a large portion
of the information in the unprocessed speech input. Spectral and temporal
patterns of speech are represented in the relative amplitudes of the stimuli
across electrodes and in the temporal variations of the stimuli for each of
the electrodes.

Although a large amount of information is presented with CA stimuli,
much of it may not be available to implant patients. As mentioned before,
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Figure 2.9. Block diagram of a compressed analog (CA) processor. The CA strat-
egy uses a broadband automatic gain control (AGC), followed by a bank of band-
pass filters. The outputs of the filters are adjusted with independent gain controls.
Compression is achieved through rapid action of the AGC, and high-frequency
emphasis and limited mapping to individual electrodes is accomplished through
adjustments of the channel gains. (Adapted from Wilson et al. 1991, with permis-
sion from Macmillan Publishers Ltd.)
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within-channel changes in frequency above about 300Hz are not perceived
as changes in pitch by many patients. In addition, the simultaneous stimu-
lation of multiple electrodes can produce large and uncontrolled interac-
tions through vector summation (at sites of neural excitation) of the electric
fields from each of the electrodes (White et al. 1984; Favre and Pelizzone
1993). The resulting degradation of independence among electrodes would
be expected to reduce the salience of channel-related cues. In particular,
the neural response to stimuli presented at one electrode may be signifi-
cantly distorted or even counteracted by coincident stimuli presented at
other electrodes. The pattern of interaction also may vary according to the
instantaneous phase relationships among the stimuli for each of the elec-
trodes. Phase is not controlled in CA processors, and this may degrade
further the representation of channel-by-channel amplitudes.

Certain likely limitations of the CA approach have been addressed in 
the design of the SAS strategy. The SAS strategy includes a logarithmic
mapping function at the output of each bandpass channel, to provide “back-
end” rather than “front-end” compression. As with the CIS and other pul-
satile strategies above, such back-end compression allows the mapping 
of stimuli on a channel-by-channel basis and also eliminates the spurious,
across-channel spectral components introduced by front-end compression.
As with the other strategies, the SAS strategy can include a front-end AGC,
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Figure 2.10. Stimuli produced by a simplified implementation of a compressed
analog (CA) processor. The organization and speech inputs for this figure are the
same as those in Figure 2.6. This simplified implementation does not include effects
of a front-end AGC or adjustment of gains for the different channels. (Adapted
from Wilson et al. 1991, with permission from Macmillan Publishers Ltd.)
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but with long time constants and a low compression ratio, to minimize any
distortions.

The SAS strategy also is used in conjunction with electrode arrays
designed to produce spatially selective patterns of stimulation, either
through a particular orientation of electrodes for each channel of stimula-
tion (the “offset radial” orientation, see Loeb et al. 1983, or the “enhanced
bipolar” configuration, see Battmer et al. 1999) or through the use of tech-
niques to place electrodes close to the target neurons in the spiral ganglion
(e.g., Lenarz et al. 2000; Zwolan et al. 2001; Balkany et al. 2002; Frijns et al.
2002). To the extent that the design goals of these electrode arrays are 
fulfilled, interactions among electrodes may be relatively low compared
with other designs (e.g., an array of monopolar electrodes not deliberately
positioned immediately adjacent to the inner wall of the ST).

Present implementations of the SAS strategy include those in the Clarion
CI and CII implant systems. The CI implant uses a “precurved” electrode
array and has eight independent current sources. The CII implant uses an
electrode positioning device (inserted at surgery behind and after a flexi-
ble electrode array with 16 contacts) and has 16 current sources. Up to eight
channels of bipolar stimulation (between closely spaced pairs of electrodes
in the array) can be supported with the CI implant, and up to 16 can be
supported with the CII implant. (The number of channels is limited to seven
when the enhanced bipolar configuration is used in conjunction with the 
CI implant.) The electrode array with the positioning device is called the
“HiFocus” electrode.

Prior comparisons between the CA and CIS strategies showed a marked
superiority of the latter (e.g., Wilson et al. 1991; Boëx et al. 1996; Pelizzone
et al. 1999). Recent comparisons of the SAS and CIS strategies, as imple-
mented in the Clarion hardware and software, have produced varied results
across studies, but generally have demonstrated high levels of performance
for some subjects using SAS. The studies conducted to date have included
those listed in Table 2.3. The studies of Battmer et al. (1999), Osberger and
Fisher (2000), and Stollwerck et al. (2001) used the CI implant and associ-
ated electrode array, and the study of Frijns et al. (2002) used the CII
implant with the HiFocus electrode. The study of Zwolan et al. (2001) used
both systems, in separate groups of subjects. In these latter studies (Frijns
et al. and Zwolan et al.), new capabilities of the speech processor and tran-
scutaneous link in the CII implant were not utilized as such use had not yet
been approved by the U.S. Food and Drug Administration at the time of
the studies. Thus, for example, CIS implementations used the relatively low
pulse rates of the CI implant and a maximum of eight channels of process-
ing and stimulation. (The maximum number of channels for SAS also was
set at eight.)

An additional strategy, paired pulsatile stimulation (PPS), was included
in some of the studies. It is a variation of CIS in which pairs of distant 
electrodes are stimulated simultaneously, with stimulation of the pairs in a
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nonsimultaneous sequence. This approach doubles the rate of stimulation
across all electrodes, while possibly minimizing interactions between the
simultaneously stimulated electrodes by choosing electrodes in each pair
that are far apart from each other. [The PPS strategy also has been called
the “multiple pulsatile sampler” (MPS) strategy.]

In each of the studies the subjects have been asked to indicate their pref-
erence between the SAS and CIS strategies, or among the SAS, CIS, and
PPS strategies. The results are listed in Table 2.3. They vary widely across
studies. In the study of Battmer et al. (1999), approximately half of the sub-
jects preferred SAS to CIS and also achieved scores with SAS that were
comparable to the scores achieved by the other subjects with CIS. In the
study of Osberger and Fisher (2000), less than 30% of the subjects preferred
SAS, but some of those subjects had exceptionally high scores (on average,
scores for the SAS and CIS groups were not different at the final, 6-month
test interval). The subjects preferring SAS had short durations of deafness
compared to the CIS group. In the study of Zwolan et al. (2001), SAS was
compared with both CIS and PPS. At the final (again, 6-month) test inter-
val, approximately 50% of the 56 subjects using the CI implant and pre-
curved electrode array preferred CIS, and about 40% and 10% of those
subjects preferred SAS and PPS, respectively. For the additional 56 subjects
using the CII implant and HiFocus electrode array, approximately 15% pre-
ferred CIS, and about 52% and 33% preferred SAS and PPS, respectively.
Zwolan et al. attributed this reversal in preference, for the two types of 
electrode array, to a closer positioning of electrodes next to the inner wall
of the ST with the new electrode array. Presumably such positioning, if
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Table 2.3. Comparisons among continuous interleaved sampling (CIS), paired pul-
satile stimulation (PPS), and simultaneous analog stimulation (SAS) strategies, as
implemented in either the Clarion CI or CII implant systems.

Percent preferring

Study Device Subjects CIS PPS SAS

Battmer et al. 1999 CI 22a 50 N/A 50
Osberger and Fisher 2000 CI 58 72 N/A 28
Zwolan et al. 2001 CI 56 50 11 39

CII 56 15 33 52
Stollwerck et al. 2001b CI 55 75 N/A 25
Frijns et al. 2002 CII 10 90 10 0

Note: Subject preferences are indicated. For studies that included multiple test intervals, results
for the final interval are given. The PPS strategy was not included in some of the comparison
studies, as indicated by N/A in the PPS column.
a Two of the subjects could not use SAS, due to inadequate loudness. The data in the “percent
preferring” columns reflect findings for the 20 subjects who could use both the SAS and CIS
strategies.
b Within-subject comparisons demonstrated that the subjects performed better with their pre-
ferred strategy.

70



present, would reduce interactions among electrodes and thereby perhaps
allow simultaneous stimulation strategies to become more useful. In
another group of 55 subjects using the CI implant system, Stollwerck et al.
(2001) found that 75% of the subjects preferred CIS over SAS. Among the
10 subjects studied by Frijns et al. (2002), nine preferred CIS, one PPS, and
none SAS.These subjects used the CII implant and HiFocus electrode array
(but with the positioner inserted only along the basal turn, see Frijns et al.
2002).

Speech reception data also have been collected for at least the preferred
strategy for each subject in each of the studies. Controlled comparisons
between or among strategies, balancing experience and other variables
across strategies, also have been made in the study of Stollwerck et al.
(2001). In broad terms, results from all studies, except the study of Frijns et
al. (2002) (in which none of subjects stated a preference for SAS), indicated
levels of performance for the group preferring SAS that were comparable
to those of the group preferring CIS. In addition, some of the subjects in
each of the groups had especially high scores. Results from the study of
Stollwerck et al. also showed that subjects performed better with their pre-
ferred strategy.

The SAS strategy may convey more temporal information than the CIS
strategy, especially in the apical (low-frequency) channels and especially for
patients who can perceive changes in frequency as changes in pitch over
relatively wide ranges. If so, that advantage may outweigh the likely dis-
advantage of higher electrode interactions, which would be expected even
with a spatially selective electrode array (Loizou et al. 2003).

3.5 “HiRes” Strategy
The CIS implementations in the above comparisons used eight channels
and a carrier rate of about 800 pulses/s/electrode. This may have limited the
performance of the strategy in that more channels and/or higher rates may
have been helpful. Indeed, an increase in the number of perceptually sep-
arable channels beyond eight would be expected to improve speech recep-
tion, especially for speech presented in competition with noise (Friesen et
al. 2001; Dorman et al. 2002). In addition, results from studies using other
implant systems indicate significant benefits of higher rates of stimulation
for at least some patients (e.g., Brill et al. 1997; Kiefer et al. 2000; Loizou 
et al. 2000; Wilson et al. 2000).

A variation of CIS, called the HiRes strategy, has been implemented for
use with the Clarion CII implant system (Frijns et al. 2002). It utilizes the
full capabilities of the device.The HiRes strategy can present pulses at rates
up to 90,000/s across the addressed electrodes, and the strategy can support
up to 16 channels of processing and stimulation. A typical fitting would
include 16 channels and a carrier rate of 2800 to 5600 pulses/s/electrode.
The fidelity of the temporal representation provided with HiRes might
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match or exceed that provided with SAS. At the same time, electrode inter-
actions are minimized in HiRes through the use of nonsimultaneous stimuli.
This might increase the number of perceptually separable channels well
beyond the maximum available with SAS.

Initial studies to evaluate HiRes have included a clinical trial sponsored
by the Advanced Bionics Corp. In that study, HiRes was compared with the
preferred strategy among the prior CIS, PPS, or SAS strategies for each of
80 subjects, implanted with the HiFocus electrode and positioner across 19
centers in North America. Phase I of the study included use by each subject
of their preferred prior strategy for 3 months. Phase II included use of
HiRes for the subsequent 3 months. Speech reception data were collected
at the conclusions of the two phases, and a preference questionnaire was
given at the end of phase II. The speech reception tests included recogni-
tion of monosyllabic words and recognition of key words in the Central
Institute for the Deaf (CID) and Hearing in Noise Test (HINT) sentences.
The speech items were presented in quiet for all tests, and also at the S/N
of +10dB for the HINT sentence test. As of September 2002, 51 of the 80
subjects had completed phase II (Osberger et al. 2002). The mean scores
for the 51 were significantly higher with HiRes compared to the control
strategies for each of the administered tests. The greatest gains were
observed for speech reception in noise, with an increase from 47% to 61%
correct in the mean scores for the HINT sentences at the S/N +10dB. Sub-
jects with relatively low scores using the control strategy showed a larger
gain overall than subjects with relatively high scores. (Ceiling effects may
have limited the sensitivity of the test for some of the latter subjects.)
Ninety percent of the subjects indicated a preference for HiRes at the con-
clusion of phase II.**

The initial studies also have included comparisons of CIS processors
using 833 pulses/s/electrode versus processors using 1400 pulses/s/electrode
(Frijns et al. 2003). Each of the nine subjects had used a processor with the
lower rate and eight channels (and electrodes) for a period of 3 to 11
months. They then were fitted in randomized orders with 8-, 12-, or 16-
channel processors using the higher rate. Each of the processors was used
for 1 month prior to testing, and then the next processor was fitted. Tests
with all processors included recognition of monosyllabic words in quiet and
in competition with noise at the S/Ns of +10, +5, 0, and -5dB. The results
demonstrated significant differences in scores between the rates and across
the numbers of channels. Some patients achieved their best scores with the
higher rate and eight channels, whereas others achieved their best scores
with the higher rate and 12 or 16 channels. These best scores showed a sub-
stantial and significant advantage of the higher rate for speech reception in
noise, consistent with the results of the prior studies cited above.
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**Note that the additional experience gained with HiRes, following the initial expe-
rience with the control strategies, may have favored HiRes in these comparisons.
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HiRes has become the default strategy for the CII system.‡ More infor-
mation about its performance should be available in the near future.

3.6 Summary
All present processing strategies for cochlear implants use a “filter-bank”
or “waveform” approach. Explicit extraction and representation of specific
features of speech was abandoned in the early 1990s. All but one of the
present strategies use biphasic pulses as stimuli, presented in a nonsimul-
taneous sequence across electrodes. The SAS strategy presents “analog” or
continuous waveforms as stimuli simultaneously to all (utilized) electrodes.
This strategy produces good results for some subjects that are comparable
to results produced with CIS using the Clarion CI implant system.

4. Design Considerations

Many factors can affect the performance of implant systems. Some of those
factors are described above, e.g., choices among processing strategies and
various electrode designs. Additional important factors include the patient
variable, fitting procedures, and the hardware and software implementa-
tions of processing strategies.

4.1 Patient Variable
One of the most striking findings from research on implants is that the range
of performance across patients is large for any of a variety of implant
systems. Some patients score at or near 100% correct on standard audio-
logical tests of sentence and word recognition in quiet, whereas other
patients obtain zero scores using an identical speech processor and elec-
trode array. Although average scores across patients have increased sub-
stantially with the introductions of new processing strategies, a wide range
of performance still remains.

Data indicating the importance of the patient variable are presented in
Figure 2.11, which shows a scatter plot of scores for recognition of North-
western University Auditory Test 6 (NU-6) monosyllabic words, from
within-subject comparisons of CA and CIS processors (Wilson et al. 1993).
These scores were obtained with careful fittings of the two processing
strategies and with high-quality implementations of both (see below). Note
that relatively low scores for one strategy are associated with relatively low
scores for the other strategy and vice versa. The data points in the figure
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‡ The electrode positioner device is no longer used with the CII system, due to a
possible association between such use and meningitis (e.g., Arnold et al. 2002).
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are highly correlated (r = 0.92), indicating that 85% of the variance in the
results is explained by the subject (or patient) variable (r2 = 0.85). Correla-
tions for other tests not limited by ceiling effects also are quite high for
these subjects and processors, in a range between 0.87 and 0.92 (Wilson et
al. 1993).

Identification of the factors that underlie the effects of the patient vari-
able may lead to the development of reliable prognostic tests for prospec-
tive patients (e.g., Rubinstein et al. 1999a). The factors may be related to
the condition of the auditory nerve (see Leake and Rebscher, Chapter 4),
the integrity of the central auditory system (see Hartmann and Kral,
Chapter 6), the cognitive abilities of a patient (see Pisoni and Cleary,
Chapter 9), or some combination of these possibilities. Knowledge of the
factors should help in the design of better implant systems that take these
factors into account and minimize or eliminate their deleterious effects for
patients who otherwise would have relatively poor outcomes.

4.2 Fitting Procedures
Large improvements in the performance of a cochlear implant system can
be obtained for individual patients through informed choices of parameter
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Figure 2.11. Scatter plot of percent-correct scores for the recognition of North-
western University Auditory Test 6 (NU-6) monosyllabic words. Each point repre-
sents the scores obtained with the compressed analog (CA) and continuous
interleaved sampling (CIS) processing strategies for one subject. Different lists of
words were used for the tests with the different strategies. The Pearson correlation
coefficient, level of significance, and regression line are also shown in the figure.
(Data from Wilson et al. 1993.)
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values. In studies with CIS processors, for example, quite large gains have
been produced through choices of pulse rate, pulse duration, electrode
update order, the range of frequencies spanned by the bandpass filters, and
other parameter values (e.g., Wilson et al. 1995; Loizou et al. 2000).
Although predetermined values for some parameters may be appropriate
for virtually all patients, the values of other parameters should be varied
over certain ranges to optimize performance for individuals.

4.3 Strategy Implementations
The performance of a processing strategy also can be affected by the quality
of its implementation. Seemingly subtle changes in hardware and the pro-
gramming of that hardware can produce large changes in performance.
Such effects have been demonstrated in comparisons between versions of
commercial implant systems that were designed to implement the same pro-
cessing strategy. Dowell et al. (1991) compared two versions of the Nucleus
device (the WSP III and MSP versions), each of which was designed to
implement the F0/F1/F2 processing strategy, and found significant increases
in speech reception scores with the newer implementation (the MSP
version). Similarly, Battmer et al. (1997) found significant improvements in
speech test scores when the Clarion version 1.2 implementation of a CIS
strategy was substituted for the prior version 1.1 implementation of that
strategy.

Examples of ways in which an implementation can go awry include use
of microphones with poor frequency response or high levels of noise, use
of amplifier and AGC circuits with low dynamic ranges or high levels of
noise, use of digital filters with a reduced number of elements compared
with conventional and well-functioning digital filters (a reduced number 
of elements has been used in devices with small memories or slow DSP
chips), use of current sources that are especially noisy, use of current sources
that saturate or begin to saturate in the dynamic ranges of the electrodes
for some or all patients (current sources saturate when the commanded
current requires a voltage at the electrodes that approaches or exceeds the
“compliance” or voltage limit of the device), and an excessive amount of
digital or switching noise that appears at the electrodes. Any one of 
these factors can degrade or destroy the performance of an otherwise good
strategy.

5. Future Directions

A number of efforts are under way to improve the design and performance
of present implant systems. They include:
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• Use of bilateral implants to (1) increase the number of perceptually inde-
pendent stimulus sites and thereby improve speech reception in noise or
(2) restore at least to some extent sound localization abilities and the
signal-to-noise advantages that accompany such abilities (e.g., Lawson et
al. 2000, 2001a; Gantz et al. 2002; Müller et al. 2002; Tyler et al. 2002a; van
Hoesel et al. 2002).

• Combined electric and acoustic stimulation of the auditory system for
patients with some remaining (low-frequency) hearing, with the two
modes of stimulation used for opposite ears (e.g., Armstrong et al. 1997;
Lawson et al. 2001b; Tyler et al. 2002b) or with both acoustic and electric
stimuli delivered to the same ear (von Ilberg 1999; Lawson et al. 2001b;
Kiefer et al. 2002; Wilson et al. 2003b).

• Drug delivery through the implant (e.g., Clark 2001), to preserve neurons
or even promote the growth of neurites (toward the electrode array)
from existing neurons or regeneration of neurons and associated struc-
tures (also see Qun et al. 1999, for descriptions of, and studies with,
various neurotrophic factors).

• Development of new processing strategies that emphasize the represen-
tation of important transients in speech (Geurts and Wouters 1999;
Vandali 2001).

• Use of high carrier rates, or high-rate “conditioner” pulses, in conjunc-
tion with CIS and other strategies, to (1) increase the correspondence
between modulation waveforms and temporal patterns of neural
responses, (2) increase the dynamic range of responses, and (3) reinstate
at least to some degree a normal pattern of stochastic or “spontaneous”
activity in auditory neurons (Wilson et al. 1997a; Rubinstein et al. 1999b;
Wilson 2000c; Litvak et al. 2001).

• Development of new processing strategies designed to replicate closely
the signal transformations in normal cochlea, including (1) the nonlinear
filtering that occurs at the basilar membrane and outer hair cell complex,
and (2) the stages of instantaneous and noninstantaneous compression
that occur at the inner hair cells and at the synapses between the cells
and adjacent fibers of the auditory nerve (Wilson et al., 2003a).

• Applications of new and emerging knowledge about factors that are
highly correlated with outcomes for implants, in the design of approaches
or training procedures to help patients presently at the low end of the
performance spectrum (e.g., Fu 2002).

Each of these efforts, except for drug delivery through the implant, is
described in detail in a recent article by Wilson et al. (2003a). Drug delivery
and additional possibilities for the further development of implant systems
are presented in two recent reviews by Clark (2000, 2001). Selected devel-
opments also are described in somewhat older but still relevant articles by
Klinke and Hartmann (1997), Lenarz (1997), and Wilson (1997, 2000c).

2. Engineering Design of Cochlear Implants 43

76



6. Summary

Cochlear implant systems include a microphone, speech processor, tran-
scutaneous or percutaneous link, and an electrode array. In general, design
choices for any one of these components may affect or interact with choices
for other components. The design problem should be viewed at the system
level.

In addition to choices in the design of the hardware (and associated soft-
ware), factors presented by the patient can exert large effects on perfor-
mance. Indeed, the patient variable probably is the most important of all
variables in implant design.

Current processing strategies for implants all use a “waveform” or “filter-
bank” approach. In addition, all but one of the strategies use biphasic pulses
as stimuli, presented in a sequential and non-overlapping sequence across
electrodes.

The design of cochlear implants is changing rapidly, with the advent of
combined electric and acoustic stimulation of the auditory system, peri-
modiolar electrode arrays, and high-rate and conditioner-pulses stimuli.
New processing strategies, designed to provide a closer mimicking of signal
transformations in the normal auditory periphery, are being developed.
Additional developments that are under way include those for intramodi-
olar implants and fully implantable devices. Implants of the near future may
be quite unlike today’s implants, with better performance overall and, it is
hoped, with a much smaller range of outcomes across patients.
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Two New Directions in Speech Processor Design for
Cochlear Implants

Blake S. Wilson, Reinhold Schatzer, Enrique A. Lopez-Poveda, Xiaoan Sun,
Dewey T. Lawson, and Robert D. Wolford

Two new approaches to the design of speech proces-
sors for cochlear implants are described. The first
aims to represent “fine structure” or “fine fre-
quency” information in a way that it can be per-
ceived and used by patients, and the second aims to
provide a closer mimicking than was previously
possible of the signal processing that occurs in the
normal cochlea.

(Ear & Hearing 2005;26;73S–81S)

Although great progress has been achieved in the
design and performance of cochlear implant sys-
tems, much remains to be done. Patients with the
best results still do not hear as well as listeners with
normal hearing, particularly in demanding situa-
tions such as speech presented in competition with
other talkers or noise at typical signal-to-competi-
tors ratios, for example, �5 dB. Users of standard
unilateral implants do not have much access to
music and other sounds that are more complex than
speech. Even the “star” performers report a need for
great concentration in attaining their high scores in
speech-reception tests. Such a cognitive load must
separate implant listeners from their normal-hear-
ing peers. Perhaps most important, though, is the
fact that scores still vary widely across patients for
difficult tests, such as recognition of monosyllabic
words, with any of the implant systems now in
widespread use.

Quite recently, large steps forward have been
made with use of bilateral cochlear implants (e.g.,
Müller et al., 2002) and with combined electric and
acoustic stimulation (EAS) of the auditory system
(e.g., von Ilberg et al., 1999), the latter for patients
with some residual (low frequency) hearing either
ipsilateral or contralateral to a cochlear implant.
The gains are mostly seen for speech reception in
noise. In addition, use of relatively high rates of

pulsatile stimulation, in conjunction with at least
eight electrode sites and good current sources, has
produced significant improvements in performance
over prior approaches, again most notably for speech
reception in noise (e.g., Frijns et al., 2003; Koch et
al., 2004).

Additional approaches are being developed. Work
is underway in our laboratories and elsewhere to (a)
represent “fine structure” or “fine frequency” infor-
mation in a way that it can be perceived and used by
patients, and (b) provide a closer mimicking than
was previously possible of the signal processing that
occurs in the normal cochlea. These new approaches
may support further gains in performance, either
alone or in combination with other approaches.

The primary purpose of this report is to provide
an overview of design considerations for these two
new approaches. In addition, some preliminary re-
sults from studies in progress to evaluate one of the
approaches are mentioned.

IMPORTANCE OF FINE STRUCTURE
INFORMATION

The mathematician David Hilbert showed that
signals can be decomposed into slowly varying en-
velopes modulating high-frequency carriers (Hil-
bert, 1912). An example of such a decomposition is
presented in Figure 1. The instantaneous phase, or
frequency (first derivative of the phase signal), of
the carrier varies continuously. Hilbert described
the carrier as the “fine structure” (FS) portion of the
original signal.

Smith and coworkers (2002) have investigated
the relative importance of envelope and FS informa-
tion for speech reception, melody recognition, and
sound localization. They created “auditory chime-
ras” by first processing two separate inputs with
identical banks of bandpass filters and then multi-
plying the FS carriers derived from one bank of
filters with the envelope signals derived from the
other bank of filters. The modulated carriers were
then summed to form the output. Thus, the chime-
ras presented conflicting cues—the envelope varia-
tions in a given number of bands for one sound,
versus the FS variations in the same bands for
another sound. Pairings of inputs included sen-
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tences versus noise, sentences versus different
sentences, melodies versus different melodies, and
sentences with an interaural time delay (ITD) cor-
responding to a sound image at the left versus the
same or different sentences with an ITD correspond-
ing to a sound image at the right.

The sound heard or correctly identified by sub-
jects with normal hearing depended on the type(s) of
sounds in each pairing and on the number of pro-
cessing channels (bands). Speech was identified by
its envelope information for eight or more channels,
whereas the FS information was more important for
one or two channels. Both envelope and FS informa-
tion contributed to sentence recognition for interme-
diate numbers of channels. Melodies were recog-
nized almost exclusively by their FS information up
to 32 channels. Envelope cues became dominant at
48 and 64 channels. Lateralization of sentences was
difficult with a small number of channels but im-
proved with increasing numbers up to the tested
limit of 32. Lateralization was cued by the FS
information in all cases.

These findings indicate the importance of the FS
information for speech reception using fewer than
about 8 processing channels and for music reception
using fewer than about 40 channels. In addition,
they indicate that ITD cues may be represented by
the FS information but not the envelope informa-
tion, for any number of channels up to (at least) 32.

Present-day electrode arrays for cochlear im-
plants appear to support no more than four to eight
independent channels, as indicated by a lack of
increases in speech reception scores when the num-
ber of processing channels and associated sites of
stimulation is increased beyond that number (Fish-
man et al., 1997; Friesen et al., 2001; Garnham et
al., 2002; Lawson et al., Reference Note 1; Wilson,

1997). In this 4 to 8 range, both envelope and FS
information contribute to speech recognition. Music
is conveyed almost solely by FS cues.

The importance of the FS information seems
indisputable, given the maximum number of effec-
tive channels with current implant devices. The
question is, how can this information be presented
in a way that it can be perceived and utilized by the
patient?

PRESENT PROCESSING STRATEGIES FOR
IMPLANTS

The continuous interleaved sampling (CIS), ad-
vanced combination encoder (ACE), spectral peak
(SPEAK), n-of-m, and other processing strategies
now in use for cochlear implants extract envelope
signals from contiguous bandpass filters, which
span the overall frequency range of speech and other
inputs [see Wilson (2004), for detailed descriptions
of these various strategies]. The envelope signals are
used to determine patterns of stimulation in the
implant. Thus, only the processed envelope informa-
tion is presented to the user, and most or all FS
information is discarded at the envelope-extraction
stage.

In CIS processors, for instance, envelope signals
are derived at the outputs of the bandpass filters
and those derived signals are compressed into the
narrow dynamic range of electrically evoked hearing
(Fig. 2). The compressed signals modulate trains of
pulses with a constant pulse rate. Frequency varia-
tions of signals within each bandpass are not repre-
sented in the stimuli unless (a) the cutoff frequency
of the low-pass filter in the envelope detector is
comparable to or higher than frequencies in the
bandpass, (b) a half-wave rectifier is used instead of
a full-wave rectifier in the envelope detector to avoid
frequency-doubling effects, and (c) the pulse rate of
the stimuli for the channel is sufficiently high to
represent the relatively rapid variations in the mod-
ulation without significant distortions. Typical im-
plementations of the CIS and the other processors
use cutoff frequencies for the envelope detectors in
the range of 200 to 400 Hz. This allows representa-
tions of the fundamental frequency for voiced speech
sounds, voiced versus unvoiced distinctions, and
rapid transient events in speech such as those asso-
ciated with stop consonants. However, little or no
information about frequencies within channels,
even the channel with the lowest center frequency,
is represented.

A variation of CIS, called “HiRes,” uses high pulse
rates and an effective cutoff for the envelope detec-
tors at half the rates (Koch et al., 2004; Wilson,
2004). In addition, the detectors use a half-wave

Fig. 1. Decomposition of a signal using the Hilbert transform.
(Illustration from the website of Smith and colleagues, http://
epl.meei.harvard.edu/�bard/chimera/; also see Smith et al.,
2002.)
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rectifier. The rates may be as high as about 2800
pulses/sec for each channel and associated electrode,
for a 16-channel implementation that uses nonsi-
multaneous stimulation across electrodes. The rate
can be almost doubled by using an implementation
that presents pulses for two of the channels to their
respective electrodes simultaneously. FS informa-
tion may be presented for frequencies up to about
1400 Hz for the nonsimultaneous mode and up to
about 2800 Hz for the “paired pulses” mode.

Another way in which FS information might be
presented is to represent directly the “analog” out-
puts of the bandpass filters at the electrodes, as in
the compressed analog (CA) or simultaneous analog
stimulation (SAS) strategies (see full descriptions in
Wilson, 2004). FS information is not discarded in the
processing with these strategies.

Although FS information may be presented with
the HiRes, CA, or SAS strategies, implant patients
may not be able to perceive much if any of it. In
particular, most patients do not perceive differences
in the frequency of stimulation at individual elec-
trodes as differences in pitch above a “pitch satura-
tion limit” of about 300 Hz (e.g., Zeng, 2002). Thus,
frequency variations may be presented by these
strategies, but they cannot be utilized by the pa-
tients for any but the lowest frequencies. For loud-

ness-balanced stimuli, a sinusoid at 500 Hz does not
sound any different to most patients than a 300 Hz
sinusoid. Similarly, modulation of a pulse train at
500 Hz is not discriminable from modulation at 300
Hz.

A further concern with strategies that use si-
multaneous stimulation across electrodes is that
such stimulation may exacerbate interactions
among electrodes and thereby reduce the salience
of channel-related cues (Favre and Pelizzone,
1993; Middlebrooks, 2004; White et al., 1984;
Wilson, 2004). Thus, any gain produced through
presentation of FS information may be counter-
acted, or more than counteracted, by an increase
in electrode interactions.

This possible tradeoff between a representation of
FS information on the one hand, and increased
electrode interactions on the other hand, may vary
across patients. Some patients have relatively high
pitch saturation limits and therefore may have
greater access than others to the presented FS
information. In addition, some patients have rela-
tively low electrode interactions, perhaps due to
excellent survival of neural elements in the im-
planted cochlea or close placements of electrodes
next to excitable tissue or both. Patients with low
interactions and high pitch saturation limits may
achieve especially good results with the CA, SAS, or
“paired pulses” HiRes strategies. Patients with high
pitch saturation limits only may receive the greatest
benefit from the nonsimultaneous pulses version of
HiRes and other implementations of CIS that use
high cutoff frequencies for the envelope detectors.

In general, though, representation of FS informa-
tion as variations in frequencies or rates of stimula-
tion at the electrodes seems limited. Most patients
will not have any access to the information above
about 300 Hz, and no patient will have access to it
above about 1000 Hz. In addition, the difference
limens for frequencies below the limit are very much
poorer for implant patients than for listeners with
normal hearing, usually more than 10 times worse
(e.g., Baumann & Nobbe, 2004; Zeng, 2002). Thus,
even for frequencies below the pitch saturation
limit, patients may be able to perceive only gross
features in the presented FS information.

The typical pitch saturation limit of 300 Hz just
reaches or barely exceeds the lower cutoff frequency
for the bandpass filter with the lowest center fre-
quency in the various processors mentioned above.
With the possible exception of this lowest band, no
information about frequency components within the
bands of the filter bank will be available to most
implant users with “temporal” representations of FS
information.

Fig. 2. Block diagram of the continuous interleaved sampling
(CIS) strategy. The strategy uses a preemphasis filter (Pre-
emp.) to attenuate strong components in speech below 1.2
kHz. The preemphasis filter is followed by multiple channels
of processing. Each channel includes stages of bandpass
filtering (BPF), envelope detection, compression, and modu-
lation. The envelope detectors generally use a rectifier (Rect.)
and low-pass filter (LPF). A Hilbert Transform or a half-wave
rectifier without the low-pass filter also may be used. Carrier
waveforms for two of the modulators are shown immediately
below the two corresponding multiplier blocks (circles with a
“x” mark within them). Outputs of the multipliers are di-
rected to intracochlear electrodes (EL-1 to EL-n), via a trans-
cutaneous link or a percutaneous connector. (Diagram
adapted from Wilson et al., 1991.)
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SOME ALTERNATIVES FOR REPRESENTING FS
INFORMATION

Possibilities for better representations of FS in-
formation include (a) the acoustic stimulation part
of combined EAS and (b) fine adjustments in the
sites of stimulation along the electrode array of an
implant, as instructed by an instantaneous fre-
quency signal for each channel. The acoustic stimu-
lation part of combined EAS may be perceived in a
way similar to that of low-frequency sounds in
normal hearing. In such a case, FS information
would be fully or largely available to the user up to
the frequency limit of the residual hearing, typically
500 to 1000 Hz for EAS patients. Fine resolution of
frequencies in the low-frequency range can support
a high level of music reception (e.g., Gantz et al.,
2004; Gfeller et al., 2002). In addition, the FS
information in the low-frequency band, when com-
bined with electric stimuli for a coarse representa-
tion of higher frequencies, may support especially
high levels of speech reception in noise (Gantz et al.,
2004; Kiefer et al., 2005; Turner et al., 2004; Wilson
et al., Reference Note 2).

Fine adjustments in sites of stimulation might be
made using virtual channels (e.g., Wilson et al.,
1994), as illustrated in Figure 3, or through selection
of a particular electrode among many. Coding by
place of stimulation might be far more effective than
coding by frequency or rate of stimulation, as de-

scribed above. Coding by place may allow represen-
tation of frequencies within bands for all channels of
the implant processor, not just the lowest band (at
best). Such coding may be beneficial for EAS pa-
tients as well, in that FS information might be
conveyed for all parts of the spectrum, using acous-
tic stimulation and residual hearing for the low-
frequency part of the spectrum and place coding
with electric stimuli for higher-frequency parts of
the spectrum. This might be (even) more effective
than combined EAS as presently applied, without
the place coding for the higher frequencies.

A further alternative for representing FS infor-
mation has been described by Stickney et al. (2002)
and Zeng and coworkers (Reference Note 3). It
involves frequency modulation of the carrier pulses
for a CIS-like processor to reflect the instantaneous
frequency for each bandpass channel. The mean rate
is quite low compared with the rates of (fixed rate)
carriers used in standard CIS processors. This ad-
justment is made so that differences in rate pro-
duced by the frequency modulation can be perceived
by implant patients, that is, the maximum rate for
any one channel cannot exceed the pitch saturation
limit if it is to be perceived as distinct from lower
rates. This approach also might present the FS
information in a way that it can be perceived,
although the information is transposed to much
lower frequencies and differentially so across chan-
nels. Such transformations may or may not degrade
the representation (and perception) of the FS
information.

A general concern with the approach is that use of
relatively low carrier rates in standard CIS proces-
sors produces reductions in performance (e.g.,
Loizou et al., 2000). Thus, a tradeoff may exist
between representation of FS information on the one
hand versus deleterious effects of low carrier rates
on the other hand.

Studies are underway in our laboratories to eval-
uate the possibilities mentioned above for place
coding of FS information. The subjects include users
of the Ineraid device and users of an experimental
version of the Nucleus device, which includes a
Contour electrode array and a percutaneous connec-
tor. The percutaneous access available with both of
these devices allows current steering between simul-
taneously stimulated electrodes as required for the
construction of virtual channels. The high number of
intracochlear electrodes in the Nucleus device (22
versus the six of the Ineraid device) also allows
evaluation of coding through selection of one elec-
trode among at least two for each processing chan-
nel, at each update for the channel. Thus, the
“virtual channel” approach is being evaluated in
tests with both groups of subjects, and the “electrode

Fig. 3. Representation of fine-structure or fine-frequency
information using current steering or “virtual channels.” The
centroid of excitation between electrodes along the length of
the cochlea is shifted continuously, as instructed by an
instantaneous frequency signal derived using a Hilbert trans-
form or other means (e.g., a simple peak or zero-crossing
detector) for each bandpass channel. Only four electrodes are
illustrated. Present-day implants in widespread use include 12
to 22 electrodes or electrode positions. Adjacent electrodes
are stimulated simultaneously, with an amplitude selected for
each of the electrodes to place the centroid in the desired
spot. Stimulation across such pairs of electrodes, and across
channels, is nonsimultaneous, as in standard continuous
interleaved sampling (CIS) processors, to avoid or minimize
interactions.
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selection” approach is being evaluated in tests with
the Nucleus subjects. Results from these various
studies should be available in the near future.

Studies also are underway at the University of
California at Irvine, under the able direction of
Professor Zeng (Zeng, 2004a, 2004b; Zeng et al.,
Reference Note 3). Results from those studies should
be available soon as well, and should shed light on
the likely tradeoff mentioned above.

Additional approaches for representing FS infor-
mation have been suggested. For example, Rubin-
stein et al. (1999) and Litvak et al. (2003) have
suggested that improving the neural representation
of relatively rapid temporal variations using “condi-
tioner pulses” might in turn improve perception of
frequency changes within channels. To the extent
that perception is improved, this also might be an
effective approach. To date, however, and to our
knowledge, no such improvements have been dem-
onstrated. (Dynamic range is increased with the use
of conditioner pulses, but improvements in fre-
quency discrimination, or extensions in the pitch
saturation limit, have yet to be demonstrated.)

In our view, an effective representation of FS
information could lead to a breakthrough in implant
design and performance. Several possibilities are
being pursued. Among these, we believe representa-
tions based on place coding, or place coding in
conjunction with the acoustic-stimulation part of
combined EAS, have the greatest promise at this
time.

CLOSER MIMICKING OF PROCESSING IN THE
NORMAL COCHLEA

Recent advances in electrode and stimulus design
have increased the level of control that implants can
exert over spatial and temporal patterns of re-
sponses in the auditory nerve. The advances include
perimodiolar electrode arrays, use of high-rate car-
riers or high-rate conditioner pulses, and current
steering to produce virtual channels or sites of
stimulation between adjacent electrodes. All but the
last of these advances are reviewed in Wilson et al.
(2003). Virtual channels and their construction are
described in Wilson et al. (1994).

The higher levels of control may be exploited to
produce a closer mimicking with implants of the
signal processing that occurs in the normal cochlea.
The target for such an approach is illustrated in
Figure 4, which shows a simplified block diagram of
the normal auditory periphery. The processing in-
cludes (1) highly nonlinear filtering of the mechan-
ical input by the basilar membrane (BM) and asso-
ciated structures, including level-dependent tuning
and compression, which is produced by a local feed-

back loop involving electromotile contractions of the
outer hair cells; (2) rectification, low-pass filtering,
and a further compression in the transduction of BM
movements to membrane potentials at the inner
hair cells (IHCs); (3) a further noninstantaneous
compression and adaptation at the synapses be-
tween IHCs and adjacent type I fibers of the audi-
tory nerve; (4) random release of chemical transmit-
ter substance at the base of the IHCs into the
synaptic cleft even in the absence of stimulation,
which gives rise to spontaneous activity in auditory
neurons and statistical independence in discharge
patterns among neurons; (5) the inability of single
neurons to respond immediately after prior stimu-
lation due to refractory effects; (6) a wide distribu-
tion of spontaneous rates among the 10 to 20 fibers
that innervate each IHC; (7) a wide distribution of
thresholds and dynamic ranges of those fibers,
which is related to the distribution of spontaneous
activities among the fibers (e.g., fibers with low
rates have high thresholds and relatively wide dy-
namic ranges, and fibers with high rates have low
thresholds and relatively narrow dynamic ranges);
(8) feedback control from the central nervous system
that can alter the response properties of the hair
cells.

References and additional details about the pro-
cessing in the normal auditory periphery are pre-
sented in Wilson et al. (2003).

Fig. 4. Simplified block diagram of the normal auditory
periphery. IHC-ANF, inner hair cell–auditory nerve fiber.
(Diagram adapted from Delgutte, 1996.)
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Present processing strategies for cochlear im-
plants, such as the CIS strategy shown in Figure 2,
provide only a very crude approximation to process-
ing in the normal cochlea. For example, a bank of
linear bandpass filters is used instead of the nonlin-
ear and coupled filters that would model normal
auditory function. Also, a single nonlinear map is
used in the CIS and other strategies to produce the
overall compression that the normal system
achieves in multiple steps. The compression in CIS
and other processors is instantaneous, whereas com-
pression at the IHC/neuron synapse in normal hear-
ing is noninstantaneous, with large adaptation
effects.

Deng & Geisler (1987), among others, have shown
that nonlinearities in BM filtering greatly enhance
the neural representation of speech sounds pre-
sented in competition with noise. Similarly, findings
of Tchorz & Kollmeier (1999) have indicated the
importance of adaptation at the IHC/neuron syn-
apse in representing temporal events or markers in
speech, especially for speech presented in noise.
Aspects of the normal processing are responsible for
the sharp tuning, high sensitivity, wide dynamic
range, and high resolution of normal hearing. Those
aspects, and indeed entire steps and feedback loops,
are missing in the processing used today for cochlear
implants.

An approach for providing a much closer approx-
imation to normal processing is suggested in Figure
5. The idea is to use better models of the normal
processing, whose outputs may be fully or largely
conveyed through the higher levels of neural control
now available with implants.

Comparison of Figures 2 and 5 shows that in the
new structure, a model of nonlinear filtering is used
instead of the bank of linear filters, and a model of
the IHC membrane and synapse is used instead of
an envelope detector and nonlinear mapping func-
tion. Note that the mapping function is not needed
in the new structure, because the multiple stages of
compression implemented in the models should pro-
vide the overall compression required for mapping
the wide dynamic range of processor inputs onto
stimulus levels appropriate for neural activation.
(Some scaling may be needed, but the compression
functions should be at least approximately correct.)
The compression achieved in this way would be
much more analogous to the way it is achieved in
normal hearing.

Conditioner pulses or high carrier rates may be
used if desired, to impart spontaneous-like activity
in auditory neurons and stochastic independence
among neurons (Rubinstein et al., 1999; Wilson et
al., 1997). This can increase the dynamic range of
auditory neuron responses to electrical stimuli,
bringing it closer to that observed for normal hear-
ing using acoustic stimuli. Stochastic independence
among neurons also may be helpful in representing
rapid temporal variations in the stimuli at each
electrode, in the collected (ensemble) responses of all
neurons in the excitation field (e.g., Parnas, 1996;
Wilson et al., 1997). (This does not necessarily mean
that the represented variations can be perceived, as
noted before in the sections on “fine structure”
processors.)

The approach shown in Figure 5 is intended as a
move in the direction of closer mimicking. It does not
include feedback control from the CNS, and it does
not include a way to stimulate fibers close to an
electrode differentially, to mimic the distributions of
thresholds and dynamic ranges of the multiple neu-
rons innervating each IHC in the normal cochlea.
However, it does have the potential to reinstate
other important aspects of the normal processing,
including details of filtering at the BM and associ-
ated structures, and including non-instantaneous
compression and adaptation at the IHCs and their
synapses.

IMPLEMENTATIONS OF “CLOSER MIMICKING”
PROCESSORS

Studies are underway in our laboratories to eval-
uate various implementations of processors de-
signed to provide a closer approximation than before
to normal cochlear functions. We are proceeding in
steps, including (a) substitution of a bank of dual-
resonance, nonlinear (DRNL) filters (Lopez-Poveda
& Meddis, 2001; Meddis et al., 2001) for the bank of

Fig. 5. Suggested processor structure for a closer mimicking of
normal auditory functions. Possible models to be incorpo-
rated into a speech processor design are listed beneath the
corresponding blocks. Pre-emp, Preemphasis filter; IHC, in-
ner hair cell; EL, electrode. This diagram is reproduced from
Wilson et al. (2003), with the permission of the Annual
Reviews.
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linear filters used in a standard CIS processor; (b)
substitution of the Meddis IHC model (Meddis,
1986, 1988) for the envelope detector and for some of
the compression ordinarily provided by the nonlin-
ear mapping table in a standard CIS processor; and
(c) combinations of (a) and (b) and fine tuning of the
interstage gains and amounts of compression at
various stages. Work thus far has focused on imple-
mentation and evaluation of processors using DRNL
filters [step (a)]. For those processors, the envelope
detectors and nonlinear mapping tables are re-
tained, but the amount of compression provided by
the tables is greatly reduced as substantial compres-
sion is provided by the DRNL filters. The DRNL
filters have many parameters whose adjustment
may affect performance. We have started with a set
designed to provide a close approximation to filter-
ing along the human BM (Lopez-Poveda & Meddis,
2001) but also are exploring effects produced by
manipulations in the parameters, that is, to broaden
tuning properties of the filters so that their re-
sponses overlap at least to some extent across
channels.

In general, the frequency responses of the DRNL
filters are much sharper than those of the Butter-
worth filters used in standard CIS processors, at
least for 6 to 12 channels of processing and stimu-
lation and at least for low-to-moderate input levels.
Thus, if one simply substitutes DRNL filters for the
Butterworth filters without alteration, then sub-
stantial gaps will be introduced in the represented
spectra of lower-level inputs to the filter bank. Such
a “picket fence” effect might degrade performance,
even though other aspects of DRNL processing may
be beneficial.

Studies to date have included evaluation of
DRNL-based processors with broadened filters, as
noted above. In addition, we have tested n-to-m
constructs, in which more than one channel of
DRNL processing is assigned to each stimulus site.
In one variation, the average of outputs from the
multiple channels is calculated and then that aver-
age is used to determine the amplitude of a stimulus
pulse for a particular electrode. Each DRNL channel
includes a DRNL filter, an envelope detector, and a
lookup table for compressive mapping of envelope
levels onto pulse amplitudes. Thus, the average is
the average of mapped amplitudes for the number of
DRNL channels assigned to the electrode. We call
this the “avg n-to-m approach,” in which m is the
maximum number of electrodes available in the
implant and in which n is the total number of DRNL
channels, an integer multiple of m. In another vari-
ation, the maximum among outputs from the chan-
nels for each electrode is identified and then that
maximum is used to determine the amplitude of the

stimulus pulse. We call this the “max n-to-m ap-
proach.” Both approaches are designed to retain the
sharp tuning of DRNL filters using the standard
parameters while minimizing or eliminating the
“picket fence” effect.

A final approach tested with one subject to date
combines DRNL filters with virtual-channel stimu-
lation. The high number of discriminable stimulus
sites made available with current steering (and
virtual channels) allows a high number of processing
channels without having to resort to the n-to-m
approaches described above.

Results from these preliminary studies are pre-
sented in Schatzer et al. (Reference Note 4) and in
Wilson et al. (Reference Note 5). The studies de-
scribed in Schatzer et al. included seven subjects
and evaluations of various implementations of
DRNL-based processors. The studies described in
Wilson et al. included the one subject tested to date
with processors that combined DRNL filtering with
virtual-channel stimulation. Details about the pro-
cessor implementations are presented in these
references.

In broad terms, the results have been encourag-
ing. Processors using n-to-m approaches have in
general supported speech reception performance
that is immediately on a par with that of the
standard CIS processors used in everyday life by the
subjects. For the one tested subject, a processor
using DRNL filters in combination with virtual-
channel stimulation supported significantly better
performance than the standard CIS processor, espe-
cially for speech reception in noise.

SUMMARY AND CONCLUDING REMARKS

Developments of the “fine structure” and “better
mimicking” strategies are in their nascent stages.
The importance of the FS information seems indis-
putable. The question now is, how can the informa-
tion be presented in a way that it can be perceived?
Several promising lines of investigation are in
progress. Work also is underway to develop new
approaches for providing a much closer replication
than was previously possible of signal processing
steps in the normal cochlea. Recent advances in
electrode and stimulus designs have greatly in-
creased the control implants can exert on patterns of
neural responses. This higher level of neural control
might be exploited to convey the subtleties of the
normal processing. Accurate models of normal pro-
cessing may be utilized in future speech processor
designs, in place of the very crude approximations
used in present designs.

As noted in the Introduction, combinations of
effective approaches may support better perfor-
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mance than the best single approach. Once those
most-effective single approaches have been identi-
fied, then combinations should of course also be
tested.

The future is bright for cochlear implants. Some
quite large steps forward have been made in the
past few years. We have every prospect for continu-
ing on that path.
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The Surprising Performance of Present-Day
Cochlear Implants

Blake S. Wilson*, Senior Member, IEEE, and Michael F. Dorman

Abstract—The speech reception performance of a recipient of
the Clarion CII implant was evaluated with a comprehensive set of
tests. The same tests were administered for a group of six subjects
with normal hearing. Scores for the implant subject were not dif-
ferent from the scores for the normal-hearing subjects, for seven of
the nine tests, including the most difficult test used in standard clin-
ical practice. These results are both surprising and encouraging, in
that the implant provides only a very crude mimicking of only some
aspects of the normal physiology.

Index Terms—Auditory prosthesis, cochlear implant, deafness,
hearing, neural prosthesis, speech perception.

I. INTRODUCTION

JUST 30 years ago, cochlear implants provided little more
than a sensation of sound and sound cadences. They were

useful as an aid to lip reading. Now, a majority of implant users
enjoy high levels of speech recognition using hearing alone; in-
deed, many can use the telephone without difficulty. This is a
long trip in a short time, and cochlear implants are widely and
correctly regarded as one of the great achievements of modern
medicine.

In this paper, we provide a “benchmark” for exactly how far
we have come. Specifically, we compare the speech reception
performance of a top performer with cochlear implants to the
performance of subjects with normal hearing, using identical
tests and laboratory procedures.

II. MATERIALS AND METHODS

A. Subjects

The implant subject, subject HR4, noticed a hearing loss at
age 23 and by age 34 was completely deaf. He was implanted
with a Clarion CII cochlear prosthesis (Advanced Bionics Corp.,
Sylmar, CA) [1] at age 34, and was tested by us one year later.
This prosthesis includes an implementation of the continuous
interleaved sampling (CIS) processing strategy [2], a high-band-
width radio-frequency link for transmitting stimulus informa-
tion across the skin, current sources with short rise and fall
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times, an array of 16 intracochlear electrodes, and (in the ver-
sion used) a positioning device to place the electrodes next to
the inner wall of the scala tympani, the chamber of the cochlea
into which the electrode array is inserted for all implant systems
now in widespread use.

HR4 was completely deaf prior to his operation, with tactile
sensations only at sound pressure levels of 90 dB or higher, for
each of the standard audiometric frequencies (at octave steps)
from 250 to 8000 Hz. His surgical report indicated a full in-
sertion of the electrode array. Parameters used in his implant
system at the time of testing included 16 channels of processing
and stimulation; biphasic stimulus pulses with a phase duration
of 11 ; and a pulse rate of 1449/s at each electrode.

The subjects with normal hearing were selected from an
undergraduate population at Arizona State University (ASU).
They were paid for their participation. All studies were re-
viewed and approved by the ASU Institutional Review Board
prior to their conduct, and all subjects read and signed an
informed consent prior to their participation.

B. Tests

Tests administered for all subjects included recognition of
monosyllabic, consonant-nucleus-consonant (CNC) words (50
items); recognition of City University of New York (CUNY)
sentences (24 sentences and approximately 200 words, de-
pending on the lists used for each subject); recognition of
Hearing in Noise Test (HINT) sentences (250 sentences
and 1320 words, presented in quiet); recognition of Arizona
Biomedical Institute (AzBio) sentences (40 sentences and
approximately 270 words, depending on the lists used); identi-
fication of 20 consonants in an /e/-consonant-/e/ context (with 5
repetitions of the 20 in randomized orders); identification of 13
computer-synthesized vowels in a /b/-vowel-/t/ context (with
5 repetitions of the 13 in randomized orders); and recognition
of CUNY and AzBio sentences presented in competition with
a four-talker babble, at the speech-to-babble ratio (S/B) of

10 dB for the CUNY sentences and that ratio and 5 dB for
the AzBio sentences. Additional details about the CNC, CUNY,
HINT, and vowel tests are presented in [3]–[6], respectively.
Additional details about the AzBio and consonant tests are
presented below and in [7].

The AzBio and consonant tests were developed at ASU. The
AzBio sentences consist of 500 unique sentences spoken in a
conversational style by two male and three female talkers. The
sentences are subdivided into lists, and a total of 40 sentences
was used in the test with each subject. The AzBio sentences
range in length from 6 to 10 words and are more difficult on
average than sentences from the CUNY and HINT lists. The

0018-9391/$25.00 © 2007 IEEE
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Fig. 1. Percent-correct scores for implant patient HR4 and for six subjects with
normal hearing. Means and standard errors of the means are shown for the sub-
jects with normal hearing. Tests included recognition of monosyllabic CNC
words; recognition of CUNY sentences; recognition of HINT sentences; recog-
nition of AzBio sentences; identification of consonants (Cons) in an /e/-conso-
nant-/e/ context; identification of vowels (Vowels) in a /b/-vowel-/t/ context; and
recognition of CUNY and AzBio (Az) sentences presented in competition with
a four-talker babble, at the indicated S/Bs (�5 or �10 dB).

/e/-consonant-/e/ tokens for the consonant test include multiple
exemplars of each consonant, produced by a male talker.

The test items were drawn from computer-disk recordings
and presented from a loudspeaker at 74-dB SPL (A weighting).
Each subject was seated in an audiometric test room, with the
speaker placed 1 m in front of the subject. The test items were
unknown to the subjects prior to their administration. Scores
were calculated as the percentage of correct responses for each
test.

In general, the tests were selected to be comprehensive and to
challenge the implant subject. They included the most difficult
tests used in standard clinical practice to evaluate hearing im-
pairments. They also included tests of even greater difficulty, to
provide a greater sensitivity of measures for high-performance
subjects. All tests were conducted with hearing alone and
without feedback as to correct or incorrect responses.

III. RESULTS

The results for HR4 and the six subjects with normal hearing
are presented in Fig. 1. All of the scores for HR4 are high. His
scores for speech material presented in quiet, including words,
sentences, consonants, and vowels, match or closely approxi-
mate the scores for the control group. His score for the most dif-
ficult test used in standard clinical practice, recognition of the
monosyllabic CNC words, is 100% correct. In contrast, some
of his scores for sentences presented in competition with speech
babble are worse than normal. Although his score for the CUNY
sentences at the S/B of 10 dB is 98% correct, his scores for the
AzBio sentences at the S/Bs of 10 dB and 5 dB are below
those of the normal-hearing subjects.

Such high scores overall are consistent with HR4’s ability to
communicate with ease in most listening situations. His speech
reception abilities are truly remarkable, abilities that could not
have been imagined 20 years ago, even by the most-optimistic
proponents of cochlear implants.

IV. DISCUSSION

A battery of tests was administered for a cochlear implant
subject and six subjects with normal hearing. The implant sub-
ject achieved high scores on all tests, including a score of 100%
correct in the recognition of monosyllabic words, the most diffi-
cult test given in standard clinical practice to detect deficiencies
in speech reception by persons with hearing losses. His scores
were at the ceiling of 100% correct or close to it for seven of
the nine tests. His scores for the remaining two tests were sig-
nificantly below 100% correct but still high. The subjects with
normal hearing scored at or near the ceiling for all nine tests.

These high scores for HR4 are representative of the very best
that can be achieved with present-day cochlear implant systems,
at least for a unilateral implant and with electrical stimulation
only. Higher scores (for the two tests for which HR4 was not
at the ceiling) might possibly be obtained with electrical stim-
ulation on both sides, using bilateral cochlear implants, or with
combined electric and acoustic stimulation (EAS) of the audi-
tory system for patients with residual, low-frequency hearing.
Within-subject comparisons of bilateral versus unilateral elec-
trical stimulation (e.g., [8]), and of combined EAS versus uni-
lateral electrical stimulation only (e.g., [9]), have demonstrated
higher scores for bilateral stimulation and combined EAS re-
spectively, especially for speech presented in competition with
noise or a multi-talker babble. Thus, these relatively new ap-
proaches may have the potential to produce scores even higher
than those achieved by HR4 in the present study, who used a
unilateral cochlear implant only.

In any case, the scores for HR4 are spectacularly high and
indicate a full restoration of clinically normal function with a
sensory prosthesis. Other patients have achieved similarly high
scores as well, e.g., one of the subjects in a study by Helms and
coworkers [10] achieved a score of 98% correct in the Freiburger
monosyllabic word test at the two-year interval. Although these
subjects are relatively rare (less than 1% of the implant popula-
tion), they do provide an existence proof of what is possible with
electrical stimulation of the auditory nerve in a totally deafened
ear.

A. Significance for Speech Reception of the Intricate
Processing in the Normal Cochlea

The very high scores achieved by HR4 and his peers were ob-
tained with a crude and decidedly abnormal input to the central
auditory system. The cochlear implant bypasses all structures
in the cochlea peripheral to the auditory nerve. In cases like
that of HR4, 16 overlapping sectors of the nerve are stimulated
with 16 intracochlear electrodes. Other patients have achieved
similarly high scores when stimulation is restricted to 6–8 elec-
trodes, e.g., the patient from the Helms et al. study mentioned
above, who used a COMBI 40 cochlear implant system with
its eight channels of processing and stimulation [10]. The spa-
tial specificity of stimulation with implants is much lower than
that demonstrated in neural tuning curves for normal hearing
[11], especially for monopolar stimulation, which is used in
all present-day cochlear implant systems. (Monopolar stimu-
lation is produced with delivery of stimuli between an intra-
cochlear electrode and a remote “reference” electrode outside
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of the cochlea, e.g., in the temporalis muscle.) Such broad acti-
vation of the nerve with electrical stimuli most likely limits the
number of perceptually separable channels to 4–8, even if more
than eight intracochlear electrodes are used [12]–[15]. The in-
formation presented through the implant is limited to envelope
variations in the 16 or fewer frequency bands. For HR4 and
others, the upper frequency of envelope variations has been set
at 200–700 Hz [16]. A substantial fraction of this information
may be perceived by the better patients [17]–[19], and whatever
is perceived is sufficient for high levels of speech recognition.

The performance achieved by HR4 brings into question the
significance for speech reception of the intricate processing, and
the interplay between and among processing steps, that occur in
the normal cochlea. The details of the traveling wave of me-
chanical displacements along the basilar membrane in response
to acoustic stimuli [20], and the spatial sharpening of the mem-
brane response by active processes at the outer hair cells [20],
[21], are not necessary for effective representations of speech
information. Also, the noninstantaneous compression function
at the synapse between the inner hair cells and single fibers
of the auditory nerve [22] is not necessary. Additional aspects
of normal hearing that are not replicated with implants include
multiple stages of compression (at the basilar membrane/outer
hair cell complex, at the inner hair cells, and at the hair cell/
neuron synapse); effects of efferent action on the outer hair cells
and other structures in the cochlea [23]; the broad distributions
of thresholds for the multiple afferent fibers innervating each
inner hair cell [24]; and effects of spontaneous activity in the
nerve [25], which is absent or largely absent in the deafened ear
[26]–[28].

B. Implications for Other Types of Neural Prostheses

The full restoration of clinically normal function with a
cochlear implant, as demonstrated in the present findings for
subject HR4, bodes well for the development of other types of
sensory neural prostheses. In particular, a sparse and distorted
representation at the periphery may be sufficient for restoration
of high levels of function for other sensory inputs as well,
e.g., visual or vestibular inputs. As with cochlear implants, a
putative threshold of the amount and quality of information in
the peripheral representation may need to be exceeded before
good outcomes can be achieved. However, this threshold may
be quite low and a full replication of the exquisite and complex
machinery at the periphery is certainly not necessary for the
restoration of useful hearing and may not be necessary for the
restoration of other senses either.

C. Possibilities for the Future

Tremendous progress has been made in the design and per-
formance of cochlear prostheses. However, much room remains
for improvements. Patients with the best results (including the
present implant subject HR4) still do not hear as well as lis-
teners with normal hearing, particularly in demanding situa-
tions such as speech presented in competition with noise or
other talkers. Users of standard unilateral implants do not have
much access to music and other sounds that are more complex
than speech. Most importantly, speech reception scores still vary

widely across patients for relatively difficult tests, such as recog-
nition of monosyllabic words, with any of the implant systems
now in widespread use.

Fortunately, major steps forward have been made recently and
many other possibilities for further improvements in implant de-
sign and function are on the horizon. Electrical stimulation on
both sides with bilateral cochlear implants, and combined EAS
for persons with some residual hearing, have been mentioned.
These are relatively new approaches, which may well be refined
or optimized for still-higher levels of performance. Some of the
possibilities for such improvements are just now being explored.
Other approaches under investigation—such as reinstatement of
spontaneous-like activity in the auditory nerve [29], represen-
tation of “fine structure” or “fine frequency” information with
implants [30]–[32], or a closer mimicking of the processing that
occurs in the normal cochlea [31], [33]—may also produce im-
provements in performance. These are just some of the possibil-
ities. We fully expect that implants five to ten years from now
will be better than today’s implants.

V. CONCLUDING REMARKS

The performance of some recipients of present-day unilateral
cochlear implants can closely approximate the performance of
subjects with normal hearing across a wide range of measures,
including the most difficult test given in standard audiological
practice. Such performance by patients is achieved with a de-
cidedly crude and sparse representation at the periphery. This
challenges assumptions of hearing theory, that relate to the intri-
cate and exquisite processing in the normal cochlea and auditory
nerve and to the putative functions of that processing. The expe-
rience with cochlear implants bodes well for the development or
further development of other types of sensory prostheses. In par-
ticular, surprisingly crude and sparse representations may also
support high levels of function for other senses.
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Abstract—A simplified cochlear implant (CI) system would be
appropriate for widespread use in developing countries. Here, we
describe a CI that we have designed to realize such a concept. The
system implements 8 channels of processing and stimulation using
the continuous interleaved sampling (CIS) strategy. A generic dig-
ital signal processing (DSP) chip is used for the processing, and
the filtering functions are performed with a fast Fourier transform
(FFT) of a microphone or other input. Data derived from the pro-
cessing are transmitted through an inductive link using pulse width
modulation (PWM) encoding and amplitude shift keying (ASK)
modulation. The same link is used in the reverse direction for back-
ward telemetry of electrode and system information. A custom re-
ceiver-stimulator chip has been developed that demodulates in-
coming data using pulse counting and produces charge balanced
biphasic pulses at 1000 pulses/s/electrode. This chip is encased in
a titanium package that is hermetically sealed using a simple but
effective method. A low cost metal-silicon hybrid mold has been
developed for fabricating an intracochlear electrode array with 16
ball-shaped stimulating contacts.

Index Terms—Auditory prosthesis, cochlear implant system,
continuous interleaved sampling, electrode array, hermetic
package, neural prosthesis, neural stimulation.
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I. INTRODUCTION

Acochlear implant (CI) is a device that can provide a
sense of sound to people who are deaf or profoundly

hearing-impaired. Significant open-set recognition of speech
can be achieved with commercially available multichannel CI
systems [1]–[3]. Indeed, a majority of users can converse over
the telephone for everyday communications.

Although this performance is spectacular, and can enable
users to move from a life of dependence to being strong con-
tributors to society, implants are not available to most of the
world’s deaf and severely hearing impaired people due to the
high cost of these systems. The cost of the implant alone, exclu-
sive of the costs for surgery and rehabilitation, is approximately
$25,000 USD [4]. This is most unfortunate, as approximately
80% of the world’s hearing impaired people live in developing
countries, with highly limited healthcare budgets and wide-
spread poverty. These people, with annual household incomes
that typically range between $500 and $1000 USD—or their
governments—cannot possibly afford the high cost of currently
available implant systems.

This problem was the central theme for a conference held
at Zheng-Zhou, He-Nan, China, in 1993. A team of five North
American experts was invited to participate in the conference.
Following the conference and the knowledge gained from dis-
cussions with their Chinese colleagues, they proposed a de-
sign for a low cost but effective CI system [5], [6]. This de-
sign included a four-channel continuous interleaved sampling
(CIS) processor and four independent sets of transmitting and
receiving coils connected to a four channel intracochlear elec-
trode array. Such a system does not require an active implant
with hermetically packaged electronics and, thus, avoids the
high cost of developing and manufacturing the Integrated Cir-
cuit (IC) and the packaging required for an active implant. A
prototype of the device was built and tested, including tests with
implant patients. Speech test scores were high and comparable
to the best scores obtainable with any device at the time.

Although this design was promising, the four separate pairs of
transmitting and receiving coils were bulky. In addition, voltage
waveforms were used for stimulation rather than constant cur-
rent sources, which are preferred because these sources maintain
stimulation levels across changes in electrode impedance, which
invariably occur with use of the device. A further weakness
of the design in our view was that, without active electronics,
there was no possibility for telemetry from the implanted com-
ponents, including feedback of electrode impedances, integrity
of the receiver coils or connections to the stimulating electrodes.

We thought another attempt at designing a simplified im-
plant system was warranted given: 1) the great need for such
a device; 2) the weaknesses of a prior design as noted above;

0018-9391/$25.00 © 2007 IEEE
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Fig. 1. Block diagram of the CI system. (a) External speech processor, (b) implantable unit.

Fig. 2. Functional block diagram of the signal processing performed within the DSP hardware.

3) the tremendous advances in electronics and in our knowl-
edge about the minimum requirements for a high-performance
implant system that have occurred since that earlier design, now
more than a decade old. We, therefore, initiated such an effort at
the Seoul National University, with the help of two members of
the original group of experts who participated in the conference
in Zheng-Zhou and who were among the designers of the prior
system (authors BSW and SJR).

The purpose of this paper is to describe this novel design.
This design utilizes active electronics in an implanted receiver-
stimulator IC and includes only a single external transmitting
coil paired with a single receiving coil. Additionally, it uses 8
channels of processing and stimulation rather than four. Both the
external and internal components are much more compact than
in the prior design. The new design utilizes modern electronics
and was informed by what is now known about the minimal
requirements for high performance with CIs.

II. METHODS

The CI system consists of an external speech processor, an
implantable unit, and an inductive telemetry link connecting
the two. As shown in Fig. 1(a), the external speech processor
consists of an analog preprocessor and digital signal processing
(DSP) hardware. The implantable unit in Fig. 1(b) consists of
a hermetically packaged receiver-stimulator IC and an intra-
cochlear array of electrodes. The inductive telemetry link con-
sists of circuits and coils for forward transmission of power and
data, and backward transmission of indicators of IC and elec-
trode function.

A. Speech Signal Processing

Results from various studies have shown that increasing
the number of channels in a CI beyond 4-8 does not produce
measurable improvements in speech perception performance
[7]–[9]. Thus, an eight channel system was judged as fully
sufficient to guarantee a high level of speech perception.

The system described here uses an 8-channel CIS processing
strategy [10]. This strategy is the only one that is included in
all currently-available implant systems from the three major
manufacturers, and it has been shown to be at least as effective
as any other strategy now in widespread use. In addition, CIS is
relatively simple to implement compared with other strategies.

The microphone and the external transmitting coil are located
in the headset, which is connected to the speech processor. The
analog preprocessor consists of a high-pass filter to “flatten” the
spectrum of incoming speech [10], a band-pass filter, and an am-
plifier with automatic gain control. The preprocessor stage re-
ceives audio signals from the microphone, or from other audio
sources that are connected via an external input socket. The
high-pass filter has a single pole at 1.2 kHz and the band-pass
filter is a 4th order Butterworth filter with cutoff frequencies of
300 Hz and 8 kHz. The average overall gain of the input stage
(which varies with action of the automatic gain controller) is
45 dB.

We note that adopting a commercially available DSP chip is
a lower cost option than developing a customized DSP chip.
The commercial DSP chip consumes more power than a custom
designed one dedicated to the CI, but it offers more flexibility
and is vetted as fully reliable through extensive and widespread
use.

Fig. 2 shows a functional block diagram of the signal pro-
cessing performed within the DSP hardware. After digitizing
the speech signal, the DSP chip performs frequency analysis
using a fast Fourier transform (FFT). The chip then computes
the average power of each channel by simple summation and
averaging, according to predetermined channel-frequency allo-
cation. Bandpasses for the channels are formed by integration
across FFT bins. As an alternative to the FFT method, dig-
ital filters could have been implemented using an infinite im-
pulse response (IIR) or finite impulse response (FIR) filter with
envelope detection. The FFT approach is more efficient, how-
ever, as the total number of computations is substantially lower
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Fig. 3. Data formats. (a) Data frame for pulse duration and stimulation mode
setting (Frame-A), (b) data frame for stimulation electrode and pulse amplitude
setting, and (c) sequence of data frames for multichannel stimulation.

than in the IIR or FIR approaches. The FFT option also of-
fers flexibility because many functions can be implemented by
simple arithmetic operations [11]. For example, parameters such
as channel-to-frequency allocation, the order of the filter and
overlap of bands between neighboring channels, can be easily
controlled by simply changing the number of FFT samples to
be averaged and their weights.

B. Communication

Pulse width modulation (PWM) encoding and amplitude
shift keying (ASK) modulation and demodulation using pulse
counting, are used for the telemetry system. Three kinds of
bits are encoded as follows: a logical “one” and “zero” are
encoded to have a duty cycle of 75% and 25%, respectively,
and an “end-of-frame (EOF)” bit has a 50% duty cycle. Such an
encoding method allows easier synchronization and decoding
because each bit has a uniform rising edge at its beginning.
According to this bit coding scheme, every bit has a high state,
which is advantageous for uniform radiofrequency (RF) energy
transmission.

Each data frame for forward telemetry consists of 15 bits as
shown in Fig. 3. Each frame can contain different types of in-
formation for controlling the implant, as illustrated. The first
three bits in each frame specify a data mode. The first bit deter-
mines whether the frame is for command or stimulation. The
next two bits describe the operation as one of the following:
duration/stimulation mode, supply voltage check, or impedance
check. In sequences of frames, frame-A defines a stimulation
mode and a pulse duration Fig. 3(a), and frame-B defines one
of sixteen electrode sites and a pulse amplitude for each stimu-
lating channel Fig. 3(b). Prior to the first stimulation, frame-A is
delivered, and then multiple frame-Bs are sequentially delivered
for multichannel stimulation Fig. 3(c). In frame-A, monopolar
and bipoar stimulation modes are encoded to be “00” and “11,”
respectively, and the pulse duration is set according to the three
duration bits. In each frame-B, electrode site number is encoded
with four bits and the stimulation level with eight bits.

Stimulation pulses are presented at the rate of 1000/s/elec-
trode, which requires a sustained transmission data rate of
120 kbps or higher, depending on channel select and pulse du-
ration instructions, in addition to pulse amplitude instructions.

For transcutaneous transmission of PWM encoded data, a
class-E tuned power amplifier with high transmission efficiency
[12]–[14] is used with amplitude shifted keying (ASK) modula-
tion. The carrier frequency is 2.5 MHz. Alternatively frequency
shifted keying (FSK) modulation could have been used, but this
requires more complicated components such as a voltage con-
trolled oscillator and low-pass filters with high power dissipa-
tion [15]–[17].

For demodulation of the ASK signals, an ordinary envelope
detector can be used. However, this method is sensitive to the
distance between the two coils. Instead, we count the number of
RF cycles for a given burst [18], which allows easy discrimina-
tion among 0, 1, or EOF bits. We found that this method is more
reliable and far less sensitive to the coil-to-coil distance than the
envelope detection method.

In the back telemetry system, information about electrode
impedances and receiver-stimulator status such as supply volt-
ages and communication errors are fed back to the DSP chip
using load modulation. To obtain information about electrode
impedances, the receiver/stimulator samples the voltage differ-
ence between an active electrode and a reference electrode (the
remote reference for monopolar stimulation or one of the two
electrodes for bipolar stimulation). This sampled voltage is sent
to the external speech processor via the back telemetry link.
Electrode impedances are calculated in the external processor
using this information. A voltage sampled at a node in the
implant is converted to a proportional pulse duration, during
which the quality factor of the receiver resonant circuit is
reduced [19]. This information is then read using the DSP chip.
Alternatively, we could have included a separate inductive link
for the backward communication using the FSK modulation,
but this would have increased the complexity and size of the
overall implant system.

C. The Receiver-Stimulator Chip

The specialized functions of the receiver/stimulator preclude
the use of a generic chip. A customized chip was, thus, devel-
oped according to our system architecture. The block diagram
of the chip with its peripheral circuit is shown in Fig. 4. Power
and data are received at an implanted coil. This coil has a small
number of turns compared to the external transmitting coil so
that the induced voltage can be lower than a few volts. This small
voltage is then stepped up using a small transformer, and a reg-
ulated supply of power is obtained.

The stimulator consists of a programmable current source and
programmable switches. In the circuit shown in Fig. 5, E1–E16
represent active electrodes in the intracochlear electrode array
while R represents the extra-cochlear reference electrode. By
controlling the on/off status and duration of the switches, we can
easily determine the shape of stimulation pulses and the stimu-
lation mode (monopolar or bipolar). This circuit is designed so
that the biphasic pulse is formed by switching from a single set
of current sources to ensure charge balance. Passage of any dc
current due to the remaining residual charge at the electrodes
is precluded with the use of blocking capacitors between the
(switched) current source and all electrodes. In addition, all of
the active electrodes are grounded between stimulation events,
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Fig. 4. Block diagram of the receiver-stimulator chip with its peripheral circuit.

Fig. 5. Concept diagram of the stimulator.

so any residual charge retained in the blocking capacitors can
be removed.

D. Hermetic Package

The implanted receiver/stimulator IC needs to be protected
from body fluids and mechanical forces. We have developed
a titanium (Ti) package, which consists of a biocompatible Ti
housing, platinum (Pt) feedthroughs, and a ceramic plate. The
feedthroughs connect the electrode array, the reference elec-
trode, and the receiver coil to the receiver-stimulator chip. A
ceramic sintering process is used to fix the feedthroughs in the
ceramic plate that provides electrical isolation.

Brazing and laser welding techniques are employed to
achieve hermetic sealing. A recently developed nano-sized
silicon oxide (SiO ) sol-gel sealing method is used to seal the
micro-gaps between the feedthroughs and the ceramic plate
[20]. In general, SiO can be a good sealant material. However,
the melting point of the covalently bonded SiO crystal is over
1700 making it difficult for use as a sealant material. Recent

processing developments have demonstrated that the melting
point of the SiO can be drastically decreased if it can be made
into nano-sized particles and, and with this its use becomes
practical.

The reliability of implant systems depends strongly on the in-
tegrity and lifetime of the hermetic seal. Indeed, a breach in the
seal has been the failure point for many prior implant systems,
including prior generations of present devices. We believe that
the application of SiO as a sealant will increase the quality and
lifetime of the seal compared with other materials and methods.

E. Intracochlear Electrode Array

Flame formed ball contacts have been employed since the
early stages of cochlear implantation [21], [22]. Such electrodes
are still used in clinical applications and are chosen for use in
this system because they are simpler to fabricate than the foil
type contacts used in some current products.

The electrode array is fabricated in two steps. First, ball-
shaped contacts are formed by melting Pt/iridium (Ir) wires with
an oxygen/acetylene mini-torch. Second, the wires with the at-
tached balls are molded in a silicone elastomer “carrier.” An
electrode fabricated by this method requires minimum process
steps and has no connective junctions between wires and stim-
ulating sites which could be potential sites of failure. Thus, the
fabrication is simpler, highly reliable and less costly compared
with other approaches.

We have further increased the production yield over conven-
tional methods by using a metal-silicon hybrid molding system.
This metal-silicon hybrid mold is composed of a metal base
which holds a micormachined silicon insert. The silicon insert
contains holes to precisely locate Pt/Ir contact balls as shown in
Fig. 6. The silicon insert is very inexpensive and is discarded
after each use to maintain high manufacturing precision. This
method increases yield in the molding process and can con-
tribute to lower cost because the metal part of the mold does
not need to be a high-precision part.

F. Biocompatibility Testing

To verify the biological safety of the implantable unit,
a qualitative cytotoxicity test was conducted based on the
ISO 10993-5 and the USP 24-NF19 standards in the Clinical
Research Institute of Seoul National University Hospital.
NCTC-clone 929 from connective tissues of a 100-day-old
mouse was subcultured for over 16 h in a multiple well plate.
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Fig. 6. Metal-silicon hybrid mold for the molding ball type intracochlear electrode array.

TABLE I
REACTIVITY GRADES FOR ELUTION TEST

Fetal Bovine Serum, Penicilli-Streptomycin and L-glutamine
contained Minimum Essential Medium was used for the
culturing media. The tests consisted of three groups; 1) the
experimental group treated with eluate of the implantable
unit; 2) the negative control group treated with high-density
polyethylene (HDPE) ; 3) the positive control group treated
with dimethyl sulfoxide (DMSO). After 24 h of treatment, cell
reactivity grades were determined for each of the three groups
based on the grading criteria described in Table I.

III. RESULTS

Preliminary testing has demonstrated that the system per-
forms as designed. Fig. 7 shows a set of example waveforms
at various points in the system. The top trace shows a speech
input measured in an output node of the analog preprocessor and
the bottom three traces show stimuli for three of the eight chan-
nels of processing and stimulation with 4.5 resistive loads
connected between active electrode nodes and a reference elec-
trode node, in place of the electrode array. The stimuli are well-

balanced biphasic pulses presented at the rate of 1000/s/elec-
trode. The pulses are interleaved in time across electrodes so
that pulses at any one electrode are not coincident with pulses
for any other electrode, as specified by the CIS strategy [10].
This is illustrated further in the lower panel of Fig. 7, which
shows with an expanded time scale the segment demarked in
the upper panel with the dotted rectangle. The maximum charge
unbalance of a stimulation pulse was measured to be approxi-
mately 180 pC, which was eliminated with the grounding of all
electrodes between stimulation events.

Pulse amplitudes can range from 7.3 to 1.8 mA in 7.3-
steps, and pulse duration can be set from 8.3 to 58.1 in
8.3- steps. Our telemetry circuit delivers digital data reliably
with a coil-to-coil distance of up to 13 mm, with a transmis-
sion bit-error rate of better than 1 10 . The overall current
dissipation of the entire system (including all external and in-
ternal components) is 105 mA. This corresponds to 17 h of con-
tinuous operation using an 1800 mAh lithium-ion rechargeable
battery, which would allow a patient to use the device for a full
day without recharging.
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Fig. 7. Waveforms at various points in the system. Top trace in each panel
shows a speech input measured at an output node of the analog preprocessor,
and the bottom three traces in each panel show stimuli for the three of the eight
channels of stimulation with 4.7 �� resistors as loads. The lower panel shows
the interlacing of stimulus pulses across channels using an expanded time scale.
The segment shown is indicated by the dotted rectangle in the upper panel.

Photographs of the completed external and implanted com-
ponents are shown in Fig. 8. The external speech processor has
a size of including the 1800 mAh
rechargeable battery attached on the back [Fig. 8(a)]. The Ti
metal package for the implanted receiver-stimulator is designed
to be thin and to have a round shape, reducing the stress in-
duced at the skin after implantation. An oval-shaped anchor with
a coarse surface is also made on the bottom of the package for
stable fixation and osseointegration to the skull.

The helium leak rate of the hermetically sealed part was tested
using the methods described under MIL-STD-883E, Method
1014.10. The result of this test is shown in Fig. 9. Fig. 9 also
illustrates micro-gaps surrounding the feedthrough in [Fig. 9,
inset (a)], and the complete filling of these defects with the non-
conductive crystallized SiO layer in [Fig. 9, inset (b)]. The leak
rate of the sol-treated part is less than 1 10 sccs (atm.
cm /s). The resistance between adjacent feedthroughs exceeds
several giga-ohms for all feedthroughs.

A straight array of intracochlear electrodes is shown in
Fig. 10. Sixteen electrodes are used, allowing for up to 16 chan-
nels using monopolar stimulation (with reference to a remote
electrode in the temporalis muscle or at some other distant site)
or up to 8 channels of bipolar stimulation (between adjacent
intracochlear electrodes). The present system is designed to

Fig. 8. Photographs of external (a) and implanted (b) components.

stimulate 8 of the 16 electrodes using the monopolar configu-
ration, with one inactive electrode between each adjacent pair
of active electrodes. The intracochlear segment of the electrode
array inserted into the scala tympani (ST) of the cochlea is
tapered from 0.5 mm at the most apical (distant) part to 0.7 mm
at the basal part. The distance between adjacent electrode sites
is 1.25 mm and the total length of the intracochlear segment is
24.5 mm, which is designed to be inserted 360 into the ST. As
depicted in the inset of Fig. 10, the balls protrude about 130
from the surface of the silicone carrier. The electrode array
has an appropriate stiffness for insertion into the ST [23]. The
impedance of the electrode-electrolyte interface was measured
to be (in phosphate buffered saline, at 1 kHz).
Preliminary results of a collaborative temporal bone study at
the University of California, San Francisco, using previously
developed methods [24], demonstrated that the electrode array
was successfully implanted into the ST of human temporal
bones. In this trial electrodes were inserted to a mean
depth of 360 without significant trauma [25].

The result of the cytotoxicity tests of the implantable unit are
presented in Table II. The positive control group showed mod-
erate reaction of cells and the negative control group showed
no reaction. The observed reactivity of the two control groups
confirm that the cytotoxicity test was performed successfully. In
the experimental group that was treated with eluate of the im-
plantable unit, no significant cellular response was observed.
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Fig. 9. Overall helium leak rate. Insets show micro gaps surrounding a feedthrough (a) and the filling of such gaps with the crystallized SiO material (b).

Fig. 10. Array of intracochlear electrodes. The electrodes are shaped as balls
and protrude slightly from the surface of the silastic carrier, as illustrated in the
inset.

TABLE II
RESULT OF CYTOTOXICITY SCORE TREATED WITH

EXTRACTION OF THE IMPLANTABLE UNIT

IV. DISCUSSION

The system described in this report was developed in a uni-
versity environment as an industrial collaboration program with
a new startup company. It is also based on an international col-
laboration with critical assistance from experts in several areas
of CI system design. There also have been expert advice and
guidance from surgeons and audiologists. These experts do-
nated their invaluable knowledge and time to the effort, with
the hope and expectation that such a system will soon help pro-
foundly hearing impaired people in developing countries who
have been unable to benefit from CI technology due to its high
cost. These were large contributing factors in reducing the cost
of development.

We find that the receiver-stimulator chip, the electrode array,
and the hermetic package are the three most critical components
in the system. The design and manufacturing of these three com-
ponents are key factors in determining the cost, performance,
and reliability of the complete system. Therefore, to control the
price and the quality, we developed each of these parts in house.
With this approach, technological options can be selected that
are simple and incurred lower manufacturing costs whenever
these options do not affect performance or reliability.

In the communication between the receiver-stimulator chip
and the speech processor, various options in encoding, modula-
tion, and demodulation have been considered. PWM encoding,
ASK demodulation, and pulse counting demodulation were se-
lected based on simplicity and low power consumption. One of
the advantages of the pulse counting demodulation is the in-
crease in the allowable distance between the transmitting and
receiving coils. When compared with the conventional envelope
detection method, we observe up to a two-fold increase in the
allowable coil-to-coil distance.

The hermetic package is a critical part that can limit the life-
time of the implant and is a principal contributor to its price.
Sealing of the micro-gaps between the feedthroughs and the in-
sulating ceramic plate is crucial. Conventionally, this is done
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using a brazing method where the local application of filler
metal is critical. The SiO sol-gel used in our method is a vis-
cous liquid and can be liberally dispensed in the area rather than
being applied locally. This makes the process simple and low
cost, while producing a truly outstanding seal.

The electrode array should have mechanical properties that
minimize the probability of trauma during surgical insertion. In
particular, it is crucial that the electrode array have appropriate
stiffness [23], [25]. The temporal bone trials conducted with
these electrodes indicate that a relatively soft array may reduce
the incidence of trauma because the contact pressure between
the electrode array and the cochlear inner wall is reduced [25].
On the other hand, sufficient stiffness is necessary to facilitate
the surgical insertion of the array and to avoid kinking during
this process. In general, the stiffness of electrode arrays for CIs
is determined by metal wires because they have a Young’s Mod-
ulus that is several thousands times higher than that of the sil-
icone carrier [23]. Therefore, without a specific feature to in-
crease stiffness of the apical electrode, the tip of the array will
have very little inherent stiffness, as the number of wires in this
location is minimal. To compensate for this, we used larger di-
ameter wires (with a relatively high stiffness) for making a few
apical stimulating contacts in the array, and thinner wires (with
lower stiffness) for the basal stimulating contacts. In this way,
an appropriate amount of stiffness is maintained throughout the
length of the array. Results from an insertion study using human
cadaver temporal bones demonstrated the full and nontraumatic
insertion of our electrode array [25].

In order to verify the biological safety of the implantable unit,
we performed the cytotoxicity testing with eluate of the im-
plantable unit. The result showed that there was no reaction of
cells, indicating that the material used in the implantable unit
should be well tolerated in vivo.

Long-term implantation tests based on the ISO 10993-6 stan-
dard were also performed. Six implantable units were trans-
planted in New Zealand white rabbits. No inflammation, hem-
orrhage, necrosis, or discoloration in the implanted region of
the subjects has been observed 90 days following implantation,
and these results indicates the gross biocompatibility of the im-
plantable unit.

Speech perception tests with human patients to verify the ef-
fectiveness of the system are in progress, with the cooperation
of the Center for Auditory Prosthesis Research at the Research
Triangle Institute (RTI) in the United States. The data from the
tests now in progress will be presented in a separate publication.
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Abstract—The cochlear implant is the most successful neural
prosthesis to date and may serve as a paradigm for the develop-
ment or further development of other systems to interface sensors
with the nervous system, e.g., visual or vestibular prostheses. This
paper traces the history of cochlear implants and describes how
the current levels of performance have been achieved. Lessons and
insights from this experience are presented in concluding sections.
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I. INTRODUCTION

THE COCHLEAR implant is one of the great success sto-
ries of modern medicine. Just 30 years ago, cochlear im-

plants provided little more than a sensation of sound and sound
cadences. They were useful as an aid to lipreading. Now, a ma-
jority of implant users enjoy high levels of speech recognition
using hearing alone; indeed, many can use the telephone without
difficulty. This is a long trip in a short time, and the restoration of
function–from total or nearly total deafness to useful hearing–is
truly remarkable.

In this paper, we trace this history and indicate how the
present levels of performance have been achieved. The design
of cochlear implants is described in some detail to provide an
example of ways in which sensors can be successfully inter-
faced to the nervous system. Results from studies with implant
patients are presented. In addition, we describe some of the
limitations of present systems and possibilities for overcoming
them. We conclude with a section on the lessons learned from
cochlear implants and how those lessons might inform the
designs of other types of sensory neural prostheses, such as
prostheses for the restoration of vision or balance.
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II. A BRIEF HISTORY

As recently as the early 1980s, many eminent and highly
knowledgeable people believed that cochlear implants would
provide only an awareness of environmental sounds and pos-
sibly speech cadences to their users. Many were skeptical of
implants and thought that mimicking or reinstating the func-
tion of the exquisite machinery in the normal inner ear was a
fool’s dream. Among these critics were world-renowned experts
in otology and auditory physiology. Fortunately, pioneers per-
sisted in the face of this intense criticism and provided the foun-
dations for present devices. Detailed reviews of the early history
of cochlear implants are presented in [1]–[3].

A timeline of assessments in the development of cochlear im-
plants is presented in Table I. These range from frank skepticism
at the beginning to high enthusiasm by 1995.

The first implant of a device for electrical stimulation of the
auditory nerve was performed by Djourno and Eyriès in Paris
in 1957. An induction coil was used, with one end placed on
the stump of the auditory nerve or adjacent brainstem and the
other end within the temporalis muscle (the patient had had
bilateral cholesteatomas which had been removed in prior op-
erations, taking the cochleas and peripheral parts of the audi-
tory nerves with them). The patient used the device for several
months before it failed, and was able to sense the presence of en-
vironmental sounds but could not understand speech or discrim-
inate among speakers or many sounds. In 1961, Dr. William F.
House implanted two patients in Los Angeles, each with single
gold wires inserted a short distance into the (deaf) cochlea. By
1975, more patients had been implanted worldwide, most by
Dr. House, and 13 had functioning, single-channel devices. The
United States National Institutes of Health (NIH) commissioned
a study at that point, to assess the performance of those devices
and to determine whether support by the NIH for the further de-
velopment of cochlear implants would be wise. The report from
the study [4], the “Bilger report,” is a landmark in the field. Its
key conclusion was that “although the subjects could not un-
derstand speech through their prostheses, they did score signif-
icantly higher on tests of lipreading and recognition of envi-
ronmental sounds with their prostheses activated than without
them.” This and earlier assessments are included in Table I.

Shortly after the Bilger report was published, the NIH did
elect to support research and development efforts in the field.
The rapid progress thereafter in the design and performance of
implant systems was in very large part the direct result of this

1530-437X/$25.00 © 2008 IEEE
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TABLE I
A LINE OF PROGRESS

decision. In particular, work supported through the Neural Pros-
thesis Program at the NIH, first directed by Dr. F. Terry Ham-
brecht and later by Dr. William J. Heetderks, produced many
important innovations in electrode and speech processor designs
that remain in use to this day.

In 1988, the NIH convened the first of two consensus develop-
ment conferences on cochlear implants. Multichannel systems–
with multiple channels of processing and with multiple sites of
stimulation in the cochlea–had come into use at that time. The
consensus statement from the 1988 conference [5] suggested
that multichannel implants were more likely to be effective than
single-channel implants, and indicated that about 1 in 20 pa-
tients could carry out a normal conversation without lipreading.
Approximately 3000 patients had received cochlear implants by
1988.

New and highly effective processing strategies for cochlear
implants were developed in the late 1980s and early 1990s, prin-
cipally through the Neural Prosthesis Program. Among these
were the continuous interleaved sampling (CIS) [6], -of- [7],
and spectral peak (SPEAK) [8] strategies. Large gains in speech
reception performance were achieved with these strategies, two
of which remain in widespread use today (CIS and -of- ). A
detailed review of processing strategies and their lines of devel-
opment is presented in [9].

The second NIH consensus development conference was held
in 1995. By then, approximately 12 000 patients had received
implants. A major conclusion from the 1995 conference [10]
was that “a majority of those individuals with the latest speech
processors for their implants will score above 80% correct on
high-context sentences even without visual cues.”

By the middle of 2006, the cumulative number of implants
worldwide exceeded 110 000. This number is orders of magni-
tude higher than the numbers for all other types of neural pros-
theses, including those for restoration of motor or other sensory
functions.

Fig. 1 shows the number of cochlear implants over time, be-
ginning in 1957 with the first implant operation by Djourno and
Eyriès. The growth in numbers since then is exponential.

Fig. 1. Cumulative number of implants across years. Events marked by the dots
include: 1) the first implant operation by Dr. Andre Djourno and Dr. Charles
Eyriès in 1957; 2) the first two implants by Dr. William F. House in 1961;
3) the first implant by Dr. F. Blair Simmons in 1964; 4) the “Bilger Report”
in 1977; 5) the first NIH Consensus Conference on Cochlear Implants in 1988;
6) the second NIH Consensus Conference in 1995; 7) the National Academy of
Sciences report [2] in 1998; and 8) the middle of 2006. Multichannel devices
began to supplant single-channel devices in the early 1980s, and highly effective
processing strategies were introduced into widespread clinical use in the early
1990s, as described in the text. These large steps forward fueled the increasing
acceptance and applications of cochlear implants.

III. DESIGN OF COCHLEAR IMPLANTS

A. Aspects of Normal Hearing

In normal hearing, sound waves traveling through air reach
the tympanic membrane via the ear canal, causing vibrations that
move the three small bones of the middle ear. This action pro-
duces a piston-like movement of the stapes, the third bone in the
chain. The “footplate” of the stapes is attached to a flexible mem-
brane in the bony shell of the cochlea called the oval window.
Inward and outward movements of this membrane induce pres-
sure oscillations in the cochlear fluids, which in turn initiate
a traveling wave of displacement along the basilar membrane
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(BM), a highly specialized structure that divides the cochlea
along its length. This membrane has graded mechanical proper-
ties. At the base of the cochlea, near the stapes and oval window,
it is narrow and stiff. At the other end of the cochlea, near the
apex, the membrane is wide and flexible. These properties give
rise to the traveling wave and to points of maximal response
according to the frequency or frequencies of the pressure oscilla-
tions in the cochlear fluids. The traveling wave propagates from
the base to the apex. For an oscillation with a single frequency,
the magnitude of displacements increases up to a particular point
along the membrane and then drops precipitously thereafter.
High frequencies produce maxima near the base of the cochlea,
whereas low frequencies produce maxima near the apex.

Motion of the BM is sensed by the inner hair cells (IHCs) in the
cochlea,whichareattachedto the topof theBMinamatrixofcells
called the organ of Corti. Each hair cell has fine rods of protein,
called stereocilia, emerging from one end. When the BM moves
at the location of a hair cell, the rods are deflected as if hinged at
their bases. Such deflections in one direction increase the release
of chemical transmitter substance at the base (other end) of the
cells, and deflections in the other direction inhibit the release.
The variations in the concentration of the chemical transmitter
substance act at the terminal ends of auditory neurons, which
are immediately adjacent to the bases of the IHCs. Increases in
chemical transmitter substance increase discharge activity in
the nearby neurons, whereas decrements in the substance inhibit
activity. Changes in neural activity thus reflect events at the
BM. These changes are transmitted to the brain via the auditory
nerve, the collection of all neurons that innervate the cochlea.

The steps described above are illustrated in the top panel of
Fig. 2. This shows a cartoon of the main anatomical structures,
including the tympanic membrane (the curved line in the left
part of the middle ear diagram), the three bones of the middle
ear, the oval window (between the middle and inner ears and
immediately adjacent to the stirrup-shaped stapes bone in the
middle ear), the BM, the IHCs, and the adjacent neurons of the
auditory nerve (which span the dashed line between the inner
ear and the central nervous system).

B. Loss of Hearing

The principal cause of hearing loss is damage to or complete
destruction of the sensory hair cells. Unfortunately, the hair cells
are fragile structures and are subject to a wide variety of insults,
including but not limited to genetic defects, infectious diseases
(e.g., rubella and meningitis), overexposure to loud sounds, cer-
tain drugs (e.g., kanamycin, streptomycin, and cisplatin), and
aging. In the deaf or deafened cochlea, the hair cells are largely
or completely absent, severing the connection between the pe-
ripheral and central auditory systems. The function of a cochlear
prosthesis is to bypass the (missing) hair cells by stimulating di-
rectly the surviving neurons in the auditory nerve.

The anatomical situation faced by designers of cochlear
implants is illustrated in the bottom panel of Fig. 2. The panel
shows a complete absence of hair cells. In general, a small
number of cells may remain for some patients, usually in the
apical (low frequency) part of the cochlea.

Without the normal stimulation provided by the hair cells, the
peripheral part of the neurons–between the cell bodies in the

Fig. 2. Illustrations of anatomical structures in the normal and deafened ears.
Note the absence of sensory hair cells in the deafened ear. Also note the in-
complete survival of spiral ganglion cells and of neural processes peripheral to
cells that are still viable. For simplicity, the illustrations do not reflect the details
of the structures or use a consistent scale for the different structures. (Figure is
from [57] and is used here with the permission of the American Scientist and
Sigma Xi.) (A color version of this figure is available online at http://ieeex-
plore.ieee.org.)

spiral ganglion and the terminals within the organ of Corti–un-
dergo “retrograde degeneration” and eventually die [11]. Fortu-
nately, the cell bodies are far more robust. At least some usually
survive, even for prolonged deafness or for virulent etiologies
such as meningitis [11]–[13]. These cells, or more specifically
the nodes of Ranvier just distal or proximal to them, are the pu-
tative sites of excitation for cochlear implants.

C. Electrical Stimulation of the Auditory Nerve

Direct stimulation of the nerve is produced by currents deliv-
ered through electrodes placed in the scala tympani (ST), one of
three fluid-filled chambers along the length of the cochlea. (The
boundary between the ST and the scala media is formed by the
BM and organ of Corti.) A cutaway drawing of the implanted
cochlea is presented in Fig. 3. The figure shows a partial inser-
tion of an array of electrodes into the ST. The array is inserted
through a drilled opening made by the surgeon in the bony shell
of the cochlea overlying the ST (called a “cochleostomy”) and
close to the base of the cochlea. Alternatively, the array may be
inserted through the second flexible membrane of the cochlea,
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Fig. 3. Cutaway drawing of the implanted cochlea. The electrode array (labeled
“Electrode”) developed at the University of California at San Francisco is il-
lustrated [138]. That array includes eight pairs of bipolar electrodes (or “Con-
tacts”), spaced at 2 mm intervals and with the electrodes in each pair oriented in
an “offset radial” arrangement with respect to the neural processes peripheral to
the ganglion cells in the intact cochlea. Only four of the bipolar pairs are visible
in the drawing, as the others are “hidden” by cochlear structures. This array was
used in the UCSF/Storz and Clarion® 1.0 devices. (Figure is from [13] and is
used here with the permission of Springer-Verlag.).

the round window membrane, which also is close to the basal
end of the cochlea and ST (see drawing).

The depth of insertion is limited by the decreasing lumen of
the ST from base to apex, the curvature of the cochlear spiral,
and an uneven and unsmooth lumen particularly in the apical
region. No array has been inserted farther than about 30 mm, and
typical insertions are much less than that, e.g., 18–26 mm. (The
total length of the typical human cochlea is about 35 mm.) In
some cases, only shallow insertions are possible, such as when
bony obstructions in the lumen impede further insertion.

Different electrodes in the implanted array may stimulate dif-
ferent subpopulations of neurons. As described above, neurons
at different positions along the length of the cochlea respond to
different frequencies of acoustic stimulation in normal hearing.
Implant systems attempt to mimic or reproduce this “tonotopic”
encoding by stimulating basally situated electrodes (first turn of
the cochlea and lower part of the drawing) to indicate the pres-
ence of high-frequency sounds, and by stimulating electrodes at
more apical positions (deeper into the ST and ascending along
the first and second turns in the drawing) to indicate the pres-
ence of sounds with lower frequencies. Closely spaced pairs
of bipolar electrodes are illustrated here, but arrays of single
electrodes that are each referenced to a remote electrode out-
side the cochlea also may be used. This latter arrangement is
called a “monopolar coupling configuration” and is used in all
present-day implant systems that are widely applied worldwide.
(There are three such systems and they constitute more than
99% of the cochlear implant market.)

The spatial specificity of stimulation with a ST electrode most
likely depends on a variety of factors, including the orientation
and geometric arrangement of the electrodes, the proximity of
the electrodes to the target neural structures, and the condition

of the implanted cochlea in terms of nerve survival and ossifica-
tion. An important goal of electrode design is to maximize the
number of largely nonoverlapping populations of neurons that
can be addressed with the electrode array. Present evidence sug-
gests, however, that no more than 4–8 independent sites may be
available using current designs, even for arrays with as many
as 22 electrodes [14]–[19]. Most likely, the number of inde-
pendent sites is limited by substantial overlaps in the electric
fields from adjacent (and more distant) electrodes. The overlaps
are unavoidable for electrode placements in the ST, as the elec-
trodes are sitting in the highly conductive fluid of the perilymph
and additionally are relatively far away from the target neural
tissue in the spiral ganglion. A closer apposition of the elec-
trodes next to the inner wall of the ST would move them a bit
closer to the target cells (see Fig. 3), and such placements have
been shown in some cases to produce an improvement in the
spatial specificity of stimulation [20]. However, a large gain in
the number of independent sites may well require a fundamen-
tally new type of electrode, or a fundamentally different place-
ment of electrodes. The many issues related to electrode design,
along with prospects for the future, are discussed in [20]–[30].

Fig. 3 shows a complete presence of hair cells (in the labeled
organ of Corti) and a pristine survival of cochlear neurons. How-
ever, the number of hair cells is zero or close to it in cases of
total deafness. In addition, survival of neural processes periph-
eral to the ganglion cells (the “dendrites”) is rare in the deafened
cochlea, as noted before. Survival of the ganglion cells and cen-
tral processes (the axons) ranges from sparse to substantial. The
pattern of survival is in general not uniform, with reduced or
sharply reduced counts of cells in certain regions of the cochlea.
In all, the neural substrate or target for a cochlear implant can
be quite different from one patient to the next. A detailed review
of these observations and issues is presented in [13].

D. Components of Cochlear Implant Systems

The essential components in a cochlear prosthesis in-
clude: 1) a microphone for sensing sound in the environment;
2) a speech processor to transform the microphone input into
a set of stimuli for the implanted array of electrodes; 3) a
transcutaneous link for the transmission of power and stimulus
information across the skin; 4) an implanted receiver/stimulator
to decode the information received from the radio-frequency
signal produced by an external coil and then to generate stimuli
using the instructions obtained from the decoded information;
5) a cable to connect the outputs of the receiver/stimulator
to the electrodes; and 6) the array of electrodes. These com-
ponents must work together as a system to support excellent
performance and a weakness in a component can degrade
performance significantly. For example, a limitation in the data
bandwidth of the transcutaneous link can restrict the types and
rates of stimuli that can be specified by the external speech
processor and this, in turn, can limit performance. A thorough
discussion of considerations for the design of cochlear pros-
theses and their constituent parts is presented in [27].

We note that an earlier implant system, the Ineraid® device,
had a percutaneous connector rather than a transcutaneous link.
In addition, several experimental implant systems included per-
cutaneous connectors. Although use of these through-the-skin
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connectors increased the risk of infection, they also provided
direct electrical access to the implanted electrodes from an ex-
ternal speech processor or other stimulating or recording equip-
ment. This access allowed full stimulus control and high-fidelity
recordings of intracochlear evoked potentials. A wide variety of
speech processing strategies was evaluated with subjects having
percutaneous connectors. This was vital for the development
of strategies now in widespread use and for the acquisition of
knowledge about the stimulus-response properties of the elec-
trically stimulated auditory nerve in humans.

E. Transformation of a Microphone Input Into Stimuli for the
Implant

An important aspect of the design for any type of sensory
neural prosthesis is how to transform an input from a sensor
or array of sensors into a set of stimuli that can be interpreted
by the nervous system. The stimuli can be electrical or tactile,
for examples, and usually involve multiple sites of stimulation,
corresponding to the spatial mapping of inputs and representa-
tions of those inputs in the nervous system. One approach to the
transformation—and probably the most effective approach—is
to mimic or replicate at least to some extent the damaged or
missing physiological functions that are bypassed or replaced
by the prosthesis.

Of course, limitations in other parts of the prosthesis system
may restrict what can be done with the transformation. Effects
of limitations in the bandwidth of the transcutaneous link for
cochlear implant systems have been mentioned. Also, a lack
of independence among stimulus sites can greatly reduce the
number of channels of information that can be conveyed to the
nervous system. In such cases, a high number of channels in
processing the input(s) from the sensor(s) would not in general
produce any benefit and might even degrade performance.

For cochlear implants, this part of the design is called the pro-
cessing strategy. As noted previously, advances in processing
strategies have produced quite large improvements in the speech
reception performance of implant patients, from recognition of
a tiny percentage of monosyllabic words with the first strate-
gies and multisite stimulation, for example, to recognition of a
high percentage of the words with current strategies and multi-
site stimulation.

One of the simpler approaches supporting the recent levels of
performance with implants is illustrated in Fig. 4. This is the CIS
strategy, which is used as the default strategy or as a processing
option in all implant systems now in widespread clinical use.

The CIS strategy filters speech or other input sounds into
bands of frequencies with a bank of bandpass filters. Envelope
variations in the different bands are represented at corre-
sponding electrodes in the cochlea with modulated trains of
biphasic electrical pulses. The envelope signals extracted from
the bandpass filters are compressed with a nonlinear mapping
function prior to the modulation, in order to map the wide
dynamic range of sound in the environment (around 90 dB)
into the narrow dynamic range of electrically evoked hearing
(about 10 dB or somewhat higher). The output of each bandpass
channel is directed to a single electrode, with low-to-high chan-
nels assigned to apical-to-basal electrodes, to mimic at least
the order, if not the precise locations, of frequency mapping in

Fig. 4. Block diagram of the CIS strategy. The strategy uses a pre-emphasis
filter (Pre-emp.) to attenuate strong components in speech below 1.2 kHz. The
pre-emphasis filter is followed by multiple channels of processing. Each channel
includes stages of bandpass filtering (BPF), envelope detection, compression,
and modulation. The envelope detectors generally use a full-wave or half-wave
rectifier (Rect.) followed by a low-pass filter (LPF). A Hilbert Transform or a
half-wave rectifier without the low-pass filter also may be used. Carrier wave-
forms for two of the modulators are shown immediately below the two corre-
sponding multiplier blocks (circles with a “x” mark within them). The outputs
of the multipliers are directed to intracochlear electrodes (EL-1 to EL-�), via
a transcutaneous link or a percutaneous connector. (Diagram adapted from [6]
and used here with the permission of the Nature Publishing Group.)

the normal cochlea. The pulse trains for the different channels
and corresponding electrodes are interleaved in time, so that
the pulses across channels and electrodes are nonsimultaneous.
This eliminates a principal component of electrode interaction,
which otherwise would be produced by direct vector summation
of the electric fields from different (simultaneously stimulated)
electrodes. The corner frequency of the low-pass filter in each
envelope detector typically is set at 200 Hz or higher, so that
the fundamental frequencies of speech sounds are represented
in the modulation waveforms. CIS gets its name from the
continuous sampling of the (compressed) envelope signals by
rapidly presented pulses that are interleaved across electrodes.
Between 4 and 22 channels (and corresponding stimulus sites)
have been used in CIS implementations to date.

Other strategies also have produced excellent results. Among
these are the -of- strategy mentioned above, and the advanced
combination encoder (ACE) strategy [31], which is similar in de-
sign and performance to the -of- strategy [9]. The principal
difference between CIS and the -of- or ACE strategies is that
thechanneloutputsare“scanned” in the latter twostrategies tose-
lect the channels with the highest envelope signals prior to each
frame of stimulation across electrodes. Stimulus pulses are deliv-
ered only to the subset of electrodes that correspond to the se-
lected channels. This spectral or channel “peak picking” scheme
is designed, in part, to reduce the density of stimulation while
still representing the most important aspects of the acoustic en-
vironment. The deletion of low-amplitude channels (and associ-
ated stimuli) for each frame of stimulation may reduce the overall
level of masking or interference across electrode and stimulus re-
gions in the cochlea. To the extent that the omitted channels do
not contain significant information, such “unmasking” may im-
prove the perception of the input signal by the patient. In addi-
tion, for positive signal-to-noise ratios ( s), selection of the
highest peaks in the spectra may emphasize the primary speech
signal with respect to the noise. Detailed descriptions of theseand
related processing strategies, along with detailed descriptions of
prior strategies, are presented in [9].
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Fig. 5. Percent correct scores for 55 users of the COMBI 40 implant and the
CIS processing strategy. Scores for recognition of the Hochmair–Schultz–
Moser (HSM) sentences are presented in the top panel, and scores for recogni-
tion of the Freiburger monosyllabic words are presented in the bottom panel.
The solid line in each panel shows the median of the scores, and the dashed and
dotted lines show the interquartile ranges. The data are an updated superset of
those reported in [32], kindly provided by Patrick D’Haese of Med El GmbH, in
Innsbruck, Austria. The experimental conditions and implantation criteria are
described in [32]. All subjects took both tests at each of the indicated intervals
(1, 3, 6, 12, and 24 months) following initial fitting of their speech processors.
Identical scores at a single test interval are displaced horizontally for clarity.
Thus, for example, the horizontal “line” of scores in the top right portion of the
top panel all represent scores for the 24-month test interval. (Figure is from [9]
and is used here with the permission of Whurr Publishing, Ltd.)

IV. PERFORMANCE WITH PRESENT-DAY SYSTEMS

A. Average Performance and Range of Scores

Each of these strategies – CIS, ACE, and -of- – supports
recognition of monosyllabic words on the order of 50% correct
(using hearing alone), across populations of tested subjects (see
[9, Table 2.4]). Variability in outcomes is high, however, with
some patients achieving scores at or near 100% correct and with
other patients scoring close to zero on this most difficult of stan-
dard audiological measures. Standard deviations of the scores
range from about 10% to about 30% for the various studies con-
ducted to date.

Results from a large and carefully controlled study are
presented in Fig. 5. This figure shows scores for 55 users
of the Med El COMBI 40 implant system (Med El GmbH,
Innsbruck, Austria) and the CIS processing strategy. Scores for

Fig. 6. Means and standard errors of the means for 54 of the 55 subjects in
Fig. 5. (One of the subjects did not take the sentence test for the expanded range
of intervals in this Fig. 6.) An additional interval before and two intervals after
those indicated in Fig. 5 were used for the sentence test. (Figure is from [9] and
is used here with the permission of Whurr Publishing, Ltd.)

the Hochmair-Schultz-Moser (HSM) sentences are presented
in the top panel, and scores for recognition of the Freiburger
monosyllabic words are presented in the bottom panel. Results
for five measurement intervals are shown, ranging from one
month to two years following the initial fitting of the speech
processor. The solid line in each panel shows the median of
the individual scores and the dashed and dotted lines show the
interquartile ranges. The data are a superset of those reported
in [32], that include scores for additional subjects at various
test intervals.

Most of the subjects used an 8-channel processor with a pulse
rate of about 1500/s/electrode. Some of the subjects used fewer
channels and a proportionately higher rate. (All processors used
the maximum overall rate of 12 120 pulses/s across electrodes.)

As is evident from the figure, scores are broadly distributed
at each test interval and for both tests. However, ceiling effects
are encountered for the sentence test for many of the subjects,
especially at the later test intervals. At 24 months postfitting,
47 of the 55 subjects score at 75% correct or higher, consistent
with the 1995 NIH Consensus Statement. Scores for recognition
of monosyllabic words are much more broadly distributed, with
only a few subjects scoring 90% correct or higher.

An interesting aspect of the results presented in Fig. 5 is an
apparent improvement in performance over time. This is eas-
iest to see in the lower ranges of scores, e.g., in the steady in-
crease in the lower interquartile lines (the dotted lines) across
test intervals.

Improvements over time are even more evident in plots of
mean scores for sentences and for words, as shown in Fig. 6
for these same data and for additional test intervals for the sen-
tence test. The mean scores increase for both the sentence and
word tests out to twelve months and then plateau thereafter. The
mean scores for the sentence test asymptote at about 90% cor-
rect, and the mean scores for the word test asymptote at about
55% correct. Such results typify performance with the best of
the modern cochlear implant systems and processing strategies,
for electrical stimulation on one side with a unilateral implant.

These results are especially remarkable for the top scorers,
given that only a maximum of eight broadly overlapping sectors
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Fig. 7. Percent-correct scores for implant subject HR4 and for six subjects
with normal hearing. Means and standard errors of the means are shown for
the subjects with normal hearing. Tests included recognition of monosyllabic,
consonant-nucleus-consonant (CNC) words; recognition of City University of
New York (CUNY) sentences; recognition of Hearing in Noise Test (HINT) sen-
tences; recognition of Arizona Biomedical Institute (AzBio) sentences; identi-
fication of consonants (Cons) in an /e/-consonant-/e/ context; identification of
vowels (Vowels) in a /b/-vowel-/t/ context; and recognition of CUNY and AzBio
(Az) sentences presented in competition with a four-talker babble, at the indi-
cated speech-to-babble ratios (�� or ��� dB). (Figure is from [33] and is used
here with the permission of the IEEE.)

of the auditory nerve are stimulated with this device and the im-
plementation of CIS used with it. This number is quite small in
comparison to the normal complement of approximately 30 000
neurons in the human auditory nerve.

The results also show a learning or accommodation effect,
with continuous improvements in scores over the first 12 months
of use. This suggests the likely importance of brain function
in determining outcomes, and the reorganization or “knitting”
(brain plasticity) that must occur to utilize such sparse inputs to
the maximum extent possible.

B. Top Performers

The top performers with present-day cochlear implants can
achieve remarkably high scores in tests of speech recognition.
Scores for one such subject, implant subject HR4, are shown
in the black bars in Fig. 7 for a comprehensive and difficult
set of tests. Mean scores for six undergraduate students with
normal hearing and taking the same tests are shown in the gray
bars, along with the standard error of the mean for each test.
HR4 was totally deaf prior to receiving his implant. The tests
included recognition of monosyllabic, consonant-nucleus-con-
sonant (CNC) words (50 items); recognition of City University
of New York (CUNY) sentences (24 sentences and approxi-
mately 200 words, depending on the lists used for each subject);
recognition of Hearing in Noise Test (HINT) sentences (250
sentences and 1320 words, presented in quiet); recognition of
Arizona Biomedical Institute (AzBio) sentences (40 sentences
and approximately 270 words, depending on the lists used);
identification of 20 consonants in an /e/-consonant-/e/ context
(with 5 repetitions of the 20 in randomized orders); identifica-
tion of 13 computer-synthesized vowels in a /b/-vowel-/t/ con-
text (with 5 repetitions of the 13 in randomized orders); and

recognition of CUNY and AzBio sentences presented in com-
petition with a four-talker babble, at the speech-to-babble ratio
( ) of dB for the CUNY sentences and that ratio and

dB for the AzBio sentences. Further details about the sub-
jects, tests, and testing procedures are presented in [33].

Fig. 7 shows a spectacular restoration of function for a user
of a sensory neural prosthesis. All of the scores for HR4 are
high. His scores for speech material presented in quiet, including
words, sentences, consonants, and vowels, match or closely
approximate the scores for the control group. His score for the
most difficult test used in standard clinical practice, recognition
of the monosyllabic CNC words is 100% correct. In contrast,
some of his scores for sentences presented in competition with
speech babble are worse than normal. Although his score for the
CUNY sentences at the of dB is 98% correct, his scores
for the AzBio sentences at the s of dB and dB are
below those of the normal-hearing subjects. In all, HR4 scored
at or near the ceiling of 100% correct for seven of the nine tests,
and he attained scores of 77% correct or better for the remaining
two tests. (The subjects with normal hearing scored at or near the
ceiling for all nine tests.) HR4 scored at the ceiling for all tests
given in standard clinical practice to identify deficits in hearing.
His results indicate a full restoration of clinically-normal func-
tion, at least for speech reception. He used a 16-channel CIS
processor, as implemented in the Clarion® CII cochlear pros-
thesis (Advanced Bionics Corp., Sylmar, CA, USA) [34]. This
prosthesis also includes a high-bandwidth transcutaneous link,
current sources with short rise and fall times, an array of 16
intracochlear electrodes, and (in the version used) a positioning
device to place the electrodes next to the inner wall of the ST.

Such high scores overall are consistent with HR4’s ability to
communicate with ease in most listening situations. He has no
difficulty at all in telephone communications. He can understand
conversations not directed to him and can identify speakers by
regional dialect. He can mimic voices and accents that he has
heard only after receiving the implant. His speech reception
abilities are truly remarkable, abilities that could not have been
imagined 20 years ago, even by the most-optimistic proponents
of cochlear implants.

Other patients, using this and other implant systems, and
also other processing strategies (including the -of- and ACE
strategies), have achieved similarly high scores. For example,
one of the subjects in Fig. 5 achieved a score of 98% correct in
the Freiburger monosyllabic word test at the two-year interval.
This subject used a COMBI 40 implant system, with its eight
channels of CIS processing and eight sites of stimulation. This
system also has a high-bandwidth transcutaneous link and
current sources with short rise and fall times. It does not include
a positioning device; nor do other versions of the Clarion
prosthesis or other implant systems, that also support stellar
scores for some patients.

Although more than a few patients have achieved scores like
those shown in Fig. 7, most patients have lower scores, typically
much lower scores for the difficult tests, as also indicated in the
lower panel of Fig. 5. However, the results obtained with HR4
and his peers are an existence proof of what is possible with
electrical stimulation of the auditory nerve in a totally deafened
ear.
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V. STRENGTHS AND LIMITATIONS OF PRESENT SYSTEMS

A. Efficacy of Sparse Representations

Some patients achieve spectacularly high scores with
present-day cochlear implants. Indeed, their scores are in the
normal ranges even for the most difficult of standard audio-
logical tests. Such results are both encouraging and surprising
in that the implants provide only a very crude mimicking of
only some aspects of the normal physiology. In cases like that
of patient HR4, 16 overlapping sectors of the auditory nerve
are stimulated with 16 intracochlear electrodes. In other cases,
other patients have achieved similarly high scores with 6–8
sites of stimulation in the cochlea, as noted above. The spatial
specificity of stimulation with implants is much lower than
that demonstrated in neural tuning curves for normal hearing
[35], especially for monopolar stimulation, which is used in
all present-day systems. Such broad and highly overlapping
activation of the nerve most likely limits the number of per-
ceptually separable channels to 4–8, even if more than eight
electrodes are used, as also noted before. The information
presented through the implant is limited to envelope variations
in the 16 or fewer frequency bands for these patients. (Similar
numbers apply for patients also achieving high scores but using
processing strategies other than CIS.) For HR4 and others,
the upper frequency of envelope variations has been set at
200–700 Hz [9], e.g., by using a cutoff frequency in the range
of 200–700 Hz for the low-pass filters in the envelope detectors
shown in Fig. 4. A substantial fraction of this information may
be perceived by the better patients [36]–[38], and whatever is
perceived is sufficient for high levels of speech recognition.

The performance achieved by HR4 and the others like him
brings into question the significance for speech reception of the
intricate processing, and the interplay between and among pro-
cessing steps, that occur in the normal cochlea. The details of
the traveling wave of mechanical displacements along the BM
in response to acoustic stimuli [39], and the spatial sharpening
of the membrane response by active processes at the outer hair
cells (OHCs) [39], [40], are not necessary for effective represen-
tations of speech information. Also, the noninstantaneous com-
pression function at the synapses between the IHCs and single
fibers of the auditory nerve [41] is not necessary. Additional
aspects of normal hearing that are not replicated with implants
include multiple stages of compression (at the BM/OHC com-
plex, at the IHCs, and at the IHC/neuron synapses); effects of
efferent action on the OHCs and other structures in the cochlea
[42]; the broad distributions of thresholds for the multiple af-
ferent fibers innervating each IHC [43]; and effects of sponta-
neous activity in the nerve [44], which is absent or largely absent
in the deafened ear [45]–[47]. Despite these many missing steps
or severed connections, cochlear implants can restore clinically
normal function in terms of speech reception for some patients.
This is remarkable.

B. Variability in Outcomes

One of the major remaining problems with cochlear implants
is the broad distribution of outcomes, especially for difficult
tests and as exemplified in the bottom panel of Fig. 5. That is,
patients using exactly the same implant system–with the same

speech processor, transcutaneous link, implanted receiver/stim-
ulator, and implanted electrode array–can have scores ranging
from the floor to the ceiling for such tests. Indeed, only a small
fraction of patients achieve the spectacularly high scores dis-
cussed above.

C. Likely Importance of Cortical Function

Accumulating and compelling evidence is pointing to differ-
ences in cortical or auditory pathway function as a likely con-
tributor to the variability in outcomes with cochlear implants.
On average, patients with short durations of deafness prior to
their implants fare better than patients with long durations of
deafness [48]. This may be the result of sensory deprivation
for long periods, which adversely affects connections between
and among neurons in the central auditory system [49] and may
allow encroachment by other sensory inputs of cortical areas
normally devoted to auditory processing (this encroachment is
called “cross-modal plasticity,” see [50] and [51]). Although one
might think that differences in nerve survival at the periphery
could explain the variability, either a negative correlation or no
relationship has been found between the number of surviving
ganglion cells and prior word recognition scores, for deceased
implant patients who in life had agreed to donate their tem-
poral bones (containing the cochlea) for postmortem histolog-
ical studies [52]–[55]. In some cases, survival of the ganglion
cells was far shy of the normal complement, and yet these same
patients achieved high scores in monosyllabic word tests. Con-
versely, in some other cases, survival of the ganglion cells was
excellent, and yet these patients did not achieve high scores on
the tests. Although some number of ganglion cells must be re-
quired for the function of a cochlear implant, this number ap-
pears to be small. Above that putative threshold, the brains of the
better-performing patients apparently can utilize a sparse input
from even a small number of surviving cells for high levels of
speech reception.

Similarly, it seems likely that representation of speech sounds
with the cochlear implant needs to be above some threshold
in order for the brain to utilize the input for good speech re-
ception. Single-channel implant systems did not rise above this
second putative threshold; nor did prior processing strategies
for multichannel implants. The combination of multiple sites
of stimulation in the cochlea (at least 6–8), relatively new pro-
cessing strategies such as the CIS, -of- , and ACE strategies,
and some minimum survival of ganglion cells is sufficient for a
high restoration of function in some patients. Those patients are
likely to have intact “auditory brains” that can utilize these still
sparse and distorted inputs, compared with the inputs the brain
receives from the normal cochlea.

Other patients may not have the benefit of normal or nearly
normal processing central to the auditory nerve. The effects of
auditory deprivation for long periods have been mentioned. In
addition, the brains of children become less “plastic” or adapt-
able to new inputs beyond their third or fourth birthdays. This
may explain why deaf children implanted before then generally
have much better outcomes than deaf children implanted at age
five and older [50], [56], [57].

The brain may be the “tail that wags the dog” in determining
outcomes with present-day cochlear implants. The brain “saves
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us” in achieving high scores with those implants, in somehow
utilizing a crude and sparse and distorted representation at the
periphery. In addition, strong learning or accommodation ef-
fects–over long periods ranging from about three months to a
year or more–indicate a principal role of the brain in reaching
asymptotic performance with implants (see Fig. 6). Multiple
lines of evidence further indicate or suggest that impairments
in brain function–including damage to the auditory pathways in
the brainstem, or compromised function in the areas of cortex
normally devoted to auditory processing, or reduced cortical
plasticity, or cross-modal plasticity–can produce highly delete-
rious effects on results obtained with cochlear implants.

D. Likely Importance of Electrode Designs

Present designs and placements of electrodes for cochlear
implants do not support more than 4–8 effective sites of
stimulation, or effective or functional channels, as described
in Section III-C above. Contemporary cochlear implants use
between 12 and 22 intracochlear electrodes, so the number of
electrodes exceeds the number of effective channels (or sites of
stimulation) for practically all patients and for all current de-
vices. The number of effective channels depends on the patient
and the speech reception measure to evaluate performance.
For example, increases in scores with increases in the number
of active electrodes generally plateau at a lower number for
consonant identification than for vowel identification. (This
makes sense from the perspective that consonants may be
identified with combinations of temporal and spectral cues,
whereas vowels are identified primarily or exclusively with
spectral cues, that are conveyed through independent sites of
stimulation.) Patients with low speech reception scores gener-
ally do not have more than four effective channels for any test,
whereas patients with high scores may have as many as eight
or slightly more channels depending on the test (e.g., [18] and
[58]).

Results from studies using acoustic simulations of implant
processors and subjects with normal hearing indicate that a
higher number of effective channels or sites of stimulation for
implants could be beneficial. Dorman et al. found, for example,
that with the simulations and normal-hearing subjects, as many
as ten channels are needed to reach asymptotic performance
(for difficult tests) using a CIS-like processor [59]. Other
investigators have found that even more channels are needed
for asymptotic performance, especially for difficult tests such
as identification of vowels or recognition of speech presented
in competition with noise or a multi-talker babble [18], [60].
For example, Friesen et al. found that identification of vowels
for listeners with normal hearing continued to improve with
the addition of channels in the acoustic simulations up to the
tested limit of 20 channels, for vowels presented in quiet and at
progressively worse speech-to-noise ratios out to and including

dB [18].
Large improvements in the performance of cochlear implants

might well be obtained with an increase in the number of effec-
tive sites of stimulation, which would help narrow the gap be-
tween implant patients and subjects with normal hearing. This
gap is especially wide for the many patients who do not have
more than four functional channels across wide ranges of speech

reception measures. Just a few more channels for the top per-
formers with implants would almost without doubt help them in
listening to speech in demanding situations, such as speech pre-
sented in competition with noise or other talkers. An increase in
the number of functional channels for patients presently at the
low end of the performance spectrum could improve their out-
comes substantially.

A highly plausible explanation for the limitation in effective
channels with implants is that the electric fields from different
intracochlear electrodes strongly overlap at the sites of neural
excitation (e.g., [58] and [61]). Such overlaps (or electrode in-
teractions) may well impose an upper bound on the number of
electrodes that are sufficiently independent to convey percep-
tually separate channels of information. In addition, a central
processing deficit may contribute to the limitation, perhaps es-
pecially for patients with low speech reception scores and (usu-
ally) a relatively low number of effective channels.

A problem with ST implants is that the electrodes are rela-
tively far from the target tissue (the spiral ganglion), even for
placements of electrodes next to the inner wall of the ST. Close
apposition of the target and the electrode is necessary for a high
spatial specificity of stimulation [62]. One possibility for pro-
viding a close apposition is to promote the growth of neurites
from the ganglion cells toward the electrodes in the ST with
controlled delivery of neurotrophic drugs into the perilymph
[63]–[66]. Such growth of neurites would bring the target to
the electrodes. Another possibility is to implant an array of
electrodes directly within the auditory nerve (an intramodiolar
implant), through an opening made in the basal part of the
cochlea [24]–[26], [28]–[30]. In this case, the electrodes would
be placed immediately adjacent to axons of the auditory nerve.
Studies are underway to evaluate each of these possibilities,
including safety and efficacy studies. Results from studies to
evaluate the intramodiolar implant have demonstrated that it is
feasible and that the number of independent sites of stimulation
with that implant may be substantially higher than the number
for ST implants [29], [30].

E. Recent Advances

Two recent advances in the design and performance of
cochlear implants are: 1) electrical stimulation of both ears
with bilateral cochlear implants and 2) combined electric and
acoustic stimulation (EAS) of the auditory system for persons
with residual hearing at low frequencies. Bilateral electrical
stimulation may reinstate at least to some extent the interaural
amplitude and timing difference cues that allow people with
normal hearing to lateralize sounds in the horizontal plane and
to selectively “hear out” a voice or other source of sound from
among multiple sources at different locations. Additionally,
stimulation on both sides may allow users to make use of the
acoustic shadow cast by the head for sound sources off the
midline. In such cases, the may well be more favorable
at one ear compared with the other for multiple sources of
sound, and users may be able to attend to the ear with the better

. Combined EAS may preserve a relatively normal hearing
ability at low frequencies, with excellent frequency resolution
and other attributes of normal hearing, while providing a com-
plementary representation of high-frequency sounds with the
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cochlear implant and electrical stimulation. Various surgical
techniques and drug therapies have been developed to preserve
low-frequency hearing in an implanted cochlea, including
deliberately shallow insertions of the electrode array (6, 10,
or 20 mm) so as not to damage the apical part of the cochlea
and remaining hair cells there; insertion of the electrode array
through the round window membrane rather than through a
cochleostomy to eliminate deleterious effects of drilling (loud
and possibly damaging levels of noise, introduction of blood
and bone dust into the perilymph, possible damage to delicate
cochlear structures such as the BM); use of “soft surgery”
techniques to minimize trauma; use of thin and highly flex-
ible electrodes; use of a lubricant such as hyaluronic acid to
facilitate insertion of the array; and use of corticosteroids and
other drugs to help preserve cochlear structures in the face
of surgical manipulations and the introduction of a foreign
body into the inner ear. Moderate-to-excellent preservation of
residual hearing has been reported using the shallow insertions
and some or all of the additional procedures and techniques
just mentioned [67]–[80]. Among the tested methods, insertion
through the round window for placement of 20 mm arrays or
use of shorter arrays have produced especially good results
[77], [80]–[82]. The “soft surgery” methods also have been
identified as important (e.g., [76] and [83]). Studies aimed at
the further development of surgical techniques, adjunctive drug
therapies, and special electrode arrays are in progress; both
short- and long-term preservation of residual hearing in an
implanted cochlea remain as major challenges and concerns.

Each of these approaches–bilateral electrical stimulation and
combined EAS–has produced large improvements in speech re-
ception performance compared with control conditions. In par-
ticular, bilateral stimulation can provide a substantial benefit
in recognizing difficult speech materials such as monosyllabic
words and in recognizing speech presented in competition with
spatially distinct noise, in comparison to scores obtained with ei-
ther unilateral implant alone [38], [84]–[100]. In addition, use of
both implants supports an improved ability to lateralize sounds,
again compared with either unilateral implant [86], [89], [90],
[92], [93], [97], [98], [100]–[105]. (This ability is nonexistent
or almost nil with a unilateral implant.) Combined EAS also
provides a substantial benefit for listening to speech in noise or
in competition with a multi-talker babble, compared with either
electric stimulation only or acoustic stimulation only [38], [67],
[68], [70], [71], [73], [75]–[79], [106]–[110]. Indeed, in some
cases the score for combined EAS is greater than the sum of the
scores for the electric-only and acoustic-only conditions. This
has been described as a synergistic effect [38], [71], [75], [106],
[111]. In addition, identification of melodies and reception of
musical sounds is greatly improved with combined EAS com-
pared with electric stimulation alone [73], [78], [109], [112],
[113]. (Scores with acoustic stimulation alone closely approx-
imate the scores with combined EAS, for melody and music
reception.)

These gains from bilateral electrical stimulation most likely
arise from the head shadow effect and a partial or full restoration
of the binaural difference cues, as suggested above. In addition,
gains may result from a “binaural summation” effect that is pro-
duced in normal hearing by redundant stimulation on the two

sides. Detailed descriptions of these various contributors to an
overall binaural benefit for normal hearing and possible contrib-
utors for prosthetic hearing are presented in [38]. The evidence
to date indicates that almost all recipients of bilateral cochlear
implants benefit from the head shadow effect and that some ben-
efit from: 1) the binaural squelch effect that is made possible
with presentation and perception of the binaural timing-differ-
ence cue; 2) the binaural summation effect; or 3) both. The
largest contributor to improvements in listening to speech pre-
sented in competition with spatially distinct noise is the head
shadow effect, which is a physical effect that is present and can
be utilized whether or not the binaural processing mechanism in
the brainstem is intact.

In addition to these binaural effects that occur in normal
hearing and to a variable extent in prosthetic hearing, electric
stimulation on both sides may help fill “gaps” in the representa-
tion of frequencies on one side–due to uneven survival of spiral
ganglion cells along the cochlear spiral–with complementary
excitation of surviving neurons at the same frequency place
on the contralateral side. For example, a lack of input to the
central nervous system (CNS) at the 5 kHz position on one side
may be at least partly bridged or compensated by stimulation of
remaining neurons at the 5 kHz position in the other ear. This
mechanism and the binaural summation effect may underlie
the large improvements observed with bilateral implants for
the recognition of difficult speech material presented from in
front of the subjects and without any interfering noise, where
the interaural difference cues and the head shadow effect do
not come into play. The mechanism also may contribute to
the good results observed for other conditions, in which the
difference cues and the head shadow effect are also present.

A further possible mechanism contributing to the observed
benefits of bilateral electric stimulation is a higher number of
effective channels. Bilateral implants, in general, provide a dou-
bling or near doubling of physical stimulus sites, compared with
either unilateral implant alone. This may provide some gain in
the number of effective channels, especially in cases of uneven
nerve survival across the two sides, where stimulation of an area
on one side that is “dead” on the other side may add an effective
channel. As noted before, even a small gain in the number of ef-
fective channels could produce a large benefit, particularly for
patients who otherwise would have low levels of performance
and particularly for reception of difficult speech materials or for
listening to speech in adverse conditions.

An example of findings from studies with recipients of
bilateral implants is presented in Fig. 8. These results are
from studies conducted by Müller and coworkers at the
Julius–Maximilians Universität in Würzburg, Germany [87].
Nine subjects participated. The left and middle columns of
panels show individual and average scores for the recognition
of sentences presented in competition with speech-spectrum
noise at the of dB and with the sentences presented
through a loudspeaker in front of the subject and the noise
presented through a loudspeaker to the right of the subject
(left column) or to the left of the subject (middle column). The
right column shows results for the recognition of monosyllabic
words in quiet, presented from the loudspeaker in front of
the subject. For the sentence tests, the difference in scores
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Fig. 8. Results from studies conducted by Müller et al. with nine recipients of bilateral cochlear implants [87]. The top panels show speech reception scores for the
individual subjects, and the bottom panels show the means and standard errors of the means. The left and middle columns of panels show results for identification
of words in Hochmair–Schultz–Moser (HSM) sentences presented in competition with CCITT speech-spectrum noise, at the speech-to-noise ratio of��� dB. The
right column shows results for recognition of Freiburg monosyllabic words presented in quiet. Each panel shows scores obtained with the right implant only, both
implants, and the left implant only. Speech was presented from a loudspeaker 1 m in front of the subject for all tests, and noise was presented from a loudspeaker 1 m
to the right of the subject for the tests depicted in the left column, and from a loudspeaker 1 m to the left of the subject for the tests depicted in the middle column.
The highlighted area indicates the efficacy of bilateral stimulation even for conditions without interfering noise and in the absence of binaural difference cues.
(Figure is from [38] and is used here with the permission of the Annual Reviews.) (A color version of this figure is available online at http://ieeexplore.ieee.org.)

for the left implant only versus the right implant only shows
the magnitude of the head shadow benefit, which is large (see
lower-left and lower-middle panels). For these same tests, the
difference in scores for the bilateral condition versus the score
for the single implant at the side opposite to the noise source
shows the magnitude of a “binaural processing benefit,” which
is a combination of binaural squelch, binaural summation,
and possibly other effects. This binaural processing benefit is
smaller than the head shadow benefit but still significant. For
the word test (right column), the difference in scores between
the bilateral condition and either of the unilateral conditions
may be attributable to a binaural summation effect, or a filling
of gaps in nerve survival across the two sides, or a principal
contribution from the better of the two ears, or a higher number
of effective channels, or some combination of these, for the
bilateral condition. The improvement obtained with stimulation
on both sides is large, comparable to the head shadow benefits
demonstrated by the results from the sentence tests. This im-
provement is larger than what would be expected from binaural
summation effects alone.

The gains from combined EAS may arise from a normal or
nearly normal input to the CNS for low-frequency sounds from

the acoustic stimulation, in conjunction with a crude represen-
tation of high-frequency sounds from the electric stimulation
with a partially inserted cochlear implant. The CNS apparently
is able to integrate these seemingly disparate inputs into a
single auditory percept, that is judged as sounding natural and
intelligible. The likely ability to separate different “auditory
streams” on the basis of different fundamental frequencies (and
trajectories of fundamental frequencies) for different sounds
may at least in part underlie the large advantages produced
with combined EAS compared with electric stimulation only
[77], [108], [109], [114], [115]. In particular, these fundamental
frequencies (and one or more of their first several harmonics)
occur at low frequencies and are within the range of residual
hearing for most if not all users of combined EAS, i.e., below
500–1000 Hz. Perception and utilization of fine frequency
differences in this range may allow an effective separation of
a signal from interfering sounds. Also, the likely ability to
“track” low frequencies almost certainly underlies the large
improvements in melody recognition and music reception that
have been reported (e.g., [113]).

Each of these relatively new approaches utilizes or reinstates
a part of the natural system. Two ears are better than one, and
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use of even a part of normal or nearly normal hearing at low
frequencies can provide a highly significant advantage.

F. Possibilities for Further Improvements

Tremendous progress has been made in the design and perfor-
mance of cochlear prostheses. However, much room remains for
improvements. Patients with the best results still do not hear as
well as listeners with normal hearing, particularly in demanding
situations such as speech presented in competition with noise or
other talkers. Users of standard unilateral implants do not have
much access to music and other sounds that are more complex
than speech. Most importantly, speech reception scores still vary
widely across patients for relatively difficult tests, such as recog-
nition of monosyllabic words, with any of the implant systems
now in widespread use.

Fortunately, major steps forward have been made recently and
many other possibilities for further improvements in implant de-
sign and function are on the horizon. Electrical stimulation on
both sides with bilateral cochlear implants, and combined EAS
for persons with some residual hearing, have been mentioned.
These are new approaches, which may well be refined or opti-
mized for still higher levels of performance. Some of the pos-
sibilities for such improvements are just now being explored,
including development and evaluation of surgical techniques
and adjunctive therapies aimed at the preservation of residual
hearing in an implanted cochlea. In addition, other approaches–
such as reinstatement of spontaneous-like activity in the au-
ditory nerve [116], representation of “fine structure” or “fine
frequency” information with novel patterns of electric stimuli
[117]–[119], or a closer mimicking of the processing that oc-
curs in the normal cochlea [118], [120] – may also produce im-
provements in performance, especially for patients with good or
relatively good function in the central auditory pathways and in
the cortical areas that process auditory information.

Further improvements for all patients might be produced by
somehow increasing the number of effective channels supported
by cochlear implants. Several possibilities for this have been
mentioned, including intramodiolar implants and drug-induced
growth of neurites toward the electrodes of ST implants. An addi-
tional possibility is to regard bilateral implants as a collection of
many stimulus sites and to choose for activation the perceptually
separable sites among them. Alternatively, one might “interlace”
stimulus sites across the two sides, where the most basal region of
one cochlea is stimulated on one side, the next most basal region
on the other side, the next most basal region on the first side, and
so forth until the full tonotopic map is spanned. In this way, all
the frequencies would be represented but the distance between
active electrodes in each implant would be doubled, which would
in turn reduce the interactions among them, compared with
stimulation of adjacent electrodes. These different ways of using
bilateral implants have the potential to increase the number of
effective channels [38], [121], but almost certainly at the cost of
diminishing or eliminating a useful representation of the binaural
difference cues. This may be a good tradeoff for some patients.

Each of the approaches described above is aimed at im-
proving the representation at the periphery. A fundamentally
new approach may be needed to help those patients presently at
the low end of the performance spectrum, however. They may

have compromised “auditory brains” as suggested above and
by many recent findings. For them, a “top-down” or “cognitive
neuroscience” approach to implant design may be more effec-
tive than the traditional “bottom-up” approach. In particular,
the new (top-down) approach would ask what the compromised
brain needs as an input in order to perform optimally, in contrast
to the traditional approach of replicating insofar as possible the
normal patterns of activity at the auditory nerve. The patterns
of stimulation specified by the new approach are quite likely
to be different from the patterns specified by the traditional
approach.

A related possibility that may help all patients at least to some
extent is directed training to encourage and facilitate desired
plastic changes in brain function (or, to put it another way, to
help the brain in its task to learn how to utilize the inputs from
the periphery provided by a cochlear implant). Such training,
if well designed, may shorten the time needed to reach asymp-
totic performance and may produce higher levels of auditory
function at that point and beyond. The ideal training procedure
for an infant or young child may be quite different from the
ideal procedure for older children or adults due to differences
in brain plasticity. For example, the “step size” for increments
in the difficulty of a training task may need to be much smaller
for adults than for infants and young children [122]. However,
all patients may benefit from appropriately designed procedures,
that respect the differences in brain plasticity according to age.

The brain is a critical part of a prosthesis system. For patients
with a fully intact brain, the “bottom-up” approach to implant
design probably is appropriate, i.e., an ever-closer approxima-
tion to the normal patterns of neural discharge at the periphery
is likely to provide the inputs that the brain “expects” and is
configured to receive and process. For patients with a compro-
mised brain, such inputs may not be optimal. In those cases,
a “top-down” approach to implant design, or a combination of
“top-down” and “bottom-up” approaches, may produce the best
results. For example, a “top-down” approach combined with
techniques to minimize electrode interactions at the periphery
may be especially effective for patients presently shackled with
poor outcomes.

VI. INTERFACING SENSORS WITH THE NERVOUS SYSTEM

The full restoration of clinically normal function with a
cochlear implant, as demonstrated by the findings for subject
HR4 (Fig. 7) and others like him, bodes well for the develop-
ment of other types of sensory neural prostheses. In particular,
a sparse and distorted representation at the periphery may be
sufficient for restoration of high levels of function for other
sensory inputs as well, e.g., visual or vestibular inputs. As
with cochlear implants, a putative threshold of the amount and
quality of information in the peripheral representation may
need to be exceeded before good outcomes can be achieved.
However, this threshold may be quite low and a full replication
of the exquisite and complex machinery at the periphery is
certainly not necessary for the restoration of useful hearing and
may not be necessary for the restoration of other senses either.

That said, reproduction of some aspects of the normal phys-
iology is likely to be important. In cochlear implants, for ex-
ample, a crude replication of the normal tonotopic representa-
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tion of frequencies–with multichannel processing strategies and
with multiple (and perceptually separable) sites of stimulation
in the cochlea–was necessary to achieve high levels of perfor-
mance. Perhaps a topographic representation would work well
for a visual prosthesis, as has been suggested (e.g., [123]–[133]).
As with cochlear implants, we expect some threshold of resolu-
tion in the stimulation will need to be exceeded for good func-
tion, and that the difficult problems of electrode interactions will
need to be addressed for useful restoration of vision and other
senses. However, the threshold may be surprisingly low. (A low
threshold may be essential for a successful visual prosthesis, as
the optic nerve has 1.2 million ganglion cells and associated
axons, that receive inputs from 125 million photoreceptors in
the retina. These numbers are substantially higher than the cor-
responding numbers for the cochlea, e.g., 1.2 million neurons
in the optic nerve versus 30 000 neurons in the auditory nerve.
The complexity of the retina and strategies for electrical stimu-
lation using epiretinal or subretinal arrays, or electrical stimula-
tion at more central sites in the visual pathway, are discussed in
[123]–[127], [131], and [134]–[137].)

In addition, an intact or largely intact brain may well be a pre-
requisite fora topographicrepresentationtowork,at least initially
and without training. Further, effects of cross-modal plasticity
may preclude a good outcome with any type of sensory neural
prosthesis, although a training approach has been proposed to
mitigate or even possibly reverse these effects [125], [126].

An important consideration in the design of sensory neural
prostheses is to regard the brain as a key part of the overall system.
The brain of the user should be respected for what it does, and
the design should foster a partnership between the brain and the
prosthesis, perhaps with communications in both directions, i.e.,
from the brain to the prosthesis as well as from the prosthesis
to the brain. Indeed, this was a principal theme of the Smart
Prosthetics conference held at the Beckman Center, University
of California, Irvine, in November 2006 and sponsored by the
Keck Foundation and National Academies Futures Initiative, see
http://www.keckfutures.org/ and the daughter pages. We expect
this more holistic approach will be embraced in future designs.

The path between a sensor or an array of sensors and useful
perception involves many steps and considerations. The path
can be traversed, though, as demonstrated by cochlear implants.

VII. SUMMARY

In summary, the experience with cochlear implants either in-
dicates or suggests the following.

• Experts can be stunningly wrong in assessments of a new
approach or technology; perseverance in the face of intense
criticism was essential for the successful development of
cochlear implants and this may prove to be the case for
other types of neural prostheses as well.

• The above is not an argument for wayward or uninformed
efforts, of course, and the NIH vetted cochlear implants
with the Bilger study [4] before investing many millions
of dollars for the further development of implant systems.
Still, though, the courage to take informed risks on the part
of the NIH and the investigators (including the investiga-
tors worldwide who were supported by agencies other than
the NIH) was as important as anything else in moving this

marvelous technology forward; in addition, some of the
earlier efforts that appeared to many to be wayward at the
time later proved to be prescient.

• Multidisciplinary efforts of multiple teams were required
to make the cochlear implant a success, and NIH support
of a large number of these efforts was critically important.
Development of other types of neural prostheses without
these elements in place seems unimaginable.

• A decidedly sparse and crude and distorted representation
at the periphery supports a remarkable restoration of func-
tion for some users of present-day cochlear implants. This
bodes well for the development of vestibular, visual, or
other types of sensory neural prostheses.

• However, this representation must exceed some putative
threshold of quality and quantity of information. Most
likely, this means that aspects of the normal physiology
need to be mimicked or reinstated to some minimal extent.
The experience with cochlear implants indicates that 1) not
all aspects of the normal physiology need to be reproduced
and 2) those aspects that are reinstated do not have to be
perfectly reproduced by any means. Present-day implants–
with multiple channels of processing, multiple sites of
stimulation in the cochlea, and the CIS, -of- , ACE,
or other modern processing strategies–have exceeded the
putative threshold for the great majority of patients, in that
most patients score at 80% correct or higher in sentence
tests using hearing alone and many patients can use the
telephone without difficulty. Prior implant systems did not
exceed the threshold.

• Not surprisingly, the interface to the tissue is important.
Presentelectrodearraysforcochlear implantsdonotsupport
more than 4–8 functional channels even though the number
of stimulating electrodes is higher than that. Overlapping
excitation fields from different electrodes almost certainly
degrade their independence; this is a general problem with
neural prostheses that map outputs to thousands of neurons
in very close proximity to each other, as in the retina.

• Interlacing of stimulus pulses across electrodes–such that
only one electrode is active at any one time–has proved
to be highly effective for cochlear implants in achieving
the present levels of electrode and channel independence.
Such interlacing of stimuli may be effective for other types
of neural prostheses. In addition, novel electrode designs,
placements of electrodes in close proximity to the target
neurons, drug treatments to encourage the growth of neural
tissue toward electrodes, or interlacing of stimuli across
bilateral implants (e.g., across implants for each retina),
or combinations of these, may well increase the number
of functional sites of stimulation for cochlear, as well as
other types of sensory neural prostheses.

• Any residual function should be preserved and utilized
to the maximum extent possible, in conjunction with the
prosthesis, as in combined electric and acoustic stimula-
tion of the auditory system for persons with some residual
(low-frequency) hearing.

• For sensory systems with bilateral inputs–audition, vision,
and balance–reinstatement of inputs on both sides may
confer large benefits to users of prosthetic systems, as
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demonstrated by the experience with bilateral cochlear
implants.

• Percutaneous access to the implanted electrodes may pro-
vide important advantages in the initial development of any
sensory neural prosthesis, as certainly was the case with
cochlear implants.

• Good results take time. Asymptotic performance is not
achieved with cochlear implants until at least three months
of daily use and in many cases longer or much longer than
that. This and other findings indicate a principal role of the
brain in determining outcomes with implants. It also in-
dicates that results from acute studies may be misleading
in that they may grossly underestimate the potential of an
approach. The brain is likely to be vitally important in de-
termining outcomes with other types of neural prostheses
as well, and effects of cross-modal plasticity may preclude
good outcomes for persons who have been deprived of a
sensory input for all or most of their lives, in that the “cor-
tical target” for the input has been encroached or recruited
by other sensory modalities and such effects may not be
reversible. (Such effects have not been reversed thus far.
However, this does not mean categorically that the task
cannot be achieved. Merabet and coworkers have, for ex-
ample, proposed a yet-to-be-tested training procedure to
mitigate or reverse effects of cross-modal plasticity in the
context of a visual prosthesis, see [126].)

• Thepowerof the intactor largely intactbrain toutilizesparse
and distorted inputs is impressive; and this most likely
underpins in large part the success of cochlear implants.

• A sensory prosthesis and the brain are “partners” in an
overall system, and simply focusing on the periphery in the
design of a prosthesis may provide good results for persons
with fully intact brains and sensory pathways, but probably
will limit results for persons with impaired pathways or
impaired or altered cortical processing.

• The amount of information from the periphery that can be
utilized may be increased through plastic changes in the
brain, especially for infants and very young children but
also for older patients, albeit at a likely slower pace of
adaptation and perhaps to a lesser extent than with young
children.

• Desired plastic changes may be facilitated and augmented
through directed training; the optimal training procedure
is likely to vary according to the age of the patient, to
the duration of sensory deprivation prior to the restoration
of (some) function with a prosthesis, and whether or not
the sense was first lost prior to the “critical period” for
the normal development of that sensory pathway and pro-
cessing in the midbrain and cortex. Training may or may
not be effective for patients who lost a sense prior to or
during the critical period and had it reinstated (at least to
some extent) after the critical period had expired. Training
may be most effective for persons who lost the sense fol-
lowing the critical period, and after the sensory pathways
and associated cortical processing had been established.

• The highly deleterious effects of cross-modal plasticity or
missing the critical period for maturation of the central
auditory pathways and cortex are “moral imperatives” to

screen infants for deafness or blindness or possibly other
sensory losses and to provide at least some input to the ap-
propriate part of the CNS if feasible and as soon as practi-
cable for cases in which severe deficits are found.

• Cochlear implants are among the great success stories of
modern medicine, and this has surprised many. Another
surprise, with the development of another highly effective
sensory neural prosthesis, is certainly possible.
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The restoration of function possible with 
a present-day CI is remarkable and far sur-
passes that of any other neural prosthesis. 
The CI is now widely regarded as one of 
the major advances of modern medicine.

Despite this success, and despite fur-
ther substantial gains in performance that 
have been achieved since the major step 3 
in the list above, problems remain with CIs. 
Patients with the best results still do not 
hear as well as persons with normal hear-
ing in all situations, such as speech pre-
sented in competition with noise or other 
talkers. Users of standard unilateral CIs do 
not have much access to music and other 
sounds that are more complex than speech. 
In addition and most importantly, a wide 
range of outcomes persists even with the 
current processing strategies and implant 
systems. That is, patients may score almost 
anywhere in the range of possible scores 
in tests of speech reception that are more 
difficult than high-context sentences pre-
sented in quiet conditions. Also, a small 
proportion of patients have low scores 
even for the relatively easy tests.

The primary aim of this chapter is 
to describe the designs of the process-
ing strategies now in widespread use. In 
addition, speech reception and other data 

INTRODUCTION

Three large steps were needed to produce 
the present-day cochlear implants (CIs): 
(1) the pioneering step to implant the first 
patients and to develop devices that were 
safe and had a life span of many years;  
(2) the development of devices that pro-
vided multiple sites of stimulation in the 
cochlea to take advantage of the tono-
topic organization of the auditory system; 
and (3) the development of highly effec-
tive processing strategies that utilized 
the multiple sites of stimulation and sup-
ported for the first time high levels of 
speech recognition for most users of CIs. 
Findings from the now-classic “Bilger 
Study” in 19771 — and from the 1988 
and 1995 NIH Consensus Statements on 
Cochlear Implants2,3 — summarize the sta-
tus of CIs at each of these steps. Principal 
conclusions from the Bilger study and the 
two consensus statements are presented 
in Table 4–1. As noted there, especially 
large gains in performance were obtained 
in step 3.

Today, most recipients of CIs can con-
verse with ease in quiet acoustic environ-
ments and even using their cell phones. 

Chapter 4

Signal Processing Strategies 

for Cochlear Implants

BLAKE S. WILSON AND MICHAEL F. DORMAN
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are presented to indicate strengths and 
weaknesses of the present approaches. 
Possibilities for improvements in process-
ing strategies also are presented. In broad 
terms, great progress has been made in 
the development of processing strategies 
for CIs, but at the same time considerable 
room remains for improvement.

PROCESSING STRATEGIES 

FOR UNILATERAL 

COCHLEAR IMPLANTS

All CI systems now in widespread use 
include multiple channels of sound pro-
cessing and multiple sites of stimulation 
along the length of the cochlea. The aim 
of these systems is to mimic at least to 

some extent the “place” or “tonotopic” 
representation of frequencies in the nor-
mal cochlea, that is, by stimulating elec-
trodes near the basal end of the cochlea 
to indicate the presence of sound compo-
nents at high frequencies and by stimulat-
ing electrodes closer to the apical end to 
indicate the presence of sound compo-
nents at lower frequencies.

At present, the largest manufactur-
ers of implant devices include Advanced 
Bionics Corp of Valencia, California, USA; 
Cochlear Ltd of Lane Cove, Australia; and 
MED-EL GmbH of Innsbruck, Austria. 
Together these three have more than 99% 
of market share for CIs.

The processing strategies used in 
conjunction with each of these devices are 
listed in Table 4–2. The strategies include  
the continuous interleaved sampling (CIS),4  

Table 4–1. Major Indicators of Progress in the Development of Cochlear Implants

Persons or Event Year Comment or Outcome

Bilger et al 1977 “Although the subjects could not understand 
speech through their prostheses, they did score 
significantly higher on tests of lipreading and 
recognition of environmental sounds with their 
prostheses activated than without them.” (This was 
an NIH-funded study of all 13 implant patients in the 
United States at the time.)

First NIH Consensus 
Statement

1988 Suggested that multichannel implants were more 
likely to be effective than single-channel implants, 
and indicated that about 1 in 20 patients could carry 
out a normal conversation without lipreading. (The 
world population of implant recipients was about 
3,000 in 1988.)

Second NIH 
Consensus Statement

1995 “A majority of those individuals with the latest 
speech processors for their implants will score 
above 80% correct on high-context sentences, 
even without visual cues.” (The number of implant 
recipients approximated 12,000 in 1995, and the 
number exceeded 220,000 in early 2011.)
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Table 4–2. Processing Strategies in Current Widespread Use*

Manufacturer CIS CIS+ HDCIS n-of-m FSP ACE SPEAK HiRes

HiRes 

120

MED-EL 
GmbH

Cochlear Ltd 

Advanced 
Bionics Corp

* Manufacturers are shown in the left column and the processing strategies used in their implant systems are shown in the remaining 
columns. The full names of the strategies are presented in the text.
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CIS+,5,6 “high definition” CIS (HDCIS),6,7 
n-of-m,8 advanced combination encoder 
(ACE),9 spectral peak (SPEAK),10 HiRes-
olution (HiRes),11 HiRes with the Fidel-
ity 120 option (HiRes 120),12,13 and fine 
structure processing (FSP)14 strategies. As 
shown in Table 4–2, each manufacturer 
offers multiple strategies. Among these 
choices, FSP recently supplanted CIS+ 
or HDCIS as the default strategy for the 
MED-EL devices (CIS+ and HDCIS are 
implemented with different hardware 
“platforms,” as explained below); HiRes 
and HiRes 120 are each used frequently 
with the Advanced Bionics devices; and 
ACE is the default choice for the Cochlear 
Ltd devices.

In the remainder of this section, we 
describe the principal features of these 
various strategies. Further detailed (but in 
some cases somewhat less current) infor-
mation about the strategies is presented 
in comprehensive reviews by Loizou,15 
Wilson,16,17 Wilson and Dorman,18 and 
Zeng et al.19 These reviews also pre sent 
information about prior strategies, poten-
tial new strategies on the horizon, and 
other parts of CI systems including the 
transcutaneous transmission link, the 
implanted receiver/stimulator, and the 
implanted electrode array. As emphasized 
in several of the reviews, all parts of the 
system are important and the processing 
strategy functions (or fails to function 
well) in the context of the other parts.

CIS, CIS+, HDCIS,  

AND HIRES

One of the simpler and most effective 
approaches for representing speech and 
other sounds with the present-day CIs is 
illustrated in Figure 4–1. This is the CIS 
strategy, which is used as a processing 

option for all of the implant systems now 
in widespread use and is the basis for 
other strategies, as described later in this 
chapter.

The CIS strategy filters input sounds 
into bands of frequencies with a bank 
of bandpass filters. Envelope variations 
in the different bands are represented at 
corresponding electrodes in the cochlea 
with modulated trains of biphasic elec-
trical pulses. The envelope signals may 
be extracted from the bandpass filters 
using a rectifier followed by a low-pass 
filter (or by other means; see below). The 
signals are compressed with a nonlinear 
mapping function prior to the modula-
tion, to map the wide dynamic range of 
audible sounds in the environment (about 
100 dB) into the much narrower dynamic 
range of electrically evoked hearing (stim-
ulus levels needed for eliciting loud per-
cepts with electrical pulses typically are 
only 10 dB higher than the levels needed 
for eliciting threshold percepts). The out-
put of each bandpass channel is directed 
to a single electrode, with channels with 
low-to-high center frequencies assigned 
to apical-to-basal electrodes, to mimic at 
least the order, if not the precise loca-
tions, of frequency mapping in the nor-
mal cochlea. The pulse trains are inter-
leaved in time, so that the pulses across 
channels and the associated electrodes 
are nonsimultaneous. This eliminates a 
principal component of electrode interac-
tion, which otherwise would be produced 
by direct vector summation of the elec-
tric fields from different (simultaneously 
stimulated) electrodes. (Other interaction 
components are not eliminated with the 
interleaving, but those components are 
generally much lower in magnitude than 
the principal component that results from 
the summation of the electric fields.20) 
The corner or “cutoff” frequency of the 
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low-pass filter in each envelope detec-
tor usually is set at 200 Hz or higher, 
so that the fundamental frequencies of 
voiced speech and other periodic sounds 
are represented in the modulation wave-

forms. The frequency range spanned by 
the bandpass filters typically begins at 
a frequency near or slightly above the 
cutoff frequency of the low-pass filters 
in the envelope detectors and ends at a 

Filter Band Envelope

P
re

-e
m

p.

BPF 1

BPF n

Rect./LPF

Rect./LPF

Nonlinear 
Map

Nonlinear 
Map

Compression

EL-1

EL-n

Modulation

Figure 4–1. Block diagram of the continuous interleaved sampling (CIS) strategy. The input 
is indicated by the filled circle in the left-most part of the diagram. This input can be provided 
by a microphone or alternative sources. Following the input, a pre-emphasis filter (Pre-emp.) 
is used to attenuate strong components in speech below 1.2 kHz. This filter is followed by 
multiple channels of processing. Each channel includes stages of bandpass filtering (BPF), 
envelope detection, compression, and modulation. The envelope detectors generally use a 
full-wave or half-wave rectifier (Rect.) followed by a low-pass filter (LPF). A Hilbert Transform 
or a half-wave rectifier without the LPF also may be used. Carrier waveforms for two of the 
modulators are shown immediately below the two corresponding multiplier blocks (circles 
with an “X” mark within them). The outputs of the multipliers are directed to intracochlear 
electrodes (EL-1 to EL-n), via a transcutaneous link or a percutaneous connector. The inset 
shows an X-ray micrograph of the implanted cochlea, to which the outputs of the speech 
processor are directed. (Block diagram is adapted with permission from Wilson BS, Finley 
CC, Lawson DT, Wolford RD, Eddington DK, Rabinowitz WM. Better speech recognition with  
cochlear implants. Nature. 1991;352:236–238. Copyright 1991 Nature Publishing Group. Inset 
is reproduced with permission from Hüttenbrink KB, Zahnert T, Jolly C, Hofmann G. Move-
ments of cochlear implant electrodes inside the cochlea during insertion: an x-ray microscopy 
study. Otol Neurotol. 2002;23:187–191. Copyright 2002 Lippincott Williams & Wilkins.)
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frequency near or somewhat above the 
highest frequencies included in speech. 
The idea is that extension of the lower 
boundary to lower frequencies is unnec-
essary and indeed possibly redundant, 
because those lower frequencies already 
are represented in the timing variations 
of the modulation waveforms. In one 
implementation of CIS, for example, 12 
bandpass filters span the range from 250 
to 8500 Hz, and the frequency boundaries 
(and the center frequencies) for the filters 
are distributed along a logarithmic scale, 
which mimics the logarithmic mapping 
of frequencies for most of the extent of 
the cochlear partition in normal hearing.

Pulse rates in CIS processors typically 
approximate or exceed 1000 pulses/s/
electrode, for an adequate “sampling” of 
the highest frequencies in the modulation 
waveforms (a “four times” oversampling 
rule usually is applied, for example, for 
a 200-Hz cutoff frequency for the low-
pass filters in the envelope detectors, a 
pulse rate of at least 800 pulses/s/elec-
trode is used21–23). CIS gets its name from 
the continuous sampling of the (com-
pressed) envelope signals by rapidly pre-
sented pulses that are interleaved across 
electrodes. As many as 22 channels and 
associated stimulus sites have been used 
in CIS implementations to date, although 
speech reception scores generally do not 
increase with increases in the number of 
channels beyond 4 to 8, for the CIS and 
the other strategies in current widespread 
use.21,24–27

The CIS+, HDCIS, and HiRes strate-
gies are close variations of CIS. The CIS+ 
strategy is implemented in the MED-EL 
TEMPO+ processor, and the HDCIS strat-
egy is implemented in the newer MED-EL  
OPUS 1 and OPUS 2 processors. Each of 
these strategies use a Hilbert transform 
to derive the envelope signals for each 
bandpass channel, instead of a rectifier 

followed by a low-pass filter. The Hilbert 
transform may provide a better represen-
tation of the envelope variations in the 
band.5 In addition, the CIS+ and HDCIS 
strategies use bandpass filters with bell-
shaped response patterns in the frequency  
domain, with substantial overlaps in 
responses between filters with adjacent 
center frequencies. These patterns differ 
from other implementations of CIS, in 
that other implementations use bandpass 
filters or Fast Fourier Transform (FFT) 
processing with relatively sharp cutoffs 
beyond the corner frequencies and with 
less overlap in responses between adja-
cent filters. The filters with the bell-shaped 
(or, more ideally, triangular shaped) fre-
quency responses may produce a more 
uniform magnitude of the summed out-
puts of adjacent filters (and channels) 
when the frequency of a sinusoidal input 
is varied between the center frequencies 
of the filters. This in turn may provide 
a “smoother” and more salient represen-
tation of the intermediate frequencies 
compared with filters with sharp cutoffs 
and little overlap in responses between 
adjacent filters, as discussed in detail by 
Nobbe et al6 and as discussed further in 
the subsection below on the FSP strategy.

The HDCIS strategy differs from the 
CIS+ strategy in two respects. First, a 
refined design is used for the “front end” 
processing in the OPUS 1 and OPUS 2 
hardware platforms, prior to the pre-
emphasis filter in the block diagram of 
Figure 4–1. The design includes a sub-
stantially larger dynamic range of the 
amplifiers and other electronics in the 
input stages (providing an input dynamic 
range of 75 dB), and improvements in the 
(dual loop) automatic gain control for 
bringing the analog input signal into the 
best range for the subsequent digital pro-
cessing. Thus, HDCIS may have a better 
input signal to “work with” compared to 
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CIS+ and most likely other implementa-
tions of CIS that use different hardware 
and therefore different input processing.

In addition, the OPUS 1 and OPUS 2 
processors in conjunction with the implant 
systems that utilize them support aggregate 
rates of stimulation across electrodes up 
to 50,704 pulses/s, whereas the TEMPO+ 
processor and the earlier MED-EL COMBI 
40+ system support rates up to 18,180 
pulses/s. Thus, a further potential advan-
tage of HDCIS over CIS+ is that HDCIS may 
use much higher stimulation rates.

HiRes is a CIS strategy that uses rela-
tively high rates of stimulation and up 
to 16 processing channels and associated 
stimulus sites. For nonsimultaneous stim-
ulation across 16 electrodes, the rate at 
each electrode can be as high as about 
2900 pulses/s (producing an aggregate 
rate of about 46,400 pulses/s). In addi-
tion, the HiRes strategy uses the averaged 
output of a half-wave rectifier for enve-
lope detection, instead of a rectifier and 
low-pass filter. The averaging operation 
produces a signal that is similar to the sig-
nal that would be produced with a low-
pass filter. The HiRes strategy is identical 
in overall design compared with other 
implementations of CIS, but uses a some-
what different approach for envelope 
detection (which produces outputs that 
are highly similar to those produced with a 
half-wave rectifier followed by a low-pass 
filter) and can support in some instances 
a higher maximum rate of stimulation or 
a higher maximum number of channels 
and associated stimulus sites compared 
with the other implementations.

In general, implementations of CIS can  
vary widely among and even within implant 
systems. Some of the differences among 
implementations include: (1) the quality of  
the front-end processing; (2) the quality 
of the current source(s) in the implanted 
receiver/stimulator; (3) the range and res-

olution of the current outputs; (4) how 
the bandpass filtering is accomplished, 
either with FFT processing or with dis-
crete filters; (5) the characteristics of the 
frequency response for each of the band-
pass filters, for example, the spacing of 
the center frequencies for the filters and 
whether each filter has a rectangular or 
bell-shaped response; (6) the quality of 
the filter implementations as determined 
by the digital word length and other fac-
tors; (7) the way in which the envelope 
signals are derived; (8) the exact shape 
and range of the nonlinear mapping func-
tion; (9) the rate of stimulation at each 
electrode; (10) the number of channels 
and electrodes; (11) the order in which 
the electrodes are stimulated for each 
frame of stimulation; and (12) the posi-
tions of the electrodes within the cochlea, 
including the extent of the cochlear “tono-
topic map” spanned by the electrodes, the 
interelectrode spacing, and the proximity 
of the electrodes to excitable tissue. Addi-
tional differences specific to comparisons 
of CIS as implemented in the Cochlear Ltd 
devices versus CIS as implemented with 
other devices are presented and discussed 
in Kiefer et al.9 Those authors emphasize 
that “as implementations (eg, for CIS) 
can vary considerably between differ-
ent implant systems, the present results 
can be interpreted only in relation to the 
Nucleus CI 24M cochlear implant system.” 
(Kiefer et al compared the performances 
of the CIS, ACE, and SPEAK strategies, as 
implemented in Cochlear Ltd’s Nucleus 
CI 24M cochlear implant system.) Any of 
the aforementioned differences among 
implementations may affect performance. 
Thus, great caution should be used when 
interpreting results from various compari-
sons of CIS versus other (basic) strategies, 
or from comparisons of CIS or CIS-like 
strategies between different implant sys-
tems or even within systems but using  
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different parameter values or filtering ap- 
proaches. Indeed, as Kiefer et al suggest, 
comparisons in some cases are not war-
ranted at all because the implementa-
tions are so very different. Conservative 
approaches in comparing processing strat-
egies for CIs are either to: (1) attend to 
comparisons between or among strategies 
implemented on the same hardware and 
holding everything constant beyond the 
strategy changes, or (2) choose the best 
results among the various implementations 
of each of the comparison strategies as rep-
resentative of each strategy’s true potential.

N-OF-M, ACE, AND SPEAK

The n-of-m, ACE, and SPEAK strategies 
derive stimulus pulses in the same way 
as the CIS strategies, that is, each channel 
of processing includes a bandpass filter, 
an envelope detector (or its equivalent), 
a nonlinear mapping function, and a mul-
tiplier (or modulator). In addition, all the 
strategies use nonsimultaneous pulses for 
the stimuli.

The principal difference between the 
n-of-m, ACE, and SPEAK strategies on  
the one hand, and the CIS strategies on the  
other hand, is that the former strategies 
each use a channel selection scheme in 
which the envelope signals are “scanned” 
prior to each frame of stimulation across 
the intracochlear electrodes, to identify 
the signals with the n-highest amplitudes 
from among m processing channels and 
their associated electrodes. The parame-
ter n is fixed in the n-of-m and ACE strate-
gies; that parameter can vary from frame 
to frame in the SPEAK strategy, depending  
on the level and spectral composition of 
the signal from the microphone or other 
input source. Stimulus rates typically 
approximate or exceed 1000 pulses/s/
selected electrode in the n-of-m and ACE 

strategies, and they approximate 250 
pulses/s/selected electrode in the SPEAK 
strategy. (This choice was initially guided 
by the fact that the transcutaneous trans-
mission link of the implant system ini-
tially used with SPEAK could not support 
rates of stimulation much higher than 250 
pulses/s/electrode, for six electrodes in 
each stimulus frame.) The basic designs of 
the n-of-m and ACE strategies are identi-
cal, although the details of the implemen-
tations vary among implant systems. In 
addition, these strategies are quite similar 
to CIS except for the channel selection 
feature. The SPEAK strategy uses much 
lower rates of stimulation and an adap-
tive n, as noted above. Perhaps somewhat 
curiously, the strategy retains the 200 Hz 
cutoff frequency for the low-pass filters 
in the envelope detectors, even though 
the pulse rates at each of the selected 
electrodes approximate 250 pulses/s. This 
combination breaks the “4 times” rule and 
is likely to produce distortions in the rep-
resentations of the modulation waveforms 
(see the final paragraph in this subsec-
tion for a discussion of speech recogni-
tion with the ACE and SPEAK strategies).

The channel selection or “spectral 
peak picking” scheme used in the n-of-m, 
ACE, and SPEAK strategies is designed in 
part to reduce the density of stimulation 
while still representing the most important 
aspects of the acoustic environment. The 
exclusion of channels with low-amplitude 
envelope signals for each frame of stim-
ulation may reduce the overall level of 
masking or interference across electrodes 
and excitation regions in the cochlea. To 
the extent that the excluded channels do 
not contain significant information, such 
“unmasking” may improve the perception 
of the input signal by the patient. In addi-
tion, for positive speech-to-noise ratios  
(S/Ns), selection of the channels with the 
highest envelope signals in each frame 
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may emphasize the primary speech signal 
with respect to the noise.

A further potential advantage of the 
spectral peak picking strategies is that the 
reduced number of pulses per frame of 
stimulation (compared with the CIS and 
CIS-like strategies) may allow higher pulse 
rates, use of broader duration pulses, sav-
ings in power consumption (by holding  
the rate constant and thereby reducing the  
number of pulses presented per unit of  
time), or some combination of these possi-
ble attributes. The use of broader duration 
pulses may be especially helpful among 
these options as such use can: (1) reduce 
the upper limit of voltages needed in the 
implanted receiver/stimulator for effective  
stimulation and (2) increase the dynamic 
range of electrical stimulation from thresh-
old to comfortably loud percepts.28 The 
reduction in the upper limit of voltages 
needed for the receiver/stimulator can 
produce a further substantial savings in 
power consumption.

A possible problem with the n-of-m, 
ACE, and SPEAK strategies is that all of the 
perceptually important peaks in the short-
term spectra of an input sound may not be 
represented. That is, two or more adjacent 
channels may be selected in any frame 
for an intense or broad peak, because the 
criterion for selection is the amplitudes of 
the envelope signals and not the shapes of 
the spectra, including the peak locations. 
Thus, for a fixed n, “clusters” of adjacent 
channels typically are selected for the 
most prominent peak or two peaks, and 
this clustering: (1) exhausts the opportu-
nity for representing other peaks which 
also may be important and (2) may exac-
erbate deleterious masking effects with 
the selections of adjacent channels.

This clustering problem might be 
addressed by changing the selection algo-
rithm, as has been recently suggested by 
Kals et al28 and Nogueira et al,29 among 

others. In addition, application of tech-
niques developed at the Bell Laborato-
ries decades ago for the analogous “peak 
picking” vocoders (vocoder is an acro-
nym for “voice coder”) might be helpful. 
(These techniques are reviewed in Flana-
gan’s classic book on “Speech Analysis, 
Synthesis and Perception,” published in 
1972.30) For example, one such technique 
involves a statistical analysis to identify 
the most significant peaks in the short-
term spectra and then to transmit infor-
mation about the frequency locations 
and amplitudes of those peaks only, to 
the exclusion of everything else includ-
ing the amplitudes and positions of adja-
cent frequency locations. Quite possibly, 
selection of all perceptually important 
peaks, and a reduction or elimination 
of clustering for any single peak, could 
lead to improvements in performance for 
the n-of-m class of processing strategies 
for CIs, or could lead to a reduction in n 
(with its attendant advantages) while still 
maintaining performance that is on a par 
with standard implementations of n-of-m. 
Indeed, the latter has been achieved with 
the approaches suggested by Kals et al 
and Nogueira et al. Further progress is 
certainly possible.

In broad terms, the performance of 
the higher rate n-of-m strategies (called 
n-of-m in the MED-EL GmbH systems 
and ACE in the Cochlear Ltd systems) is 
on a par with or somewhat better than 
that of the CIS strategy, depending on the 
hardware implementations of the strate-
gies.9,31,32 The best implementations of 
the n-of-m strategies on the one hand, 
and of the CIS strategy on the other 
hand, produce results that are statistically 
indistinguishable. In contrast, compari-
sons between SPEAK and ACE generally 
have indicated a clear superiority of the 
latter.9,33–35 Those strategies have been 
implemented using the same hardware 

134



 60 Cochlear Implants and Other Implantable Hearing Devices

and choices for filter designs, so the dif-
ference must be due to some other fac-
tor or factors. Possible contributors to the 
lower performance with SPEAK include 
its relatively low rate of stimulation, the 
departure from the “four times” oversam-
pling rule, the particular channel selec-
tion algorithm used with SPEAK, or some 
combination of these factors.

HIRES 120

The representation of frequencies may 
be coarse with the CIS, n-of-m, and the 
related strategies described in the two 
preceding subsections. In particular, those 
strategies present stimuli to a maximum 
of 22 intracochlear electrodes, whereas 
the number of stimulus sites in normal 
hearing approximates 3500, correspond-
ing to the number of rows of sensory hair 
cells distributed along the length of the 
cochlea. In addition, the number of effec-
tive sites of stimulation with the present-
day CIs is far below the maximum of 22 
electrodes, as mentioned previously. The 
number of effective sites or channels also 
is far below the number of “equivalent 
rectangular bandwidths” (ERBs) in nor-
mal hearing,36 which for the range of fre-
quencies in speech is approximately 28 
ERBs. (The number for the full range of 
audible frequencies is around 39 ERBs.) 
The ERBs correspond to independent 
channels of perception and processing in 
normal hearing for a wide variety of tasks 
including speech reception.

In an attempt to increase the num-
ber of effective sites of stimulation for CI 
users, and possibly the number of effective 
channels as well, Wilson et al developed 
a variation of CIS in the early 1990s that 
used simultaneous stimulation of pairs 
of adjacent electrodes to “shift” or “steer” 

the electric fields to positions in between 
the positions produced with stimulation 
of either electrode alone.37–40 The idea 
was that the perceived pitches elicited  
by the simultaneous stimulation would be  
intermediate to the pitches elicited by 
stimulation of either electrode in the pair. 
Thus, with the inclusion of simultane-
ous stimulation of pairs of electrodes in 
the (otherwise) nonsimultaneous update 
sequence in a CIS-like strategy, additional 
discriminable pitches might be produced, 
beyond the number of electrodes in the 
implant. The intermediate sites of stimula-
tion could be controlled with separate and  
additional channels of processing that 
also would include bandpass filtering, 
envelope detection, nonlinear mapping, 
and modulation, just like the channels in  
a conventional CIS strategy. These addi-
tional channels were called “virtual chan-
nels,” and the processors that used them 
were called “virtual channel interleaved 
sampling” (VCIS) processors. In one imple-
mentation of VCIS processors, simul-
taneous stimulation of adjacent pairs of 
electrodes was alternated with stimu-
lation of a single electrode only. Thus, 
the nonsimultaneous update sequence 
for the implementation included stimu-
lation of the apical-most electrode only, 
then simultaneous stimulation of the 
apical-most electrode and the electrode 
just basal to it, then stimulation of that 
latter electrode only, and so on until all 
of the electrodes in the array had been 
stimulated and all of the channels had 
been updated. This arrangement utilized 
almost twice as many processing chan-
nels compared with a conventional CIS 
strategy, for example, for six electrodes in 
the implant, 11 processing channels were 
used, with six of the channels control-
ling stimuli for the single electrodes with 
five of the channels controlling the five 
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pairs of electrodes receiving the simul-
taneous stimulation at different times in 
the update sequence. If the intermediate 
sites and associated pitches corresponded 
to separate channels of information, then 
the VCIS strategy might have the potential 
to support a higher number of effective 
channels than the CIS or other related 
strategies that used nonsimultaneous 
stimulation of electrodes only.

A series of diagrams illustrating the 
construction of virtual channels is pre-
sented in Figure 4–2. With virtual chan-
nels, adjacent electrodes may be stimu-
lated simultaneously to shift the perceived 
pitch in any direction with respect to the 
percepts elicited with stimulation of either 
of the electrodes only. Results from stud-
ies with implant subjects indicate that 
pitch can be manipulated through vari-
ous choices of simultaneous and single-
electrode conditions.38,40 If, for instance,  
the apical-most electrode in an array of 
electrodes is stimulated alone (electrode 1, 
panel a), subjects have reported a low 
pitch. If the next electrode in the array is 
stimulated alone (electrode 2, panel b), a 
higher pitch is reported. An intermediate 
pitch can be produced for the great major-
ity of subjects studied to date by stimulat-
ing the two electrodes together with iden-
tical, in-phase pulses (panel c). The pitch 
elicited by stimulation of a single electrode 
can also be shifted by presentation of an 
opposite-polarity pulse to a neighboring 
electrode. For example, a pitch lower than 
that elicited by stimulation of electrode 1  
only can be produced by simultaneous pre- 
sentation of a (generally smaller) pulse of  
opposite polarity at electrode 2 (panel d).  
(The stimulus paradigm illustrated in 
panel d and involving the presentation of 
pulses of opposite polarities at neighbor-
ing electrodes has been described as the 
“phantom electrode” technique in a recent 

paper by Saoji and Litvak.41) The avail-
ability of pitches other than those elicited 
with stimulation of single electrodes only 
may provide additional discriminable 
sites along (and beyond) the length of 
the electrode array. Such additional sites 
may (or may not) support a higher num-
ber of effective information channels with 
implants, compared with stimulation that 
is restricted to single electrodes only.

The concept of virtual channels can 
be extended to include a quite-high num-
ber of sites and corresponding pitches, 
using different ratios of the currents deliv-
ered between simultaneously-stimulated 
electrodes. This possibility is illustrated in 
Figure 4–3, in which stimulus site 1 is pro-
duced by stimulation of electrode 1 only, 
stimulus site 2 by simultaneous stimula-
tion of electrodes 1 and 2 with a pulse 
amplitude of 75% for electrode 1 and of 
25% for electrode 2, and so on. The total 
number of sites and corresponding pitches 
that might be produced for a good sub-
ject in the illustrated case is 21, with six 
intracochlear electrodes. (A subject was 
tested with this arrangement and indeed 
obtained 21 discriminable pitches.42) Other 
ratios of currents may produce additional 
pitches. Results from several recent studies 
have indicated that a high number of dis-
criminable pitches can be created with this 
general approach, eg, Koch et al43 found 
an average of 93 (range 8 to 466) discrim-
inable pitches for a large population of 
subjects using either of two versions of 
the Advanced Bionics electrode array, both 
of which include 16 physical intra cochlear 
electrodes spaced approximately 1 mm 
apart. (Some of the subjects did not per-
ceive pitch differences even with stimula-
tion of adjacent or more distant electrodes 
in isolation, producing a number of dis-
criminable pitches that was less than the 
number of physical electrodes.)
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Figure 4–2. Schematic illustrations of 
neural responses for various conditions  
of stimulation with single and multiple 
electrodes. The top curve in each panel is a 
hypothetical sketch of the number of neural 
responses, as a function of position along 
length of cochlea for a given condition 
of stimulation. The condition is indicated 
by the pulse waveform(s) beneath one 
or more of the dots, which represent the 
positions of three adjacent intracochlear 
electrodes. These different conditions of 
stimulation elicit distinct pitches for implant 
patients, as described in the text. (Repro-
duced with permission from Wilson BS, 
Schatzer R, Lopez-Poveda EA. Possibilities 
for a closer mimicking of normal auditory  
functions with cochlear implants. In: 
Waltzman SB, Roland JT Jr, eds. Cochlear 
Implants. 2nd ed. New York, NY: Thieme; 
2006:48–56.)
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Figure 4–3. Diagram of stimulus sites used in virtual channel interleaved sampling (VCIS) processors and other similar processors that fol-
lowed them. The filled circles represent sites of stimulation at each of six intracochlear electrodes. The inverted triangles represent additional 
sites produced with simultaneous stimulation of adjacent electrodes, at the indicated ratios of pulse amplitudes for the two electrodes. Thus, 
in this arrangement 21 sites may be produced, including the six electrodes and including the 15 “virtual” sites, between simultaneously 
stimulated electrodes. More electrodes may be used, and more sites may be formed between adjacent electrodes, for example, as in the 120 
sites produced with the HiRes 120 strategy. Some patients are able to discriminate a high number of sites on the basis of pitch as described 
in the text. (Reproduced with permission from Wilson BS, Schatzer R, Lopez-Poveda EA. Possibilities for a closer mimicking of normal audi-
tory functions with cochlear implants. In: Waltzman SB, Roland JT Jr, eds. Cochlear Implants. 2nd ed. New York, NY: Thieme; 2006:48–56.)
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The original implementations of the 
VCIS strategy only used stimuli like those 
illustrated in panels a through c in Fig-
ure 4–2, that is, stimulation of single elec-
trodes was alternated with simultaneous 
stimulation of pairs of electrodes using 
identical pulses for the pairs. The update 
sequence for an eleven-channel VCIS strat-
egy is shown in Figure 4–4. As mentioned 
previously, this particular implementation 
of the VCIS strategy might produce nearly 
twice as many discriminable pitches and 
associated channels of information com-
pared with a CIS strategy using the same 
number of intracochlear electrodes.

However, within-subjects comparisons 
between VCIS and CIS strategies using the 
same number of electrodes and other 
aspects of processing (eg, envelope detec-
tion, rate of stimulation, filter shapes, 
etc.) did not demonstrate a speech recep-
tion advantage of this implementation of 
VCIS.39,40 Some of the subjects commented 
that VCIS sounded “better,” or “fuller,” or 
“more natural” than CIS, but the scores 
for a variety of speech tests in quiet were 
not statistically different between the strat-
egies for any of the tests. Possibly, tests 
with more subjects, or tests with the speech 
materials presented in competition with 
noise or other talkers, may have demon-
strated a difference. In the administered 
tests, though, no difference was found. 
This was a disappointing outcome.

Later implementations of VCIS in- 
cluded more virtual sites of stimulation 
between the simultaneously stimulated 
electrodes,42,44,45 by using multiple ratios 
of currents for the simultaneously stimu-
lated electrodes as illustrated in Figure 
4–3. Those later implementations were 
first tested in 2003.44 The results were not 
different in kind from the prior results, 
ie, scores with the VCIS processor were 
not significantly different from the scores 
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Figure 4–4. Construction of an 11-channel 
virtual channel interleaved sampling (VCIS) 
processor. The organization of the panels is 
the same as that in Figure 4–2. (Reproduced 
from Wilson BS, Lawson DT, Zerbi M. Speech 
processors for auditory prostheses: evalu-
ation of VCIS processors. Sixth Quarterly 
Progress Report, NIH project N01-DC-2-2401. 
Bethesda, MD: Neural Prosthesis Program, 
National Institutes of Health; 1994; permis-
sion is not required for reproduction of fig-
ures from NIH Progress Reports.)
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obtained with a control CIS processor 
using the same number of intracochlear 
electrodes.42,44 (In these later studies, the 
tests included identification of consonants 
presented in competition with speech-
spectrum noise at the S/N of +5 dB.)

Most recently, another variation of 
the VCIS approach has been developed 
by the Advanced Bionics Corp. This is the 
HiRes 120 strategy, which “targets” sites 
for stimulation according to the frequency 
of the predominant component detected 
in each of 15 bandpass ranges.12,46–48 One 
among eight possible sites are selected 
for each range in each frame of stimu-
lation across all of the ranges. In addi-
tion, an envelope signal is derived via 
a Hilbert transform for each bandpass 
range, as in implementations of the CIS, 
n-of-m, and other related strategies. Two 
adjacent electrodes are assigned to each 
bandpass range, and the electrodes are 
at corresponding tonotopic or frequency 
positions along the length of the cochlea, 
that is, the apical-most electrodes 1 and 2 
are assigned to the bandpass range with 
the lowest center frequency, electrodes 2 
and 3 are assigned to the range with the 
next highest center frequency, and so on, 
up to electrodes 15 and 16, which are 
assigned to the range with the highest 
center frequency. (The Advanced Bionics 
electrode array includes 16 intracochlear 
electrodes.) At the time of stimulation for 
each pair of electrodes, either the apical 
member of the pair is stimulated alone, 
or both electrodes are stimulated concur-
rently with one of seven possible ratios 
of currents for the electrodes. A predomi-
nant frequency in the lowest eighth of 
the frequency range invokes stimula-
tion of the apical electrode only, and a 
higher predominant frequency in the 
range invokes stimulation of both elec-
trodes with the current ratio and associ-

ated virtual site of stimulation that most 
closely corresponds to the predominant 
frequency. This procedure is repeated for 
each of the 15 bandpass ranges, involv-
ing 120 possible sites of stimulation (15 
sites produced with stimulation of single 
electrodes plus 105 virtual sites produced 
with simultaneous stimulation of pairs of 
adjacent electrodes). The overall energy 
in each bandpass range (the envelope sig-
nal) is mapped onto the dynamic range of 
electrically evoked hearing using a nonlin-
ear mapping function, as in the standard 
CIS strategy (see Fig 4–1). That mapped 
amplitude then is distributed to the two 
electrodes assigned to the range, accord-
ing to the previously determined ratio of 
currents. For the one case among the eight 
in which only one electrode is stimulated, 
that electrode receives all of the current.

As in the prior implementations of 
the VCIS strategy, the stimuli for each 
of the bandpass ranges are sequenced 
across ranges, so that the pulse(s) for any 
one bandpass range do not overlap the 
pulse(s) for any other bandpass range. 
This sequencing eliminates direct summa-
tion of the electric fields produced by the 
stimuli for the different bandpass ranges.

The preceding description of the 
HiRes 120 strategy is only a brief over-
view. A detailed description is presented 
in section 2.2 of the excellent paper by 
Nogueira et al.48

Comparisons between HiRes and 
HiRes 120 have been published by Bren-
del et al,49 Donaldson et al,50 Drennan et 
al,51 and Firszt et al.13 In addition, com-
parisons between HiRes and research ver-
sions of HiRes 120 have been published 
by Berenstein et al,52 Buechner et al,46 
and Nogueira et al.48

In broad terms, the results from these 
studies are consistent with the results from  
the earlier comparisons between CIS and 
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VCIS, that is, in some cases preferences 
are expressed by the subjects in favor of 
HiRes 120, but the gains in speech recep-
tion are small or nonexistent. Indeed, when 
the HiRes and HiRes 120 strategies are 
implemented on the same hardware (either 
the “Platinum Sound Processor” or “Har-
mony” hardware), results from all of the 
studies cited in the preceding paragraph 
except the study by Firszt et al demonstrate 
a statistical equivalence between the two 
strategies; in particular, no significant dif-
ferences were found across multiple tests 
for each of the studies, including tests of 
speech reception in quiet, speech recep-
tion in noise, and speech reception in 
competition with another talker or other 
talkers. The results from the study by First 
et al show small but statistically significant 
differences in favor of HiRes 120 for some 
of the administered tests including recog-
nition of monosyllabic words in quiet and 
two tests of sentence recognition in noise. 
However, scores for the other adminis-
tered tests are statistically indistinguish-
able. Those other tests included a third 
test of sentence recognition in noise and 
two tests of sentence recognition in quiet, 
with easy sentences in one of the tests and 
difficult sentences in the other of the tests.

Preference questionnaires were ad- 
ministered in all of the studies except the 
study by Drennan et al. The questionnaires 
included questions about speech quality in 
all cases, and the questionnaires included 
questions about music quality in the stud-
ies by Firszt et al and Nogueira et al. The 
mean of the preference measures for 
HiRes 120 and the Harmony hardware 
was significantly higher than the mean for 
HiRes in the study by Brendel et al. How-
ever, because the judgments were between 
HiRes 120 as implemented in the Harmony 
hardware, versus HiRes as implemented 
in the earlier “Auria” or “CII” hardware, 
the preference may have resulted from 

the change in hardware as opposed to the 
change in strategy. (The Harmony hard-
ware includes better front-end circuitry 
and processing compared with the Auria 
or CII hardware.) The measures from all 
of the remaining studies except the study 
by Firszt et al are statistically identical for 
the two strategies, that is, no preference 
was expressed for either of the strategies, 
either for speech quality46,48,50,52 or music 
quality.48 The measures from the study by 
Firszt et al indicated a significant prefer-
ence for HiRes 120 for music quality. (The 
music ratings for HiRes 120 were about 
10 percentage points higher than the rat-
ings for HiRes.) However, the measures 
for speech quality were not significantly 
different for the two strategies.

The great preponderance of the 
results reported to date indicates that 
the HiRes and HiRes 120 strategies are 
equivalent in terms of speech reception 
performance. Results from some of the 
tests in one among the seven studies 
conducted to date have indicated a small 
advantage of HiRes 120. However, results 
from other tests in that study, and all of 
the results from all of the other studies, 
indicate a statistical equivalence between 
the two strategies. Any differences if pres-
ent between the strategies are small and 
apparently difficult to detect.

Although the concept of virtual chan-
nels is appealing, at least three plausible 
explanations have emerged as to why 
the various applications of the concept 
have failed to produce large gains in per-
formance. The first explanation is that 
an apparent disconnect exists between 
the number of discriminable sites and 
the number of effective channels with 
implants. A patient can have a high num-
ber of discriminable sites when stimuli 
are delivered to different sites in isola-
tion, one at a time and with long periods 
between sequential stimuli for the dif-
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ferent sites. For example, many patients 
implanted with electrode arrays having 
22 sites of stimulation can discriminate all 
22 sites in ranking or same/different tasks 
with the stimuli presented in isolation as 
just described. However, no patient tested 
to date has more than about eight effec-
tive channels, including patients using the 
22-electrode array and other arrays, and 
also including multiple processing strate-
gies. The relatively low number of effec-
tive channels may be due to a combination 
of broad overlaps in the electric fields for 
the different electrodes and substantial 
masking across those electrode positions 
when dynamic (time-varying) stimuli are 
presented rapidly and continuously, as in 
a speech processor context. The masking 
could be at the periphery, or within the 
central auditory system, or both. In addi-
tion, the masking could arise even with 
nonsimultaneous stimulation across chan-
nels and their associated electrodes, as is 
used in all present-day CI systems.

Regardless of the mechanism, the 
number of effective channels may not be 
increased at all by simply increasing the 
number of discriminable sites. For exam-
ple, a patient might have more than 400 dis-
criminable sites using virtual channels,43,53 
but this high number does not guarantee 
that the number of effective channels will 
be any higher than with a far lower num-
ber of discriminable sites. To date, none of 
the tested processing strategies, electrode 
arrays, or combinations of strategies and 
arrays, have produced an increase in the 
number of effective channels. The same 
may be true for virtual channel processors. 
(This hypothesis should be evaluated.)

The second explanation is that we 
may well have had virtual channels all 
along and just did not realize it until 
recently. In particular, McDermott and 
McKay54 and others6,55 have shown that 
intermediate pitches also are produced 

when closely spaced electrodes are stim-
ulated in a rapid sequence, as compared 
with the pitches that are produced when 
each of the electrodes is stimulated sepa-
rately. The pitch elicited with the rapid 
sequential stimulation of two electrodes 
in isolation varies according to the ratio 
of the currents delivered to the electrodes, 
just as with the intermediate pitches pro-
duced with simultaneous stimulation of 
the electrodes. Indeed, the numbers of dis-
criminable pitches that can be produced 
with nonsimultaneous versus simultane-
ous stimulation are not significantly dif-
ferent.6,55 Thus, a fully nonsimultaneous 
strategy such as CIS may produce the same 
number of pitches (and discriminable sites) 
as a virtual channel strategy that stimulates 
pairs of electrodes simultaneously in the 
update sequence. If so, little or no differ-
ence in performance would be expected 
between the two types of strategy.

The third explanation has been of- 
fered by Drennan et al.51 They have sug-
gested that any gain in the number of 
discriminable sites or pitches produced 
with HiRes 120 may be offset by the tem-
poral “smearing” imposed by the FFT pro-
cessing used in HiRes 120 but not HiRes. 
Thus, an increase in spatial or spectral 
resolution may be traded for a decrement 
in temporal resolution and the net result 
is zero or close to it.

Each of these explanations is highly 
plausible. Finding the correct explanation 
could lead to a major insight. At present, 
our knowledge is largely limited to the 
observation that the VCIS and HiRes 120 
strategies have not produced large gains 
in the performance of CIs.

FSP

The term “fine structure” refers to small 
frequency differences in a signal or, 
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equivalently, to fine temporal variations 
in a signal. The representation of frequen-
cies with CIs may be coarse, as discussed 
previously. Some additional detail may 
be provided with the virtual channel 
approaches, but the increment may be 
small if present at all compared with CIS 
and other strategies that present nonsi-
multaneous stimuli only. As mentioned in 
the preceding subsection, the numbers of 
discriminable frequencies produced with 
CIS and the related strategies may be just 
as high as the numbers produced with the 
virtual channel strategies involving simul-
taneous stimulation of pairs of electrodes.

Fine structure information has been 
shown to be important for music recep-
tion, speech reception in noise, word (or 
lexical) distinctions in tonal languages, 
and lateralization of sound sources in the 
horizontal plane.56–58 An increment in the 
amount or quality of this information that 
is presented and perceived with implants 
could be helpful for music and speech 
reception using either a unilateral CI or 
bilateral CIs, or for sound lateralization 
using bilateral CIs.

An alternative to the virtual channel 
approaches for presenting fine structure 
information is the FSP strategy recently 
introduced by MED-EL GmbH. This strat-
egy also is a variation of CIS. The FSP strat-
egy is designed to represent frequency 
variations within bandpass channels by 
initiating short groups of pulses at the 
positive zero crossings in the bandpass 
output(s) for the apical 1 to 4 channels. 
(If all four channels are used, the strategy 
is called the “FS4” strategy.) This tempo-
ral code may be more robust than the 
representation of temporal information 
with the envelope signals only,14,59 which 
is used in all other strategies reviewed 
thus far.

In addition, the range of frequen-
cies spanned by the bandpass filters is 

extended downward in the FSP strategy 
compared to the range used in standard 
implementations of the CIS strategy.  
A typical range for the FSP strategy is 70 
to 8500 Hz, whereas a typical range for 
the CIS strategy is 250 to 8500 Hz. The 
range for the FSP strategy includes the 
fundamental frequencies for male, female, 
and child talkers, and the downward 
extension of the range compared to CIS 
allows the presentation of time-locked 
bursts of pulses at rates as low as about 
70 bursts/s.

The combination in the FSP strategy 
of: (1) the downward extension of the 
frequency range spanned by the band-
pass filters and (2) the presentation of 
time-locked stimuli at low rates might 
improve frequency discrimination at low 
frequencies compared to the CIS and 
the other strategies reviewed thus far. In 
fact, Krenmayr et al60 recently evaluated 
this hypothesis in a comparison between 
the FSP and CIS strategies and found 
that the range of distinct pitches elicited 
with complex periodic sounds with vary-
ing fundamental frequencies is indeed 
extended to lower fundamental frequen-
cies with the FSP strategy.

The temporal representation of fine 
structure information that is presented at 
one or more of the apical electrodes with 
the FSP strategy may be effective only up 
to frequencies of about 300 Hz for most 
implant patients and up to about 1000 Hz  
for exceptional patients. That is, pitch 
increases with the rate or frequency 
of stimulation at single electrodes for 
implant patients only up to these val-
ues.61 Higher rates or frequencies do not 
produce higher pitches. Instead, the pitch 
remains the same as at the asymptotic 
point, sometimes called the “pitch satu-
ration limit,” for implant patients. Thus, 
variations in the temporal patterns of 
stimulation provided by the FSP strategy 
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will be perceived only for the bandpass 
channels that include frequencies below 
the pitch saturation limit.

For this reason, the remaining 
(higher frequency) channels present con-
ventional CIS stimuli. (The pitch satura-
tion limit also guided the choice for the 
cutoff frequencies of the envelope detec-
tors in the CIS and related strategies; that 
is, cutoff frequencies between 200 and 
400 Hz restrict envelope variations to 
those upper limits, which do not gener-
ally exceed the pitch saturation limit.) The 
lowest or lower channels thus represent 
the “temporal fine structure” at the out-
puts of the corresponding bandpass fil-
ters by “marking” the positive zero cross-
ings with stimulus presentations, and the 
higher channels represent the envelope 
variations with CIS stimuli. As mentioned 
above, those envelope variations also may 
convey fine-timing information up to the 
cutoff frequency of the envelope detec-
tors. However, the salience of that repre-
sentation may be less than the salience of 
the time-locked stimulus bursts presented 
to the apical electrode(s).

The FSP, CIS+, and HDCIS strategies 
all use bandpass filters with bell-shaped 
responses. As noted previously, this 
design may produce a smooth transition 
from one filter to the next when a sinu-
soidal input is “swept” between the cen-
ter frequencies of the filters. Such smooth 
transitions may enhance the “channel 
balance” cue obtained with sequential 
stimulation of adjacent electrodes. In 
particular, frequencies in the input that 
are intermediate to the center frequen-
cies of the bandpass filters will produce 
an output from both filters, and the ratio 
of the outputs from the filters will vary 
almost linearly as a function of the input 
frequency. Thus, a good approximation of 
the input frequency is represented in the 
ratio of the bandpass outputs, for all fre-

quencies between the center frequencies 
of the filters. Many different ratios may be 
perceived as different pitches, and thus 
the channel balance cue in conjunction 
with the bell-shaped responses for the fil-
ters may be another way to convey fine 
structure information to implant patients. 
(The situation for multiple components 
with different frequencies in the input to 
any two adjacent filters is considerably 
more complex.)

Alternative filter designs also may 
be effective in this regard, for example, 
the filters with the more rectangular 
responses that are used in other imple-
mentations of the CIS and other strate-
gies. However, filters with the bell-shaped 
responses would be expected to maxi-
mize the transmission of fine structure 
information using the channel balance 
cues. (This hypothesis remains to be 
demonstrated.) The FSP, CIS+, and HDCIS 
strategies may convey fine structure infor-
mation at relatively high frequencies with 
the channel balance cues produced with 
nonsimultaneous stimulation and with 
the bandpass filters with the bell-shaped 
responses. In addition, these strategies 
may convey information about the funda-
mental frequency through temporal varia-
tions in the modulation waveforms for the 
channels. The FSP strategy may augment 
this latter representation, and may convey 
further fine structure information at low 
frequencies (ie, frequencies below the 
pitch saturation limit), with the stimulus 
bursts that are time locked to the positive 
zero crossings in the bandpass outputs.

As in the CIS and other strategies, 
stimulus magnitudes for the apical chan-
nel(s) in the FSP strategy are determined 
with an envelope detector and nonlinear 
mapping function for each of the chan-
nels. Thus, channel balance cues are pro-
vided for all channels including the apical 
channels. Such cues may reinforce the 
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temporal code provided with the time-
locked stimuli for the apical channels, or 
indeed may be as important or even more 
important in conveying the fine structure 
information at the low frequencies that 
are included in the apical channels.

We note that the FSP strategy is simi-
lar in design to a strategy described by 
Wilson et al in 1991,62 called the “peak 
picker/CIS” (PP/CIS) strategy. The princi-
pal difference between the FSP and PP/
CIS strategies is that single pulses are pre-
sented at the peaks in the bandpass filter 
outputs in the PP/CIS strategy, whereas 
groups of pulses (including the pos-
sibility of a single pulse) are presented 
at the positive zero crossings in the FSP 
strategy. Two additional differences are 
that: (1) bandpass filters with bell-shaped 
responses are used in the FSP strategy, 
whereas filters with more-rectangular 
responses (Butterworth responses) are 
used in the PP/CIS strategy, and (2) the 
range of frequencies spanned by the band-
pass filters is not extended downward in 
the PP/CIS strategy. (The FSP approach 
may possibly be better as a result of either 
or both of these latter two differences.) 
Subjects noted that the PP/CIS strategy 
sounded more natural and lower in over-
all pitch than the control CIS strategy, but 
the results from tests of open-set speech 
recognition in quiet were not statistically 
different between the two strategies.

Comparisons between the CIS+ and 
FSP strategies have been published by 
Arnoldner et al,59 Riss et al,63,64 and Ver-
meire et al.65 In addition, comparisons 
between HDCIS and FSP have been pub-
lished by Riss et al,66 and Magnusson.67 
Comparisons among CIS+, HDCIS, and 
FSP also have been published by Lorens 
et al7 and presented by Brill et al.68 Fur-
thermore, comparisons between research 
versions of CIS and FSP implemented 
with the same processor hardware have 

been published by Schatzer et al.69 All 
studies included measures of speech 
reception, and the studies of Arnoldner 
et al, Brill et al, Lorens et al, Magnusson, 
and Vermeire et al also included question-
naires for the subjects. Most of the ques-
tionnaires related to speech quality and 
strategy preferences. The questionnaires 
in the studies of Lorens et al and of Mag-
nusson also related to judged differences 
in music quality between or among the 
tested strategies.

In broad terms, significant differ-
ences are found between CIS+ and FSP 
in the objective scores on speech tests 
(especially speech recognition in noise 
or in competition with other talkers) and 
in the responses to the questionnaires, 
in favor of FSP. These differences could 
be the result of the previously described 
differences between the TEMPO+ versus 
the OPUS 1 or OPUS 2 hardware; the use 
of the time-locked stimuli for the apical 
channel(s) in FSP; the difference between 
the frequency range spanned by the band-
pass filters for CIS+ versus the range for 
FSP; or some combination of these factors.

In contrast, small or no differences 
are found between CIS and FSP when 
the two strategies are implemented with 
the same hardware. In particular: (1) the 
speech reception results reported by Brill 
et al did not favor HDCIS over FSP or vice 
versa, with both strategies implemented 
with the OPUS hardware; (2) the speech 
reception results reported by Mangusson 
et al did not show any statistically signifi-
cant differences between HDCIS and FSP; 
(3) the speech reception results reported 
from the 2008 study by Riss et al com-
paring CIS and FSP with each using 2, 
3, 5, 8, or 12 channels of processing and 
stimulation and with each implemented 
with the same hardware did not show 
any statistically significant differences 
between the strategies, including the stan-
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dard 12-channel versions of the strategies; 
and (4) the speech and tone reception 
results reported by Schatzer et al did not 
show any statistically significant differ-
ences between research versions of the 
CIS and FSP strategies, as implemented 
using the same processor hardware and 
as tested with Cantonese materials and 
native Cantonese speakers. (Cantonese is 
a tone language whose reception might 
be significantly enhanced with a better 
representation of fine structure informa-
tion at low frequencies, which is exactly 
what the FSP strategy is designed to pro-
vide.) Lorens et al found a small advan-
tage of FSP over HDCIS for a speech 
reception measure in quiet but not for 
the same measure in noise. In addition, 
the responses to the questionnaires in 
that study indicated a preference for FSP 
versus HDCIS for listening to speech (p = 
0.048) but no preference between the two 
strategies for listening to music. The pref-
erence for listening to speech was small 
and just attained statistical significance. 
The responses to the questionnaires in 
the study of Magnusson did not indicate 
a strategy preference for either speech or 
music reception.

The data to date indicate advan-
tages of FSP over CIS+. In addition, the 
data indicate either a small advantage 
of FSP over HDCIS or a full equivalence 
between the two strategies. Most of the 
studies conducted thus far did not include 
a crossover design or other experimen-
tal controls for possible learning effects, 
which may have favored FSP in some 
of the comparisons. FSP is a promising 
approach, but more studies are needed to 
establish the magnitude of the benefit and 
whether the benefit may vary among dif-
ferent populations of patients or different 
listening situations, for example, speech 
in quiet versus speech in noise, or speech 
versus music reception. Such studies also 

could help identify beneficial aspects of 
the hardware changes incorporated in the 
OPUS processors. Those changes could 
possibly support better results with a 
variety of implemented strategies, includ-
ing the CIS and FSP strategies.

PERFORMANCE WITH 

UNILATERAL IMPLANTS

Representative findings from evaluations 
of the speech reception performance of 
unilateral CIs are presented in Figure 4–5, 
which shows scores for 55 users of the 
MED-EL COMBI 40 CI system and the 
CIS processing strategy as implemented 
with that system.70 The subjects were 
postlingually deafened adults. Scores 
for recognition of the Hochmair-Schultz-
Moser sentences are presented in Figure 
4–5, panel a, and scores for recognition 
of the Freiburger monosyllabic words 
are presented in panel b. The sentences 
and words were presented in quiet with-
out any interfering sounds. Results for 
five measurement intervals are shown, 
ranging from one month to 2 years fol-
lowing the initial fitting of the external 
speech processor. The solid line in each 
panel shows the mean of the individual 
scores. The fittings for most of the sub-
jects included eight channels of process-
ing and associated sites of stimulation 
and a pulse rate of about 1500/s/elec-
trode. The fittings for some of the sub-
jects included a lower number of chan-
nels and a proportionately higher rate. All 
fittings used the maximum overall pulse 
rate supported by the COMBI 40 implant, 
12,120 pulses/s. The presented data are 
a superset of those reported in Helms  
et al70 that include scores for additional 
subjects at various test intervals, as re-
ported in Wilson.17
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Figure 4–5 shows broad distributions 
of scores for both tests. However, ceiling 
effects are encountered for the sentence 

test for many of the subjects, especially at 
the later test intervals. At 24 months, 46 
of the 55 subjects score above 80% cor-

Figure 4–5. Percent correct scores for 55 users of the COMBI 40 cochlear implant and 
the continuous interleaved sampling (CIS) processing strategy. Scores for recognition of the 
Hochmair-Schultz-Moser sentences are presented in panel a, and scores for recognition of 
the Freiburger monosyllabic words are presented in panel b. Results for each of five test 
intervals following the initial fitting of the speech processor for each subject are shown. 
The horizontal line in each panel indicates the mean of the scores for that interval and test. 
(The great majority of the data are from Helms J, Müller J, Schön F, Moser L, Arnold W, et 
al. Evaluation of performance with the COMBI40 cochlear implant in adults: a multicentric 
clinical study. ORL J Otorhinolaryngol Relat Spec. 1997;59:23–35, with an update reported 
in Wilson BS. Speech processing strategies. In: Cooper HR, Craddock LC, eds. Cochlear 
Implants: A Practical Guide. 2nd ed. Hoboken, NJ: John Wiley & Sons; 2006:21–69. Figure 
is adapted from Dorman MF, Spahr AJ. Speech perception by adults with multichannel 
cochlear implants. In: Waltzman SB, Roland JT Jr, eds. Cochlear Implants. 2nd ed. New 
York, NY: Thieme Medical Publishers; 2006:193–204, and is used here with the permission 
of Thieme Medical Publishers.) continues
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rect, consistent with the conclusion from 
the 1995 NIH Consensus Statement on 
Cochlear Implants3 that is presented in 
Table 4–1. Scores for the recognition of 
the monosyllabic words are much more 
broadly distributed. For example, at the 
24-month interval only nine of the 55 sub-
jects have scores above 80% correct, and 
the distribution of scores from about 10% 
correct to nearly 100% correct is almost 
perfectly uniform.

An interesting aspect of the results pre- 
sented in Figure 4–5 is the improvement 
in performance over time. This improve-
ment is even easier to see in Figure 4–6, 
which shows the means and standard 

errors of the means (SEMs) for these same 
data and for the additional intervals that 
were included for the sentence test. The 
means of the scores increase for both the 
sentence and word tests out to 12 months 
and then plateau thereafter. The means 
for the sentence test asymptote at about 
90% correct, and the means for the word 
test asymptote at about 55% correct. The 
long-term course needed to attain the 
asymptotic performances indicates a role 
of the brain in determining outcomes 
with CIs. In particular, the time course 
far exceeds that of any possible changes 
at the periphery and must instead reflect 
plastic changes in brain organization and 

Figure 4–5. continued
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function, as the brain “reconfigures” itself 
over the months to make progressively 
better use of the decidedly sparse and 
unnatural input from the periphery, as pro-
duced with the stimuli provided by the CI.

The results presented in Figures 4–5 
and 4–6 typify performances with the 
best of the contemporary CI systems and 
unilateral stimulation. This fact is illus-
trated in Figure 4–7, which compares 
results from the Helms et al study, con-
ducted in the mid-1990s and reported 
in 1997, with results from the subjects 
in Group 5 in the study of Krueger et 

al,71 who received their unilateral CIs in 
the mid-2000s and whose results were 
reported in 2008. Group 5 included 310 
subjects who used the newest devices of 
the time, including the CII or HiRes90K 
implant devices from Advanced Bionics 
Corp, the Freedom implant device from 
Cochlear Ltd, or the COMBI 40+ or Pul-
sar implant devices from MED-EL GmbH. 
The processing strategies implemented 
with these various devices included the 
CIS, CIS+, n-of-m, ACE, and HiRes strat-
egies. Means of the scores for the rec-
ognition of the Freiburger monosyllabic 

Figure 4–6. Means and standard errors of the means for the data and 
subjects in Figure 4–5. Note that the time scale along the x-axis is logarith-
mic. (Reproduced with permission from Wilson BS. Speech processing  
strategies. In: Cooper HR, Craddock LC, eds. Cochlear Implants: A Practi-
cal Guide. 2nd ed. Hoboken, NJ: John Wiley & Sons; 2006:21–69.)
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words in quiet are shown for the 55 sub-
jects in the Helms et al study and the 310 
subjects in Group 5 in the Krueger et al  
study. In addition, SEMs are shown for 
the subjects in the Helms et al study. (The 

SEMs for the subjects in the Krueger et al 
study are much smaller due to the large 
number of subjects.)

The comparison presented in Fig-
ure 4–7 shows a complete overlap in 
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Figure 4–7. Recognition of monosyllabic words by cochlear implant 
subjects in the study of Helms et al (closed symbols) and in Group 5 in 
the study of Kruger et al (open symbols). The Freiburger test was used 
in both studies. The means of the scores are shown for both studies and 
the standard errors of the means (SEMs) are shown for the Helms et al 
study. The SEMs for the Kruger et al study are infinitesimally small due to 
the high number of subjects in Group 5 in the study (310 subjects). The 
x-axis indicates the time in months at and following the first fitting of the 
external sound processor for the subjects. (Data are from Helms J, Mül-
ler J, Schön F, Moser L, Arnold W, et al. Evaluation of performance with 
the COMBI40 cochlear implant in adults: a multicentric clinical study. 
ORL J Otorhinolaryngol Relat Spec. 1997;59:23–35, and from Krueger B, 
Joseph G, Rost U, Strauss-Schier A, Lenarz T, Buechner A. Performance 
groups in adult cochlear implant users: speech perception results from 
1984 until today. Otol Neurotol. 2008;29:509–512.)
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the results for unilateral CIs that were 
reported in 1997 and 2008. That is, the 
scores for the recognition of monosyllabic 
words are statistically indistinguishable 
between the groups of subjects at all test 
intervals out to 24 months following the 
initial fitting of the external speech pro-
cessor. In addition, for this relatively dif-
ficult test, the scores and the means of the 
scores do not exhibit even the slightest 
hint of ceiling effects that might reduce 
the statistical power for detecting any dif-
ferences between the groups.

This remarkable correspondence in 
the scores across the decade indicates 
that the large step forward with the intro-
duction of CIS into widespread clinical 
use in the mid 1990s was not surpassed 
at least until the late 2000s. Indeed, as 
reviewed in the preceding major section 
on processing strategies for unilateral 
CIs, no processing strategy since the late 
2000s has surpassed CIS and the related 
strategies with the possible exception of 
the FSP strategy for some tests. That lat-
ter possibility needs further evaluation, as 
also noted in the preceding section.

The results reviewed above generally 
apply to postlingually deafened patients. 
Results for prelingually deafened patients 
may be different, depending on the age of 
implantation. If the implant occurs at an 
early age, for example, 18 months or less, 
then the results for the prelingually deaf-
ened population are as good as the better 
outcomes for the postlingually deafened 
population.72,73 In contrast, implantations 
after the second or third birthday for the 
prelingual (or perilingually deafened) 
patients are associated with outcomes 
that are usually worse than those for the 
postlingual patients, and the odds for a 
good outcome are very poor for prelin-
gually deafened persons implanted after 
4 to 6 years of age.

STIMULATION IN 

ADDITION TO THAT 

PROVIDED WITH 

UNILATERAL IMPLANTS

The stimulation provided with unilateral CIs  
may be augmented by electrical stimula-
tion on the contralateral side with another 
CI, or with acoustic stimulation for per-
sons who have at least some residual hear-
ing in either or both ears. Either mode of 
the additional stimulation can produce 
large improvements in speech reception, 
especially for speech presented in compe-
tition with noise or other talkers. For the 
cases in which both ears are stimulated, 
sound localization abilities also may be 
reinstated at least to some extent. Such 
abilities can restore a sense of fullness in 
auditory percepts and a sense of “living in 
a three-dimensional world,” as has been 
stated by many patients. The abilities also 
can confer further benefits in attending 
to a primary speaker or other source of 
sound in typical acoustic environments 
with multiple interfering sounds at other 
locations. The combination of electric plus 
acoustic stimulation (combined EAS) can 
improve the reception of music and tonal 
languages substantially, whether or not 
both ears are stimulated. These benefits 
of bilateral electrical stimulation and of 
combined EAS are described in detail in 
recent reviews by Dorman and Gifford74 
and by Wilson and Dorman.18,75

Some of the aforementioned benefits 
are illustrated in Figure 4–8, which shows 
differences in percent correct scores be- 
tween unilateral stimulation with one CI and 
either: (1) bilateral electrical stimulation  
with a CI on both sides or (2) combined 
EAS, with stimulation of one ear with a 
CI and the other ear with acoustic stimuli. 
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Figure 4–8. Differences in percent correct scores between unilateral stimulation with one cochlear implant (CI) and either: (1) bilateral 
electrical stimulation, with two CIs and with one on each side, or (2) combined electric and acoustic stimulation (bimodal stimulation), with 
stimulation of one ear with a CI and the other ear with acoustic stimuli. The tests included recognition of consonant-nucleus-consonant (CNC) 
monosyllabic words presented in quiet, and recognition of the Arizona Biomedical Institute (Azbio) sentences presented in competition with 
a four-talker speech babble noise at the speech-to-noise ratio of +5 dB. Additional details about the conditions of the tests and the sources 
of the data are presented in the text.
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This latter condition is labeled “bimodal” 
in the figure. The comparisons for the 
bimodal subjects are between stimulation 
with the unilateral CI only versus stimula-
tion of that CI plus acoustic stimulation of 
the contralateral ear. The comparisons for 
the bilateral subjects are between stimu-
lation of the unilateral CI producing the 
better speech reception scores for each 
subject versus stimulation with both CIs. 
The bimodal subjects are from a cohort 
described in Dorman and Gifford, and the 
bilateral subjects are from participants in 
the clinical trials of bilateral implants in 
the United States. These latter subjects 
used either an Advanced Bionics Corp 
CI on both sides, a Cochlear Ltd CI on 
both sides, or a MED-EL GmbH CI on 
both sides. The tests included recognition 
of consonant-nucleus-consonant (CNC) 
monosyllabic words presented in quiet 
for all subjects in both groups of subjects, 
and recognition of the relatively difficult  
Arizona Biomedical Institute (Azbio) sen-
tences76 presented in competition with a 
four-talker speech babble noise at the S/N 
of +5 dB for subsets of the subjects. Rec-
ognition of the CNC words was measured 
with 83 bimodal subjects and 80 bilateral 
subjects. Recognition of the Azbio sen-
tences in noise was measured with 80 
bimodal subjects and 29 bilateral subjects. 
The scores presented in Figure 4–8 are ref-
erenced to the mean scores for the CI only 
for the bimodal subjects and the better of 
the two CIs for the bilateral subjects. Those 
mean scores for the bimodal subjects were 
58 and 32% correct for the CNC word and 
Azbio sentence tests, respectively. The 
mean scores for the bilateral subjects were 
both 55% correct for the two tests.

The data presented in Figure 4–8 
indicate that large gains in speech recep-
tion may be obtained with either inter-
vention. That is, the numbers of subjects 

whose scores are higher than the base-
line for either test with either interven-
tion far outweigh the numbers of subjects 
whose scores are lower than the baseline. 
In addition, the mean scores increase up 
to about 10 percentage points with the 
stimulation in addition to the unilateral 
CI for both tests and for both types of 
additional stimulation. Between the two 
types of additional stimulation, combined 
EAS (bimodal) may provide the possibil-
ity of larger gains for speech reception 
in noise than bilateral CIs. The overall 
improvements for either mode of addi-
tional stimulation are substantial.

Although the gains can be substan-
tial, not all prospective patients will be 
able to take advantage of the possibilities 
offered by bilateral CIs or combined EAS. 
For example, national health care plans or 
third-party insurers do not always cover 
the additional cost of the second implant 
for bilateral CIs. In addition, some candi-
dates for a CI do not have any useful resid-
ual hearing that could be stimulated effec-
tively with the acoustic stimulation part 
of combined EAS. Thus, a need remains 
to improve the performance of unilateral 
CIs for many patients. That need also is  
evident in the remaining variability in 
outcomes even with bilateral CIs or com-
bined EAS (see Fig 4–8). The scores with 
these interventions are higher on average 
than the scores obtained with unilateral 
CIs, but the results across patients are still 
highly variable and much room remains 
for improvements in the mean scores and  
most especially in the scores for individuals 
that are below the mean. A better contri-
bution from each unilateral CI could exert 
a salutatory effect on the performance 
of bilateral CIs, and a better contribution 
from the CI could produce substantially 
better results with the combination of 
electric plus acoustic stimulation.
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POSSIBILITIES FOR 

IMPROVEMENT

Fortunately, there are many promis-
ing possibilities for improvement in the 
design and performance of unilateral CIs. 
Some of the possibilities are described in 
two recent reviews by Wilson and Dor-
man,18,75 and include: (1) a closer mimick-
ing of the intricate processing in the nor-
mal cochlea; (2) continued development 
of approaches to represent fine structure 
information with implants, including 
representations of the first several har-
monics for periodic sounds, which are so 
very important for pitch and music per-
ception; (3) an increase in the number 
of effective channels with implants, for 
example, with new electrode designs or 
placements, optical rather than electrical 
stimulation, or directed growth of neu-
rites toward intracochlear electrodes as 
promoted by various neurotrophic drugs; 
(4) a “top down” or “cognitive neurosci-
ence” approach to the design of CIs and 
other neural prostheses that takes differ-
ences in brain function among users into 
account; and (5) identifying the cause 
or causes of the apparent disconnect 
between the number of discriminable 
sites of stimulation versus the number of 
effective channels with implants, and then 
acting on that knowledge to bring the 
latter number closer to the former num-
ber. Of course, possibilities 3 and 5 may 
be related. Further detailed information 
about the “closer mimicking” and “top 
down” approaches to CI designs is pre-
sented in several recent papers by Wilson 
et al,42,45,77,78 and further detailed informa-
tion about the importance of represent-
ing the harmonic structure of periodic 
sounds is presented in a seminal paper 
by Oxenham et al.79 Realization of any 

of the listed possibilities could produce 
another breakthrough, akin to the advent 
of multichannel processing and multiple 
sites of stimulation in the early 1980s, and 
akin to the advent of the CIS and related 
processing strategies in the late 1980s and 
early 1990s.

CONCLUDING REMARKS

We as a community have come a long way 
indeed in the development of CIs and 
processing strategies for them, but much 
room remains for further improvements. 
Fortunately, there are multiple promis-
ing possibilities for such improvements. 
Changes in processing strategies have 
produced large gains in performance in 
the past and may well do so in the future.
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 “From a physiological point of view, cochlear 
implants will not work.”

This statement by Professor Rainer Klinke in 
1978 was not the first criticism of efforts to 
develop a treatment for deafness using electri-
cal stimulation of the auditory nerve. Klinke 
was accompanied and preceded by a chorus 
of experts in otology and hearing science who 
proclaimed that such an idea was a fool’s dream. 
The cochlea, with its exquisite mechanical 
machinery, its complex arrangement of more 
than 15,000 sensory hair cells, and its 30,000 
neurons, could not possibly be replaced by a 
crude and undifferentiated stimulation of many 
neurons en masse. The argument was a good 
one. However, the pioneers in the field perse-
vered in the face of the vociferous criticism. 
Foremost among these pioneers was William 
F. House, who developed with Jack Urban the 
first cochlear implant system that could be 
safely applied over a patient’s lifetime and that 
generally provided an awareness of environ-
mental sounds and an aid to lipreading1. This 
achievement was a huge step forward.

The House system and other early systems 
used a single channel of processing to trans-
form sound sensed by a microphone into 
patterns of electrical stimulation, as well as a 
single site of stimulation in or on the cochlea. 
Many or most surviving neurons were stimu-
lated synchronously and in more or less the 
same way with the single site of stimulation. 
Only temporal information could be conveyed 
with these early implants, but it was enough 

Toward better representations of sound 
with cochlear implants
Blake S Wilson

to provide the aforementioned benefits, and 
it was sufficient in other single-site systems 
to support some speech recognition for some 
patients, most notably in the early systems 
developed by Ingeborg and Erwin Hochmair.

Some of the early developers believed that 
temporal information was paramount for audi-
tory perception, but other early developers 
believed that representation of different fre-
quencies with different sites of stimulation in the 
cochlea was also important, if not the dominant 
or even the sole code for frequencies. These lat-
ter persons included, but were not limited to, 
Graeme Clark, Donald Eddington, and Michael 
Merzenich, as well as their respective teams2.

My entry into the field
I was trained initially as an electrical engineer 
but became interested in hearing research first 
through my solo project to recreate the per-
ception of three-dimensional hearing from the 
two tracks of information in a stereo long-play 
(LP) record. I learned aspects of auditory psy-
chophysics in the project and was fascinated by 
the intricacies of hearing.

I later became keenly aware of the problems 
of deafness and severe hearing losses through 
another project, which aimed to provide sup-
plementary information for deaf persons auto-
matically and in real time to disambiguate the 
challenges of lipreading. This project involved 
analyzing speech with a small computer and 
relaying the output of the speech analysis to 
a set of light-emitting diode (LED) displays 
mounted on the stems of eyeglasses, such that 
the LED displays projected virtual images that 
the user could see to either side of the lips of 
a person speaking to her or him. This second 
project was directed by Robert L. Beadles 
and was conducted at the Research Triangle 
Institute (RTI) in the Research Triangle Park 
in North Carolina, USA, where I also was 
employed. I assisted Bob in the project from 
1974 through much of 1978.

In 1977 I applied for and won an RTI pro-
fessional development award to visit three of 
the four centers in the United States that were 
then active in the development and first appli-
cations of cochlear implants. I wanted to learn 
more about what these centers were doing and 
whether I could be helpful in any of their ongo-
ing efforts, such as in the area of speech analysis.

I visited Bill House and members of his team 
in Los Angeles; Blair Simmons, Robert White, 
and other members of the team at Stanford 
University; and Mike Merzenich and his team 
at the University of California at San Francisco 
(UCSF). The visits were in 1978, the same year 
Professor Klinke made the statement I quoted 
above. After my visit to UCSF, Mike asked me 
to be a consultant for the project there. I happily 
agreed, and that was the beginning of my direct 
involvement in the field of cochlear implants.

‘Speech processors’ projects
A few years later, in 1983, I won the first in a 
series of seven contiguous projects to develop 
cochlear implants, with an emphasis on design 
and evaluation of novel processing strategies 
for implants. These projects were supported 
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Figure 1  The RTI team in 1986. From left to  

right are Charles Finley, Blake Wilson and  

Dewey Lawson.
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the first NIH Consensus Development 
Conference on Cochlear Implants, which 
was convened in 1988. Two of these conclu-
sions were that multisite systems were more 
likely to be effective than single-site systems, 
and that “about 1 in 20 patients could carry 
out a normal conversation without lipread-
ing,” using the best of the multisite systems5. 
The introduction of the multisite systems 
was another great step forward for cochlear 
implants, but even moderate levels of speech 
recognition using the restored hearing alone 
were still rare.

CIS was a breakthrough in sound pro-
cessing that used the multiple sites far better 
than before, and thereby enabled high levels 
of speech recognition for the great majority 
of cochlear implant users. Unlike some prior 
strategies (including strategies we developed), 
this new strategy did not make any assump-
tions about how speech is produced or per-
ceived, or about what might be important in 
the input. That is, the new strategy did not 
extract and then represent any specific fea-
tures in the input, such as the fundamental 
frequency of voiced speech sounds, the peri-
odicity or aperiodicity of inputs, or an inferred 
resonance frequency of the vocal tract in pro-
ducing a speech sound. Instead, the strategy 
was designed to reproduce as many aspects 
of the input as possible, and then to allow the 
user’s brain to decide what was (or was not) 

Continuous interleaved sampling
We developed and tested many processing 
strategies during the projects, and many of the 
strategies are in widespread clinical use today. 
However, one strategy towers above the rest in 
terms of the improvement in performance over 
its predecessors and in terms of impact. That 
strategy is the continuous interleaved sampling 
(CIS) strategy, invented in 1989 and tested with 
an initial set of cochlear implant patients in 
1989 and 1990. The results from those stud-
ies were published in Nature in 1991 (ref. 4). 
This publication became the most highly cited 
publication in the specific field of cochlear 
implants at the end of 1999 and has remained 
so ever since.

By 1989, groups in Australia, Europe and 
the US had developed multielectrode arrays 
that could be safely inserted into the scala 
tympani of the cochlea and that could excite 
different sectors (or tonotopic regions) of the 
auditory nerve, depending on which intraco-
chlear electrode or which closely spaced pair of 
intracochlear electrodes was activated. Thus, 
stimulation of an electrode near the basal end 
of the cochlea would elicit a high-pitched per-
cept, stimulation at the other end of the cochlea 
would elicit a low-pitched percept, and stimu-
lation at intermediate positions would elicit 
intermediate pitches.

The status of the field at that time is accu-
rately expressed in the conclusions from 

E S S AY

through the Neural Prosthesis Program at the 
US National Institutes of Health (NIH), and 
they spanned 23 years. Advances we made in 
these projects are among the advances being 
honored by the 2013 Lasker~DeBakey Clinical 
Medical Research Award. 

Our first studies with implant patients were 
conducted at UCSF. Mike Merzenich and many 
others there were our gracious hosts, and they 
all helped us mightily in getting started. 

In late 1984, I received a call from Joseph 
C. Farmer Jr., who was an otologic surgeon at 
Duke. Joe mentioned that he had heard about 
our work at UCSF and wondered whether we 
might want to work a little closer to home, at 
Duke University, less than ten miles from the 
RTI. Of course, I thought Joe’s idea was won-
derful and welcomed it, so long as we could 
continue our partnership with UCSF, which 
we did for many years. We built a laboratory 
at Duke in 1985 and conducted most of our 
patient studies there for the next ten years, at 
which point we built two new laboratories at 
the RTI, one for speech-reception studies and 
the other for evoked-potential studies. We 
made a transition to the RTI laboratories over 
the next two years and all subsequent studies 
were conducted at the RTI.

Joe, I and others also founded the Cochlear 
Implant Program at Duke in 1985, which was 
one of the first such programs in the US. The 
first two implants in the program were experi-
mental devices provided by UCSF. The implant 
recipients who were fit with these devices were 
studied intensively in the Duke laboratory and 
in close cooperation with investigators at UCSF. 

A comprehensive description of the seven 
NIH projects—and the studies in the UCSF, 
Duke and RTI laboratories—is presented in a 
recent book3. 

Composition of the teams
The projects started small, but they grew in scope 
and size across the years. By the fall of 1984 we 
had a core team of three investigators (Fig. 1) 
and a part-time administrative assistant. In late 
1990 the core team included four investigators 
and a full time administrative assistant, and by 
1996 the number of investigators had grown to 
five and then in 2000 to six. The team in 2001 
along with two visitors is shown in Figure 2, and 
the changing composition of the teams over the 
years is depicted on page 7 in ref. 3. 

Although our focus was on the development 
of better processing strategies for implants, the 
work also included tool building and many 
other areas of research that are listed on pages 16 
and 17 in ref. 3. A hallmark of the projects was 
joint efforts with many investigators worldwide. 
These partnerships greatly extended the reach of 
our core teams.

Figure 2  Members of the RTI team in 2001, along with a research subject and his wife. From left to 

right are Jeannie Cox, Stefan Brill, Reinhold Schatzer, Denis Fitzgerald (the research subject), Heather 

Fitzgerald (Denis’s wife), Robert Wolford, Dewey Lawson and Blake Wilson. Not shown is team member 

Lianne Cartee. The Fitzgeralds visited the RTI laboratories from their home in St. Asaph, Wales, UK.
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From speech to sound processors
At the beginning of our work, we were 
delighted when a research subject could rec-
ognize, with hearing alone, even short frag-
ments of ongoing speech or more than two or 
three single-syllable words in a list of 50. The 
sole emphasis of our group and others was to 
convey more information about speech. We 
designers did not think about other sounds.

Happily, those early days are history and 
today many patients score at or near 100% 
correct in recognizing sentences and above 
80% correct in recognizing single-syllable 
words, with the speech items presented in 
quiet and using the restored hearing alone. 
In fact, we are now at the point at which 
investigators are calling for more difficult 
tests because the standard audiological tests 
are no longer sufficiently sensitive to detect 
differences among implant systems, patients 
or processing strategies, at least for the top-
performing patients7. Such a lack of sensitivity 
(due to ceiling effects) is a happy problem to 
have.

With these great advances in prosthesis 
design and performance, the emphasis has 
shifted to music reception and to recogni-
tion of speech in especially adverse acoustic 
environments, such as noisy restaurants or 
workplaces. We now think in terms of sound 
processors rather than speech processors. 
The present goal is to represent sound as 
faithfully as possible so that the brain will 
have access to the greatest possible amount 
of information, and not just to speech infor-
mation or features abstracted from speech. 
This shift in emphasis is a sign of the progress 
that has been made.

A lucky engineer
Ronald Vale wrote a wonderful essay8 for last 
year’s special issue of Nature Medicine celebrat-
ing the Lasker Awards. The title of his essay 
was: ‘How lucky can one be? A perspective 
from a young scientist at the right place at 
the right time.’ The essay resonated with me, 
as I experienced many of the same feelings 
and learned some of the same lessons Ron so 
eloquently described. I would only substitute 
the word ‘engineer’ for the word ‘scientist’ to 
describe my own experience. I had the great 
fortune to work on a problem that so adversely 
affected millions of people, and to do that work 
in the company of spectacular colleagues.

A few further lessons learned along the way
Further lessons I learned that pertain more 
directly to the development of neural prosthe-
ses are:

 
correct.

Many additional aspects and features of 
CIS are listed on page 10 in ref. 3, and details 
about the design are presented elsewhere in 
the same book and in refs. 2 and 4. In broad 
terms, CIS combined the best elements from 
disparate prior strategies and added some new 
elements as well. The combination produced 
unprecedented levels of speech recognition 
with cochlear implants. After this and other 
advances, the NIH convened another confer-
ence in 1995, the Consensus Development 
Conference on Cochlear Implants in Adults 
and Children6. A principal conclusion from 
that conference was that “A majority of those 
individuals with the latest speech processors 
for their implants will score above 80 percent 
correct on high-context sentences, even with-
out visual cues.”6

The introduction of CIS into widespread 
clinical use in the early 1990s was soon fol-
lowed by exponential growth in the number 
of implant recipients, which persists to this day. 
CIS is still used and is the basis for many of the 
strategies developed subsequently, which also 
no doubt helped to fuel the growth in implant 
numbers. Even today, CIS remains the stan-
dard against which other promising strategies 
are compared. 

In retrospect, those of us who designed 
implant systems had to ‘get out of the way’ and 
allow the brain to do its work. Once given a 
relatively clear and unfiltered input, the brain 
could do the rest.

important in the input. This design decision 
proved to be crucial, as considerable informa-
tion that could be perceived was discarded in 
the previous approaches, and the accuracy of 
feature extraction was very poor in typical 
acoustic environments with noise, reverbera-
tion and multiple talkers, even when using the 
most advanced signal processing techniques of 
the time.

In addition, unlike some other previous 
strategies, the new strategy did not stimulate 
the multiple electrodes in the implant simul-
taneously but instead sequenced brief stimulus 
pulses from one electrode to the next until all of 
the used electrodes had been stimulated. This 
pattern of stimulation across electrodes was 
repeated continuously, and each such ‘stimu-
lus frame’ presented updated information. This 
decision also proved to be crucial, in that the 
simultaneous stimulation produced spurious 
interactions (‘cross talk’) among the electrodes 
and thereby greatly degraded the perception 
of the ‘place of stimulation’ (frequency-based) 
cues. 

A further departure from the past was that, 
for pulsatile processors, the rate of stimulation 
was very much higher than had been used pre-
viously. The high rates allowed a fine-grained 
representation of temporal information at 
each of the used electrodes; thus, both place 
information and temporal information were 
represented with CIS, up to or near the limits 
of perception for both codes.

E S S AY

Figure 3  The payoff: what the intervention and associated technology can do for deaf and severely 

hearing-impaired persons. A user of a cochlear implant is conversing with the author. The joy in the 

exchange is obvious, and she clearly is not having any difficulty in understanding me even though she 

is not looking at my lip movements and the conversation included many different and unpredictable 

topics. The cochlear implant user is Lilo Baumgartner from Vienna, Austria; the photo was taken at an 

outside location near our RTI laboratories in September 2003.
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ride and among the great adventures of my life. 
The best parts have been the interactions with 
patients (Fig. 3) and seeing them flourish with 
their restored hearing.
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the brain might need for optimal perception.
-

tion may be adequate for a substantial restora-
tion of function with neural prostheses.

quality and quantity of information probably 
needs to be exceeded before the brain can do 
its work or at least work effectively.

-
bilities and work to forge a good partnership 
between the brain and the prosthesis.

fraction may emerge as good ones in practice; 
as Alfred Nobel famously said, “If I have 300 
ideas in a year and just one turns out to work I 
am satisfied.”

-
ate successful neural prostheses.

Concluding remarks
Even though I have been working in the field of 
cochlear implants for well over 30 years, I am 
as excited as ever about the possibilities for the 
future2,9,10. The work has been one incredible 
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(Plural, 2012), and a review of the book is presented in the journal Ear and Hearing, vol. 35, page 137. 

After retiring from the RTI, Prof. Wilson continued his positions as an Adjunct Professor in the 
Department of Surgery at the Duke University Medical Center (DUMC) and as The Overseas Expert for 
a large project at five centers in Europe funded by the EC and aimed at the remediation of hearing loss. 
In addition, he accepted new positions in 2007 and later. His current positions include: 

Adjunct Professor, Department of Surgery, DUMC (since 2002) 
Chief Strategy Advisor for MED-EL Medical Electronics GmbH, Innsbruck, Austria (since 2007) 
Co-Director (with Co-Director Debara L. Tucci, M.D.), Duke Hearing Center, DUMC (since 2008) 
Investigator, Duke Institute for Brain Sciences (DIBS), Duke University (since 2008) 
Adjunct Professor, Department of Electrical and Computer Engineering at Duke (since 2009) 
Director, MED-EL Basic Research Laboratory, RTP, NC, USA (since 2011) 
Honorary Professor, University of Warwick, Coventry, UK (since 2012) 
Adjunct Professor, Department of Biomedical Engineering at Duke (since 2012) 
Scholar in Residence, Pratt School of Engineering, Duke University (since 2013) 
Member of the affiliated faculties for the DIBS and the Duke Global Health Institute (since 2013) 

Prof. Wilson is the inventor of many of the speech processing strategies used with the present-day 
cochlear implants, including the continuous interleaved sampling (CIS), spectral peak picking (e.g., “n-
of-m”), and virtual channel strategies, among others. One of his papers, in the journal Nature, is the most 
highly cited publication by far in the specific field of cochlear implants. He has served as the Principal 
Investigator for 26 projects, including 13 projects for the United States’ National Institutes of Health. In 
addition, he created with Dr. Joseph C. Farmer, Jr., and others the Duke Cochlear Implant Program in 
1984, and he created with Drs. Farmer, Tucci, and Joseph M. Corless and others the Duke Hearing 
Center in 2008. 

Prof. Wilson – or he and his teams or colleagues – have received a high number of highly prestigious 
awards and honors, including for three examples among many the 2013 Lasker~DeBakey Clinical 
Medical Research Award, “for the development of the modern cochlear implant” (to Wilson, Graeme M. 
Clark, and Ingeborg J. Hochmair); the American Otological Society President’s Citation in 1997, “for 
major contributions to the restoration of hearing in profoundly deaf persons” (to Wilson, Dewey T. 
Lawson, Charles C. Finley, and Mariangeli Zerbi); and the 1996 Discover Award for Technological 
Innovation in the category of “sound” (to Wilson). In addition, Prof. Wilson has been the Guest of Honor 
(GOH) at 13 international conferences and at three national conferences to date. He has given GOH, 
keynote, or other invited talks at more than 180 conferences, and he has given or is scheduled to give 
eight named lectures. A complete list of awards and honors is presented in his full CV, as are complete 
lists of publications, books, major reports, patents, chaired conferences, chaired sessions within 
conferences, and the talks. 
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CURRICULUM VITAE for Prof. Blake S. Wilson (as of October 2014) 
 

Current Positions: Co-Director (with Co-Director Debara L. Tucci, M.D.) 
    Duke Hearing Center 

Duke University Medical Center (DUMC) 
    Durham, NC 27710, USA 
 

Adjunct Professor  
    Department of Surgery 

Division of Otolaryngology – Head & Neck Surgery 
    DUMC 

 
Adjunct Professor 
Department of Electrical and Computer Engineering 
Duke University 
Durham, NC 27708, USA 
 
Adjunct Professor 
Department of Biomedical Engineering 
Duke University 
 
Scholar in Residence 
Pratt School of Engineering 
Duke University 
 
Investigator and Member of the Faculty Network 
Duke Institute for Brain Sciences 
Duke University 
 
Affiliated Faculty 
Duke Global Health Institute 
Duke University 
 
Honorary Professor 
School of Engineering 
University of Warwick 
Coventry CV4 8UW, UK 

 
    Chief Strategy Advisor 

MED-EL Medical Electronics GmbH 
A-6020 Innsbruck, Austria

Director 
MED-EL Laboratory for Basic Research 
Research Triangle Park, NC 27709, USA 
 
Lasker Laureate and Life Fellow of the IEEE 
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Positions and Experience 

1974 to 2007: Several positions at the Research Triangle Institute (now RTI International) in the 
Research Triangle Park (RTP), NC, USA, including Research Engineer (1974-78); Senior Research 
Engineer (1978-83); Senior Research Scientist (1979-83); Head, Neuroscience Program (1983-94); 
Director, Center for Auditory Prosthesis Research (1994-2002); and Senior Fellow (2002-07). 
(Wilson created the Neuroscience Program and the Center for Auditory Prosthesis Research at the 
RTI with assistance and permissions from others, and he served as the first director for both the 
Program and the Center. He retired from RTI in 2007 after 33 years of continuous service there.) 

2006 to 2010: The Overseas Expert, Marie Curie Project for the Remediation of Hearing Loss, five 
centers in Europe and with the International Center of Hearing and Speech in Kajetany (near 
Warsaw), Poland, serving as the lead center. (The Marie Curie projects have one term only.) 

1984 to date: Adjunct appointments in the Department of Surgery, Duke University Medical Center 
(DUMC), Durham, NC, USA, including Assistant Professor (1984-94); Associate Professor (1994-
2002); and full Professor (2002 to date).  

2007 to date: Chief Strategy Advisor, Med El GmbH, Innsbruck, Austria. (This is a half-time 
consulting position.) 

2008 to date: Co-Director (with Co-Director Debara L. Tucci, M.D.), Duke Hearing Center, DUMC. 
(Drs. Farmer, Tucci, Wilson, and Corless created the Duke Hearing Center with assistance and 
permissions from many others.) 

2008 to date: Investigator, Duke Institute for Brain Sciences, Duke University, Durham, NC, USA. 
2009 to date: Adjunct Professor, Department of Electrical and Computer Engineering, Duke 

University. 
2011 to date: Director, MED-EL Laboratory for Basic Research, RTP, NC, USA. 
2012 to date: Honorary Professor, School of Engineering, University of Warwick, Coventry, UK. 
2012 to date: Adjunct Professor, Department of Biomedical Engineering, Duke University. 
2013 to date: Scholar in Residence, Pratt School of Engineering, Duke University. (Wilson is the first 

Scholar in Residence for the Pratt School and the position was created for him.) 
2013 to date: Member of the Faculty Network, Duke Institute for Brain Sciences, Duke University, 

Durham, NC, USA. 
2013 to date: Member of the Affiliated Faculty, Duke Global Health Institute, Duke University, 

Durham, NC, USA. 

Experience in these positions includes direction, as Principal Investigator, of 26 projects (13 for the 
NIH). Among the projects is a series of seven contiguous projects to develop speech processors for 
auditory prostheses (1983-2006: NIH N01-NS-3-2356, N01-NS-5-2396, N01-DC-9-2401, N01-DC-2-
2401, N01-DC-5-2103, N01-DC-8-2105, and N01-DC-2-1002).  

The experience also includes supervision of, or participation in, many other projects in the fields of 
neural prostheses and remediation of hearing loss. 

The above positions include more than 30 years of continuous service to the RTI and more than 25 
years of continuous service to Duke University. 

Degrees 

B.S.E.E., Duke University, Durham, NC, USA 
D.Sc., University of Warwick, Coventry, UK  
Dr.med.hc, Uppsala University, Uppsala, Sweden 
Dr.sci.hc, University of Salamanca, Salamanca, Spain 
 
Notes: The D.Sc. degree is one of the higher doctorates and is only awarded at a much higher standard 
than the standard used for the traditional Ph.D. degree. The higher doctorate is rarely awarded and is 
the highest among the terminal degrees in the arts, sciences, and engineering. The two “hc” (honoris
causa) degrees are honorary doctorates in medicine and science.  
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Major Awards and Honors  

Medal of Honor from the Paul Sabatier University in Toulouse, France, June 18, 2015. (This Medal 
will be presented by the President of the University. He will confer separate Medals to Wilson, 
Graeme M. Clark, M.D., and Ingeborg J. Hochmair, Ph.D., “for the development of the modern 
cochlear implant.”) 

A major international prize that will be announced in early January 2015. 
Honorary doctorate in science from the University of Salamanca in Salamanca, Spain, approved by the 

University Council on November 27, 2014 and to be conferred at the June 2015 conferment 
ceremony in Salamanca. 

Appointment as a Life Fellow of the IEEE, November 24, 2015. (The Fellow appointment is the 
highest honor conferred by the IEEE and less than 0.1 percent of the voting members are elevated to 
the Fellow grade each year.) 

Honorary doctorate in medicine from Uppsala University in Uppsala, Sweden, approved by the 
Faculty of Medicine in September 2014 and to be conferred at the winter conferment ceremony in 
Uppsala on January 30, 2015. 

Inaugural inductee – along with Robert J. Lefkowitz, M.D. and winner of the 2012 Nobel Prize in 
Chemistry, and Mary-Dell Chilton, Ph.D. and winner of the 2013 World Food Prize – into the Bull 
City Hall of Fame, March 27, 2014. (Durham, North Carolina, USA, also is known as the “Bull 
City” and “The City of Medicine.” It is the home of Duke University, the Duke University Health 
System, North Carolina Central University, and the Durham Performing Arts Center. Durham is a 
vibrant city with a diverse population of about 240,000.) 

Recipient of the first commendation from the American Cochlear Implant Alliance, “in recognition of 
the lifetime contributions of 2013 Lasker Award winner Dr. Blake S. Wilson in serving those with 
hearing loss through his remarkable contributions to the science of cochlear implantation,” October 
24, 2013. 

Appointment as the first Scholar in Residence for the Pratt School of Engineering at Duke University, 
September 13, 2013. (This appointment was created for Wilson and has a five-year term that is 
renewable.) 

The 2013 Lasker~DeBakey Clinical Medical Research Award, shared with Graeme M. Clark, M.D., 
and Ingeborg J. Hochmair, Ph.D., “for the development of the modern cochlear implant – a device 
that bestows hearing to individuals with profound deafness,” September 9, 2013. (The Lasker 
Awards are among the most respected science prizes in the world and are second only to the Nobel 
Prize in Physiology or Medicine for recognizing advances in medicine and medical science; indeed, 
fully a third of the winners of a Lasker Award go on to win the Nobel Prize at a later time. The 
Lasker Awards are popularly known as “America’s Nobels.” Only about 250 persons have received 
a Lasker Award since the inception of the awards program in 1945. Please see 
http://www.laskerfoundation.org/ for further details about the Lasker Foundation and its awards.) 

Co-Chair, with Co-Chair Christoph von Ilberg, M.D., of the Presbycusis Research Meeting, Munich, 
Germany, January 12-14, 2012. 

Guest of Honor (along with Jan Helms, M.D.), Munich Hearing Implant Symposium: Reaching New 
Heights, Munich, Germany, December 8-10, 2011. 

Guest of Honor, Ninth European Symposium on Paediatric Cochlear Implantation, Warsaw, Poland, 
May 14-17, 2009. (This Symposium is among the largest conferences in the field of cochlear 
implants; more than 1,700 delegates attended the symposium in Warsaw, which was an all-time 
high for these symposia.) 

One of Wilson’s inventions was named as one of the four greatest inventions or discoveries in the 50-
year history of the Research Triangle Park (RTP), as announced in the Triangle Business Journal, 
February 27, 2009. (The RTP is the largest research park in the USA and includes more than 170 
research organizations whose aggregate number of full-time employees exceeds 42,000. The other 
named inventions or discoveries were the UPC barcode, invented at IBM; the anti-cancer drug 
Taxol, discovered and developed at the Research Triangle Institute; and the anti-viral drug AZT 
used to treat HIV-AIDS, invented at GlaxoSmithKline.) 
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Invitation to give the Neel Distinguished Research Lecture at the Annual Meeting of the American 
Academy of Otolaryngology, Head & Neck Surgery, Chicago, IL, USA, September 21-24, 2008. 
(The two-part lecture for this year was given with Richard T. Miyamoto, M.D., Chair of 
Otolaryngology – Head & Neck Surgery at the Indiana University School of Medicine; the 
attendance for the Annual Meeting approximated 8,500. The prior Neel Lecture was given in 2007 
by Elias Zerhouni, M.D., the Director of the NIH.) 

Invitation to write the lead article for the special issue of the journal Hearing Research on Frontiers of 
Auditory Prosthesis Research: Implications for Clinical Practice. (The special issue was published 
in September 2008 and included 18 articles.) 

Guest of Honor, Friedberger Cochlear Implant Symposium, Bad Nauheim, Germany, June 28-30, 
2007. 

2007 recipient of the Distinguished Alumnus Award, Pratt School of Engineering, Duke University, 
April 21, 2007. 

Guest of Honor, Sixth Wullstein Symposium 2006: New Developments in Hearing Technology, 
Würzburg, Germany, December 7-10, 2006. 

Chair, with Co-Chair Michael F. Dorman, Ph.D., of the Hearing Preservation Workshop V, Research 
Triangle Park, NC, USA, October 13-15, 2006. 

Guest of Honor, Workshop on the Present Status and Future Directions of Cochlear Implants, Nano 
Bioelectronics & Systems Research Center, Seoul National University, Seoul, Korea, August 25, 
2006. 

Guest of Honor, Meeting of the Clinical Otologic Research Team (CORT), Cal-Creek Ranch, near 
Santa Fe, NM, USA, August 8-12, 2006. (The CORT includes leading otologists in the United 
States.) 

Named as an honorary member of the CORT, August 2006. 
Special Guest of Honor, Ninth International Conference on Cochlear Implants and Related Sciences, 

Vienna, Austria, June 14-17, 2006. (Blake Wilson, Graeme M. Clark, and James F. Battey, Jr. are 
the only people to be so honored in this series of the largest conferences in the field of cochlear 
implants; the Vienna Conference was attended by more than 1,600 delegates from more than 70 
countries.) 

Guest of Honor, Naval Science & Technological Laboratory, Visakhapatnam, India, March 27-28, 
2006. 

Guest of Honor, Hearing Preservation Workshop IV, Warsaw-Kajetany, Poland, October 14-15, 2005. 
Guest of Honor and the Keynote Speaker for the Annual Meeting of the British Cochlear Implant 

Group: Pushing the Boundaries of Cochlear Implantation, Birmingham, UK, April 18-19, 2005. 
Guest of Honor, Annual Nalli Family Day, The Hospital for Sick Children, University of Toronto, 

Toronto, Canada, February 17, 2005. 
Guest of Honor, Fifth Wullstein Symposium on Bilateral Cochlear Implants and Binaural Signal 

Processing, Würzburg, Germany, December 2-5, 2004. 
Co-Chair, with Chair Peter S. Roland, M.D., of the Third Hearing Preservation Workshop, Dallas, 

TX, USA, October 15-16, 2004. 
Designation as a "Friend Forever" to the International Center of Hearing and Speech in Kajetany (near 

Warsaw), Poland, October 14, 2004. 
Special Guest, Eighth International Cochlear Implant Conference, Indianapolis, IN, USA, May 10-13, 

2004. 
Guest of Honor, Hearing Preservation Workshop II, Frankfurt, Germany, October 17-18, 2003. 
Guest of Honor, Wullstein Symposium 2002 (3rd Conference on Bilateral Cochlear Implantation and 

Bilateral Signal Processing, 7th International Cochlear Implant Workshop, and 1st Workshop on 
Binaural Rehabilitation), Würzburg, Germany, December 12-17, 2002. 

Co-Chair, with Chair Richard T. Miyamoto, M.D., of the Hearing Preservation Workshop, Indiana 
University School of Medicine, Indianapolis, IN, USA, November 8-10, 2002. 

Named as an Honorary Member of the British Cochlear Implant Group, September 6, 2002. 
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Appointment as one of the first four Senior Fellows for RTI International, September 2002. (RTI 
International is a large not-for-profit research institute with a staff of more than 2,800 at locations in 
the United States, Africa, Europe, the United Arab Emirates, Indonesia, and El Salvador; one of the 
principal charges of the Fellows is to serve as advisors to the RTI President in setting the scientific 
directions for the organization.) 

Guest of Honor, Wullstein Symposium (2nd Conference on Bilateral Cochlear Implantation and 
Bilateral Signal Processing, 6th International Cochlear Implant Workshop and 2nd Auditory 
Brainstem Implant (ABI) Workshop), Würzburg, Germany, April 26-30, 2001. 

Guest of Honor, 5th International Cochlear Implant Workshop and 1st Auditory Brainstem Implant 
(ABI) Workshop, Würzburg, Germany, June 30 to July 4, 1999. 

Recipient of the Presidential Citation for “Major contributions to the restoration of hearing in 
profoundly deaf persons,” on the occasion of the 130th Annual Meeting of the American Otological 
Society, Scottsdale, AZ, USA, May 10-11, 1997. (This Citation was to Wilson, Dewey T. Lawson, 
Charles C. Finley, and Mariangeli Zerbi, who were the principal members of the team at the 
Research Triangle Institute at the time.) 

Invitation to write a Guest Editorial in celebration of the 30th anniversary of the British Journal of 
Audiology (1997). 

Winner of the 1996 Discover Award for Technological Innovation in the category of "sound." 
Guest of Honor, International Workshop on Cochlear Implants, Vienna, Austria, October 24-25, 1996. 
Elected General Chair of the 1991 Conference on Implantable Auditory Prostheses, Pacific Grove, 

CA, USA, June 2-7, 1991. 

Selected Professional Activities and Additional Awards and Honors 

Inventor of many of the speech processing strategies used with present-day cochlear implant systems. 
Listed in Who's Who in the World, Who's Who in America, Who's Who in Science and Engineering, 

Who's Who in Finance and Industry, 2000 Outstanding People of the 20th Century (IBC, 
Cambridge), Strathmore’s Who’s Who. (Each of these listings has been in place for more than a 
decade.) 

Recipient of three Professional Development Awards from the Research Triangle Institute (1977, 1983 
and 1988; the award in 1977 was one of the three awards granted in the first year of the program).  

The Overseas Expert for a large training and research project, “Remediation of Hearing Loss,” at the 
Institute of Hearing and Speech, in Kajetany-Warsaw, Poland (2006-2010; this project is supported 
by the European Commission).  

Consultant to the President of India, His Excellency Dr. A.P.J. Kalam, on remediation of hearing loss 
in that country (March 2006). 

Principal outside reviewer for an effort to develop an indigenous cochlear implant system for 
manufacture and widespread application in India (2005-2007). 

Visiting Professor, University of Technology, Sydney, October 2011. 
Visiting Professor, University of Illinois, Urbana-Champaign, IL, February 2007. 
Visiting Professor, University of Toronto, February 2005. 
Election to Sigma Xi, the scientific honorary society, October 29, 2004. 
Member of the International Scientific Advisory Board for the International Center of Hearing and 

Speech, Kajetany (near Warsaw), Poland (2003-present). 
Consultant and principal outside reviewer for an effort at Seoul National University to develop a low 

cost but nonetheless highly effective cochlear implant system for use in low- and mid-income 
countries (2002-). 

Founder with Dr. Joseph C. Farmer, Jr., and others of the Cochlear Implant Program at Duke (1984). 
Member of the core committee (of four) to develop a comprehensive Hearing Center at Duke (2003-

2008). 
Member of the Outreach Faculty for the Engineering Research Center (ERC) for Wireless Integrated 

Microsystems, at the University of Michigan (2000-present). (The Center is supported as one of 
approximately 20 ERCs by the NSF; one key goal of the Center at the University of Michigan is to 
develop a fully implantable auditory prosthesis.) 
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Member of the External Scientific Advisory Committee for the W.M. Keck Foundation Neural 
Prosthesis Research Center, located in Boston, MA (1999-2003). 

Member of the oversight committees for Program Project Grants on cochlear implants at the Kresge 
Hearing Research Institute, University of Michigan (1987-1995), and at the University of Iowa 
(1994-1995). 

Co-Investigator for two projects in the Program Project Grant on cochlear implants at the University 
of Iowa (1995-2000; the projects included the Audiology and Electrophysiology projects within the 
PPG, with Richard Tyler serving as the PI for the Audiology project and Paul Abbas serving as the 
PI for the Electrophysiology project). 

Co-investigator for a Duke Institute for Brain Sciences (DIBS) incubator award on “Feasibility studies 
of the inferior colliculus as a prosthetic site” (2009-2010; the other investigators include Nell Cant, 
Warren Grill, Jennifer Groh, and Debara Tucci). 

Member of the Science Advisory Council for the House Ear Institute, Los Angeles, CA (1990). 
Member of a team of five North American experts invited by the Chinese government to assist in the 

specification and development of an inexpensive yet effective cochlear implant system for 
widespread use in that country (1993). 

Reviewer of grant and contract applications for the NIH, NSF, DVA, MRC (Canada), MRC (UK), 
Swiss National Science Foundation, Austrian Science Fund, Action on Hearing Loss (UK), and the 
Wellcome Trust (UK), including service as the Chair of a review committee for the NIH. 

Member of site visit teams to evaluate program project and single grant applications in the areas of 
cochlear prostheses (for the NIH), hearing aids (NIH), and biological effects of non-ionizing 
radiation (DVA). 

Invited guest scientist at the Coleman Memorial Laboratory, University of California at San Francisco 
(various times in the years 1983-1986). 

Member of the NIDCD/DVA Advisory Committee on Hearing Aid Research and Development (1993-
1996). 

Member of the Subcommittee on Microwave and Laser Exposure, North Carolina Radiation 
Protection Commission (1981-1986) 

Chair of sessions or focus groups at 34 international conferences since 1987. 
Invited speaker for the NIH Consensus Development Conference on Cochlear Implants, May 2-4, 

1988; member of the planning committee for the 1995 NIH Consensus Development Conference on 
Cochlear Implants in Adults and Children; and invited speaker at that Conference, May 15-17, 
1995. 

Keynote, Guest of Honor (GOH), or named Distinguished Speaker at 49 international conferences and 
at three national conferences (in the UK, South Korea, and the USA). (The GOH and some of the 
named speeches also are noted in the preceding section on “Major Awards and Honors.”) 

Invited speaker at more than 160 other national and international conferences. 
Faculty member for many continuing-education courses on cochlear implants. 
Consultant for the past 3+ decades for many NIH projects on cochlear implants and related topics. 
Senior Member of the IEEE and the IEEE Engineering in Medicine and Biology Society (Wilson was 

promoted from the Member grade to the Senior Member grade in April 2006). 
Member of the Acoustical Society of America, American Association for the Advancement of 

Science, the New York Academy of Sciences, the Association for Research in Otolaryngology, and 
Sigma Xi. 

Member of Steering Committees for the biennial Conference on Implantable Auditory Prostheses for 
the years 1987, 1989, 1993, 1995, 1997, 1999, 2001, 2003 and 2005. 

Member of the Planning Committee for the Vth International Cochlear Implant Conference, New 
York, NY, 1997. 

Member of the Steering Committee for the VIII International Cochlear Implant Conference, 
Indianapolis, IN, May 10-13, 2004. 

Member of the Faculty Board for the 7th European Symposium on Paediatric Cochlear Implantation, 
Geneva, Switzerland, May 2-5, 2004. 

Member of the Faculty Board for more than 100 other conferences on cochlear implants and related 
topics. 
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Organizer (with Professors Rainer Klinke, Ph.D, and Rainer Hartmann, Ph.D.) of a special one-day 
symposium on Future Directions for the Further Development of Cochlear Implants, Frankfurt, 
Germany, October 15, 2003.  

Co-Organizer (with Prof. Henryk Skar y ski, M.D., Ph.D.) of the Fourth Hearing Preservation 
Workshop, Warsaw-Kajetany, Poland, October 2005. 

Co-Organizer (with Donald K. Eddington, Ph.D.) of a special retreat on Future Directions for 
Cochlear Implants, Boston, MA, March 17-19, 2006.  

Co-Organizer (with Peter S. Roland, M.D.) of a special meeting on The Future of Cochlear Implants: 
Roles of the Brain in Implant Outcomes and Design, Dallas, TX, August 17, 2007. 

Organizer (with Debara Tucci, M.D.) of the Grand Opening of the Duke Hearing Center, with a 
keynote speech by Prof. Michael M. Merzenich of the University of California at San Francisco, 
Durham, NC, January 29, 2009. 

Organizer (with Dale Purves, M.D.) of a special Roundtable in honor of Prof. Michael M. Merzenich, 
on A ‘Top-Down’ or ‘Cognitive Neuroscience’ Approach to Cochlear Implant Designs, Durham, 
NC, January 30, 2009. 

Organizer (with David Fitzpatrick, Ph.D., Elizabeth Johnson, Ph.D., and Debara Tucci, M.D.) of a 
Duke Institute for Brain Sciences (DIBS) “Transcending the Boundaries” Workshop on Listening
with the Brain: New Approaches to Optimizing the Effectiveness of Cochlear Prosthetics, Durham, 
NC, February 26-27, 2010. 

Organizer (with Eva Karltorp, M.D., and Josef Miller, Ph.D.) of a Special Symposium on “The 
Listening Brain” at the 11th International Conference on Cochlear Implants and Other Auditory 
Implantable Technologies, held in Stockholm, Sweden, June 30 through July 3, 2010. 

Organizer (with Emily Tobey, Ph.D., and Peter Roland, M.D.) of a Workshop on Brain Centric 
Considerations for Cochlear Implantation, held in Dallas, TX, August 27, 2012. 

Co-Organizer (with Jane Opie, Ph.D., Christoph von Ilberg, M.D., and René Gifford, Ph.D.) of a 
Conference on Hearing Implants for Older Adults, held in New York City, January 16-18, 2014. 

Member of the Duke Cornerstone Society, recognizing 30+ years of continuous financial support for 
the University. 

Editorial Positions and Service as a Reviewer for Journals 

Member of the inaugural editorial board of Cochlear Implants International, the first international, 
peer-reviewed journal devoted to cochlear implants (2000-present). 

Member of the International Advisory Board for the Journal of Hearing Science (2011-present). 
Member of the editorial board for the International Journal of Otolaryngology (2011-present). 
 
Reviewer for the following journals: Journal of the Acoustical Society of America; Journal of Speech 
& Hearing Research; Audiology; Hearing Research; American Journal of Otology; Otology & 
Neurotology; Annals of Otology, Rhinology & Laryngology; Ear & Hearing; ORL – Journal for Oto-
Rhino-Laryngology, Head and Neck Surgery; British Journal of Audiology; Cochlear Implants 
International; International Journal of Pediatric Otorhinolaryngology; Canadian Medical Association 
Journal; Audiology & Neuro-otology; the Journal of Neural Engineering; the Anatomical Record; the 
IEEE Transactions on Biomedical Engineering, and Nature Scientific Reports, among others. 

Areas of Research and Special Interest 

Cochlear implants; auditory neuroscience; auditory physiology; speech processing and analyses; 
speech production and reception; mathematical modeling of physiological systems; design of auditory 
prostheses; design of neural prostheses; cognitive hearing science 

Funding History 

This section lists projects directed by Blake Wilson, in reverse chronological order. He has supervised 
many other projects, in his roles as the Head of the Neuroscience Program and later as the Director of 
the Center for Auditory Prosthesis Research at RTI, that are not listed here. The total of awards to 
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Wilson during his time as an active employee at RTI was $13.2 million (24 projects), in the US dollar 
valuations at the times of the projects. He now is a Senior Fellow Emeritus at RTI, and also is working 
for, or on behalf of, other organizations that fund projects internally or receive partial funding for 
projects from the European Commission. These latter projects are not listed below. 
 
Period Sponsor & Number Title Amount 
2002-6 NIH N01-DC-2-1002 Speech processors for auditory prostheses 2,670,606
1999-
2001 

Cochlear Corp. Engineering assistance in the further development of 
cochlear implants 

150,000

1998-
2002 

NIH N01-DC-8-2105 Speech processors for auditory prostheses 2,499,860

1998 Advanced Bionics 
Corp. 

Engineering assistance in the further development of 
speech processing strategies, highly-selective 
electrodes, and objective measures for fitting cochlear 
implants 

100,000

1995-
2000 

University of Iowa 
(subcontract from 
NIH P50 DC00242) 

Provide support as a Co-Investigator for two projects 
within the U. Iowa PPG on cochlear implants 

170,037

1995-8 NIH N01-DC-5-2103 Speech processors for auditory prostheses 2,317,556
1992-5 NIH N01-DC-2-2401 Speech processors for auditory prostheses 1,507,453
1991-3 Advanced Bionics 

Corp. 
Design and evaluation of the Clarion cochlear 
prosthesis 

150,146

1991 NIH/NIDCD Support for the 1991 Conference on Implantable 
Auditory Prostheses 

10,000

1990-5 Duke University 
(subcontract from 
NIH P01-DC00036) 

Ensemble neural responses to intracochlear electrical 
stimulation (Project IV of an NIH PPG on 
"Mechanisms of intracochlear electrical stimulation") 

402,908

1989-92 NIH N01-DC-9-2401 Speech processors for auditory prostheses 1,278,856
1988-9 Research Triangle 

Institute (Professional 
Development Award) 

Collaborative studies with investigators at the 
University of Frankfurt (J.W. Goethe Universität), to 
elucidate mechanisms of neural encoding with 
cochlear implants 

13,730

1985-9 NIH N01-NS-5-2396 Speech processors for auditory prostheses 1,019,988
1984-7 Storz Instrument Co. Evaluate the efficacy of single-channel coding 

strategies for extra-cochlear auditory prostheses 
160,000

1983-5 NIH N01-NS-3-2356 Speech processors for auditory prostheses 397,926
1983-4 Research Triangle 

Institute (Professional 
Development Award) 

Participate in an expedition sponsored by the National 
Geographic Society, to elucidate the acoustic basis of 
prey recognition by Mustache bats 

10,284

1981 NIH PR-048281 Auditory nerve simulator 4,679
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The publication in Nature, reference 17, has been the most highly cited publication in the specific 
field of cochlear implants since the end of 1999.  As of 21 February 2013, it had 505 citations 
according to the Web of Science (WoS) and 680 citations according to Google Scholar (GS). The 
next most highly cited publication in the field according to the WoS had 279 citations; its GS 
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Ganglion cell populations in normal and pathological human cochleae:  Implications for cochlear 
implantation. Laryngoscope 88: 1231-1246, 1978.)     
The publication in the British Journal of Audiology, reference 26, is an invited Guest Editorial in 
celebration of the journal’s 30th Anniversary. The paper is among the more highly cited 
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The publication in Hearing Research, reference 55, is the lead article in the special issue of the 
journal on “Frontiers of Auditory Prosthesis Research: Implications for Clinical Practice,” edited 
by Guest Editor Bryan Pfingst. The article is among the most heavily downloaded articles from 
the journal’s web site since the publication of the article in September 2008, including first or 
second on the download list for seven of the 16 quarters since the publication and in the top five 
on the list for all but four of the quarters. The article is the most highly cited among the 1000+ 
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according to the WoS and for the nearly 12,000 journals indexed by the WoS. 
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Many other publications in the list also are highly cited. For example, in addition to the references 
17, 26, 55, and 56 mentioned above, references 1, 6, 8, 9, 14, 21, 23, 25, 28, 30, 31, 36, 38, 39, 
42, and 53 have each been cited at least 50 times according to the 21 February 2013 search using 
GS. 
The same search identified 59 among the 92 publications listed in the preceding section. (The 21 
chapters in the book by Wilson and Dorman have not yet been included in the GS database, and 
12 other publications are not included or have not yet been included in the database.) The total 
number of citations for those 59 publications was 2969, and the h- and g-indices were 29 and 54, 
respectively. The average number of citations per publication was 50.3. 

Books

1. Niparko JK, Kirk KI, Mellon NK, Robbins AM, Tucci DL, Wilson BS (Eds.), Cochlear Implants: 
Principles & Practices, Lippincott Williams & Wilkins, Philadelphia, PA, 2000.  

2. Niparko JK, Kirk KI, Mellon NK, Robbins AM, Tucci DL, Wilson BS (Eds.), Cochlear Implants: 
Principles & Practices, Second Edition, Lippincott Williams & Wilkins, Philadelphia, PA, 2009. 

3. Wilson BS, Dorman MF: Better Hearing with Cochlear Implants: Studies at the Research 
Triangle Institute, Plural Publishing, Inc., San Diego, CA, 2012. (A review of this book by Prof. 
Mario Svirsky has been published in the journal Ear and Hearing, vol. 35, p. 137, 2014, and two 
additional published reviews are presented at 
https://www.pluralpublishing.com/publication_hcirrti.htm.)  

Editorial

1. Wilson BS, Brackmann DE, Zeng F-G: Editorial – Remembering William House, DDS, MD. 
Hear J 66(2): 2, 2013. 

Papers in Conference Proceedings 

1. Joines WT, Wilson BS, Sharp S: Temperature-controlled heating of tumors by microwaves. In 
Proc IEEE Southeastern Conf, IEEE Press, New York, 1977, pp. 124-128. 

2. Cornett RO, Beadles RL, Wilson BS: Automatic cued speech. In JM Pickett (Ed.), Speech-
Processing Aids for the Deaf, Gallaudet Research Institute, Gallaudet College, Washington, DC, 
1981, pp. 224-239. 

3. Finley CC, Wilson BS, White MW: A finite-element model of bipolar field patterns in the 
electrically stimulated cochlea – A two-dimensional approximation. In Proc Ninth Ann Conf 
Engineering in Medicine and Biology, IEEE Press, New York, 1987, pp. 1901-1903. 

4. White MW, Finley CC, Wilson BS: Electrical stimulation model of the auditory nerve: Stochastic 
response characteristics. In Proc Ninth Ann Conf Engineering in Medicine and Biology, IEEE 
Press, New York, 1987, pp. 1906-1907. 

5. Wilson BS, Finley CC, White MW, Lawson DT: Comparisons of processing strategies for 
multichannel auditory prostheses. In Proc Ninth Ann Conf Engineering in Medicine and Biology, 
IEEE Press, New York, 1987, pp. 1908-1910. 

Magazine Articles 

1. Dorman MF, Wilson BS: Restaurer l'audition avec des implants [Restoration of hearing with 
implants]. Pout la Science 329: 68-74, 2005. (This article is a summary in French of the 2004 
article in English by Dorman and Wilson published in the American Scientist.) 

2. Wilson BS, Dorman MF: Les implants cochléaires: un passé remarquable et un brillant avenir. 
Sécurité routière et surdité 25(5): 46-49, 2012. (This article is a summary in French of the 2008 
article in English by Wilson and Dorman published in Hearing Research.) 

180



 16

3. Wilson BS: The significance of the 2013 Lasker~DeBakey Clinical Medical Research Award to 
the field of cochlear implants and for fulfilling the mission of the American Cochlear Implant 
Alliance. ACI Alliance Calling (e-magazine) 2(1): 7, 2014. (Published by the American Cochlear 
Implant Alliance, McLean, VA, USA.) 

Major Reports 

Major reports include Quarterly Progress Reports (QPRs) and Final Reports for most of the projects 
listed above, under the heading of “Funding History.” Only the reports in the “speech processors” 
series of projects are listed in this present section. Each of those 91 reports has a title of the form 
"Speech Processors for Auditory Prostheses: Special Topic(s)." The tables below include the special 
topic(s) for each report. Wilson is the first author for 51 of the reports. The reports are publicly 
available from the United States National Institutes of Health and also are posted at 
http://www.rti.org/capr/caprqprs.html. In addition, key sections from 18 of the reports are presented in 
the book by Wilson and Michael F. Dorman, Better Hearing with Cochlear Implants: Studies at the 
Research Triangle Institute, Plural Publishing, Inc., San Diego, CA, 2012. 
 
The reports have been frequently cited in the open literature on cochlear implants and related topics. 
According to a search using Google Scholar, the aggregate number of citations for the reports that 
have been cited is 199 as of March 2012. 
 

NIH project N01-NS-3-2356  September 26, 1983 through September 25, 1985 
Report Topic(s) Authors 
QPR 1 Development of plans for collaborative studies with UCSF; 

Development of tools for such studies at UCSF; Initial plans for an 
additional collaborative program with Duke University Medical 
Center 

Wilson and Finley 

QPR 2 Model of field patterns in the implanted cochlea; Collaboration 
among UCSF, Storz, DUMC and RTI; Hardware interface for 
communication between an Eclipse computer and patient electrodes; 
Design of software for a block-diagram compiler; Discussion on the 
possibility of recording intracochlear evoked potentials 

Wilson and Finley 

QPR 3 Hardware interface; Computer-based stimulator; Digital Control 
Unit (DCU) software for real-time communication between an 
Eclipse computer and stimulating hardware; Incorporation of a 
Frankenhauser-Huxley description of node dynamics in an 
integrated field-neuron model 

Wilson and Finley 

QPR 4 Overview of first-year effort Wilson, Finley and 
Lawson 

QPR 5 Further development and application of a field-neuron model Finley and Wilson 
QPR 6 Development of portable, real-time hardware; Software for support 

of the RTI patient stimulator; Software for support of basic 
psychophysical studies and speech testing; Subject testing at UCSF 

Wilson, Finley and 
Lawson 

QPR 7 Speech reception studies with a UCSF/Storz subject; Present status 
and functional description of the block-diagram compiler 

Wilson, Finley and 
Lawson 

QPR 8 Ensemble models of neural responses to intracochlear electrical 
stimulation 

Wilson, Finley and 
Lawson 

Final 
Report 

Hardware interface; Computer-based simulator of speech 
processors; Integrated field-neuron model; Ensemble models of 
neural responses evoked by intracochlear electrical stimulation; 
Design of a portable speech processor; Evaluation of processing 
strategies in tests with a USCF patient fitted with a percutaneous 
connector; Reporting activity for the project 

Wilson, Finley and 
Lawson 
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NIH project N01-NS-5-2396  September 26, 1985 through April 30, 1989 
Report Topic(s) Authors 
QPR 1 Psychophysical and speech reception studies with an initial 

DUMC/Storz percutaneous subject 
Wilson, Finley and 
Lawson 

QPR 2 Psychophysical and speech reception studies with a second 
DUMC/Storz percutaneous subject; Further development of an 
interleaved pulses (IP) processor 

Wilson, Finley and 
Lawson 

QPR 3 Initial development of a portable, real-time processor; 
Measurements of intracochlear electric field patterns using a 
percutaneous cable 

Finley, Wilson and 
Lawson 

QPR 4 Evaluation of idealized implementations of the processing strategy 
used in the Nucleus cochlear prosthesis 

Wilson, Finley and 
Lawson 

QPR 5 Studies of loudness and pitch perception with monopolar or radial-
bipolar stimulating electrodes 

Wilson, Finley and 
Lawson 

QPR 6 Direct comparisons of analog and pulsatile coding strategies with six 
cochlear implant patients 

Wilson, Finley and 
Lawson 

QPR 7 A portable processor for IP processing strategies Finley, Wilson and 
Lawson 

QPR 8 Evaluation of two-channel “Breeuwer/Plomp” processors for 
cochlear implants 

Wilson, Lawson 
and Finley 

QPR 9 Studies with 6 UCSF/Storz subjects Wilson, Finley and 
Lawson 

QPR 10 Review of clinical trial results for 6 UCSF/Storz subjects, including 
learning effects with extended use 

Wilson, Lawson 
and Finley 

QPR 11 Extension of cochlear implant laboratory capabilities; Collaborative 
development of a next-generation auditory prosthesis 

Wilson, Lawson 
and Finley 

QPR 12 Representations of speech features with cochlear implants Wilson, Finley and 
Lawson 

QPR 13 Models of neural responsiveness to electrical stimulation Finley, Wilson and 
Lawson 

QPR 14 Binary comparisons of speech processor performance Lawson, Wilson 
and Finley 

Final 
Report 

Direct comparisons of analog and pulsatile coding strategies; Design 
and evaluation of a two-channel “Breeuwer/Plomp” processor; 
Additional processor comparisons; Psychophysical studies; 
Development of a next-generation auditory prosthesis; Reporting 
activity for the project 

Wilson, Finley and 
Lawson 

NIH project N01-DC-9-2401  May 1, 1989 through July 31, 1992 
Report Topic(s) Authors 
QPR 1 Comparison of analog and pulsatile coding strategies for 

multichannel cochlear implants (6 UCSF/Storz subjects and 2 
Ineraid subjects) 

Wilson, Finley and 
Lawson 

QPR 2 New levels of speech perception with cochlear implants; Computer 
interface for testing patients implanted with the Nucleus device 

Wilson, Finley and 
Lawson 

QPR 3 Evaluations of alternative implementations of CIS, IP and Peak-
Picker strategies; Finite-element model of radial bipolar field 
patterns in the electrically stimulated cochlea 

Wilson, Finley and 
Lawson 

QPR 4 Comparison of CA and CIS processors in tests with seven Ineraid 
subjects 

Wilson, Lawson 
and Finley 

QPR 5 Further evaluation of CIS processors Wilson, Finley and 
Lawson 
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QPR 6 Parametric variations and the fitting of speech processors for single-
channel brainstem prostheses 

Lawson, Finley and 
Wilson 

QPR 7 A wearable speech processor platform for auditory research Finley, Wilson, 
Zerbi, Hering, van 
den Honert and 
Lawson 

QPR 8 Importance of patient and processor variables in determining 
outcomes with cochlear implants 

Wilson, Lawson 
and Finley 

QPR 9 Evaluation of a prototype for a portable processor; Evaluation of 
components in the MiniMed cochlear prosthesis; evaluation of 
automatic gain control; Preliminary studies of modulation 
perception; Measures of dynamic range for a variety of pulse 
durations and rates 

Wilson, Lawson, 
Finley and Zerbi 

QPR 10 Randomized update orders; Slow rate CIS implementations; channel 
number manipulations; Evaluation of other promising processing 
strategies; Performance of CIS and CA processors in noise; Use and 
possible development of new test materials 

Wilson, Lawson, 
Finley and Zerbi 

QPR 11 Efficacy of CIS processors for patients with poor clinical outcomes Wilson, Lawson, 
Finley and Zerbi 

QPR 12 Completion of “poor performance” series; Summary of studies with 
11 Ineraid subjects; Auditory brainstem implant (ABI) studies 

Wilson, Lawson, 
Zerbi and Finley 

Final 
Report 

Comparisons of CA and CIS processors for multichannel cochlear 
implants; Additional aspects of CIS performance; Evaluation of 
other promising strategies; Auditory brainstem implant; Record of 
reporting activity for the project; Suggestions for future research 

Wilson, Lawson, 
Finley and Zerbi 

NIH project N01-DC-2-2401  August 1, 1992 through July 31, 1995 
Report Topic(s) Authors 
QPR 1 Virtual channel interleaved sampling (VCIS) processors: Initial 

studies with subject SR2 
Wilson, Lawson, 
Zerbi and Finley 

QPR 2 Single parameter variation studies for CIS processors Lawson, Wilson 
and Zerbi 

QPR 3 Identification of virtual channels on the basis of pitch Wilson, Zerbi and 
Lawson 

QPR 4 Representation of complex tones by sound processors for implanted 
auditory prostheses 

Lawson, Zerbi and 
Wilson 

QPR 5 Transfer and dissemination of CIS processor technology; Parametric 
and control studies with CIS processors 

Wilson, Lawson 
and Zerbi 

QPR 6 Evaluation of VCIS processors Wilson, Lawson 
and Zerbi 

QPR 7 Temporal representations with cochlear implants: Modeling, 
psychophysical, and electrophysiological studies 

Wilson, Finley, 
Zerbi and Lawson 

QPR 8 Further studies of complex tone perception by implant patients Lawson, Wilson 
and Zerbi 

QPR 9 Strategies for the repair of distortions in temporal representations 
with implants 

Wilson, Finley, 
Zerbi and Lawson 

QPR 10 A channel-specific tool for analysis of consonant confusion matrices Lawson, Wilson 
and Zerbi 

QPR 11 Intracochlear evoked potentials for sustained electrical stimuli Wilson, Finley, 
Lawson and Zerbi 
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Final 
Report 

Importance of the patient variable in determining outcomes with 
cochlear implants; Parametric studies with CIS processors; 
Importance of processor fitting; “Virtual Channel” and “Sharpened 
Field” CIS processors; Nucleus percutaneous study; Design for an 
inexpensive but effective cochlear implant system; Representation 
of complex tones by sound processors for implanted auditory 
prostheses; Temporal representations with cochlear implants; 
Record of reporting activity for the project; Suggestions for future 
research 

Wilson, Lawson, 
Zerbi and Finley 

NIH project N01-DC-5-2103  August 1, 1995 through September 29, 1998 
Report Topic(s) Authors 
QPR 1 Learning effects with extended use of CIS processors; Review of 

results from studies with the first subject in the 22-electrode 
percutaneous study; Upward extension of the CIS processed 
frequency spectrum 

Lawson, Wilson, 
Zerbi and Finley 

QPR 2 Manipulations in spatial representations with implants Wilson, Lawson 
and Zerbi 

QPR 3 22 electrode percutaneous study: Results for the first five subjects Lawson, Wilson, 
Zerbi and Finley 

QPR 4 New stimulator system for the speech reception laboratory Van den Honert, 
Zerbi, Finley and 
Wilson 

QPR 5 Bilateral cochlear implants controlled by a single speech processor Lawson, Wilson, 
Zerbi and Finley 

QPR 6 Intracochlear evoked potentials in response to pairs of pulses: 
Effects of pulse amplitude and interpulse interval 

Finley, Wilson, van 
den Honert and 
Lawson 

QPR 7 High rate studies, subject SR2 Wilson, Finley, 
Zerbi, Lawson and 
van den Honert 

QPR 8 Relationships between temporal patterns of nerve activity and pitch 
judgments for cochlear implant patients 

Wilson, Zerbi, 
Finley, Lawson and 
van den Honert 

QPR 9 Development of the evoked potentials laboratory van den Honert, 
Finley and Wilson 

QPR 10 Effects of upward extension of the frequency range analyzed by CIS 
processors 

Zerbi, Lawson and 
Wilson 

QPR 11 Design of new speech test materials and comparisons with standard 
materials 

Lawson, Wilson 
and Zerbi 

Final 
Report 

Summary of major activities and achievements for the project; New 
directions in implant design; Summary of reporting activity for the 
project 

Wilson, Lawson, 
Zerbi, Finley and 
van den Honert 

NIH project N01-DC-8-2105 September 30, 1998 through March 31, 2002 
Report Topic(s) Authors 
QPR 1 Pitch discrimination among electrodes for each of three subjects 

with bilateral cochlear implants; Measurement of interaural timing 
and amplitude difference cues for those same subjects 

Lawson, Zerbi and 
Wilson 

QPR 2 Measures of performance over time following substitution of CIS 
for CA speech processors  

Lawson, Wilson 
and Zerbi 

QPR 3 Effects of manipulations in mapping functions on the performance 
of CIS processors 

Wilson, Lawson, 
Zerbi and Wolford 
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QPR 4 Speech reception with bilateral cochlear implants; Update on 
longitudinal studies 

Lawson, Wilson, 
Zerbi and Finley 

QPR 5 Comprehensive review of strategies for representing speech 
information with cochlear implants 

Wilson, Lawson, 
Wolford and Brill 

QPR 6 Effects of changes in stimulus rate and envelope cutoff frequency 
for CIS processors  

Wilson, Wolford 
and Lawson 

QPR 7 Further studies to evaluate effects of changes in stimulus rate and 
envelope cutoff frequency for CIS processors  

Wilson, Wolford 
and Lawson 

QPR 8 Combined electric and acoustic stimulation of the same cochlea Lawson, Wilson, 
Wolford, Brill and 
Schatzer 

QPR 9 Binaural cochlear implant findings: Summary of initial results with 
eleven subjects 

Lawson, Brill, 
Wolford, Wilson 
and Schatzer 

QPR 10 New tools, including (a) evaluation of the TIMIT Speech Database 
for use in studies with implant subjects, (b) processing of speech and 
other sounds using head-related transfer functions, and (c) an Access 
database of speech processor designs and study results 

Cox, Wolford, 
Schatzer, Wilson 
and Lawson 

QPR 11 Further studies to evaluate combined electric and acoustic 
stimulation 

Brill, Lawson, 
Wolford, Wilson 
and Schatzer 

QPR 12 Further studies regarding benefits of bilateral cochlear implants Lawson, Wolford, 
Brill, Schatzer and 
Wilson 

QPR 13 Cooperative electric and acoustic stimulation of the peripheral 
auditory system – Comparison of ipsilateral and contralateral 
implementations 

Lawson, Wolford, 
Brill, Wilson and 
Schatzer 

Final 
Report 

Summary of major activities and achievements for the project; Some 
likely next steps in the further development of cochlear prostheses; 
Summary of reporting activity for the project 

Wilson, Brill, 
Cartee, Cox, 
Lawson, Schatzer 
and Wolford 

NIH project N01-DC-2-1002 April 1, 2002 through March 31, 2006 
Report Topic(s) Authors 
QPR 1 Pitch-matched and pitch-distinct electrode pairs in bilaterally 

implanted arrays 
Lawson, Wolford, 
Wilson and 
Schatzer 

QPR 2 Longitudinal studies of improvement in performance with early 
experience using binaural cochlear implants 

Lawson, Wolford, 
Wilson and 
Schatzer 

QPR 3 Additional perspectives on speech reception with combined electric 
and acoustic stimulation 

Wilson, Wolford, 
Lawson and 
Schatzer 

QPR 4 Measurements of interaural timing differences; update on 
longitudinal studies of early performance improvements with 
binaural cochlear implants 

Wolford, Lawson, 
Schatzer, Sun and 
Wilson 

QPR 5 Recent enhancements of the speech laboratory system Schatzer, Zerbi, 
Sun, Cox, Wolford, 
Lawson and Wilson 

QPR 6 Signal processing strategy for a closer mimicking of normal 
auditory functions 

Schatzer, Wilson, 
Wolford and 
Lawson 
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QPR 7 Combined use of dual-resonance nonlinear (DRNL) filters and 
virtual channels 

Wilson, Wolford, 
Schatzer, Sun and 
Lawson 

QPR 8 Representation of fine structure or fine frequency information with 
cochlear implants 

Wilson, Sun, 
Schatzer and 
Wolford 

QPR 9 Intracochlear potentials evoked by electrical stimulation with phase-
separated balanced biphasic pulses 

Cartee, Wilson, 
Cox, Wolford and 
Lawson 

QPR 10 Pitch ranking of electrodes for 22 subjects with bilateral implants; 
melody recognition tests for cochlear implant research 

Lawson, Wilson, 
Wolford, Sun and 
Schatzer 

QPR 11 Laboratory interface for the new Med-El PULSARCI100 implant; 
further development of the streaming mode tools 

Schatzer, Zerbi, 
Wilson, Cox, 
Lawson and Sun 

QPR 12 Initial studies with a recipient of the PULSAR implant Lawson, Wilson, 
Schatzer and Sun 

QPR 13 Progress in Nucleus percutaneous studies Lawson, Wilson 
and Sun 

QPR 14 Further progress in the Nucleus percutaneous studies Lawson, Sun and 
Wilson 

QPR 15 Results from the Nucleus percutaneous studies Lawson, Sun and 
Wilson 

Final 
Report 

Major areas of research under this contract and suggested future 
directions

Wilson and Lawson 

Submitted Manuscripts Now in Review 

None at present 

Invited Articles in Preparation 

1. Wilson BS, O’Donoghue G, Tucci DL, Merson M: Global hearing health care. Commissioned 
feature article for The Lancet. 

Other Articles in Advanced Stages of Preparation 

1. Wilson BS, Wolford RD, Lorens A, Lawson DT, Adunka O, Brill S, Pfennigdorff T, Kiefer J, 
Pok M, Pillsbury CH, Baumgartner W-D, Gstöttner W: Combined electric and acoustic 
stimulation of the auditory system for persons with residual, low-frequency hearing. To be 
submitted for publication in Ear & Hearing. 

2. Lorens A, Wilson BS, Piotrowska A, Skarzynski H: The surprising benefits of cochlear 
implantation for persons with high levels of residual hearing. To be submitted for publication in 
Otology & Neurotology or Ear & Hearing. 

3. Piotrowska A, Wilson BS, Lorens A, Skarzynski H: Alternative approaches for handling un-
measureable thresholds in comparisons of audiograms between groups or treatment conditions. 
To be submitted as a “Methodological paper” for publication in Hearing Research or as a Letter 
for publication in the J. Acoust. Soc. Am. 

Patents 

A policy was developed at the Research Triangle Institute (RTI) in the mid 1980s to donate all results 
from its NIH-sponsored research on cochlear implants (CIs) to the public domain. Thus, patent 
protection was not sought for the great majority of Wilson’s inventions. More information about the 
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policy and its highly positive impact on humanity is presented in Chapter 1 of the recent book by 
Wilson and Dorman, Better Hearing with Cochlear Implants: Studies at the Research Triangle 
Institute (Plural, 2012). 

The policy was approved by the RTI President in 1985 and remained in effect until Wilson retired 
from RTI in 2007. Patent protection has been sought for some of Wilson’s inventions that were 
conceived following the expiration of the policy. In addition, patent protection was sought for an 
invention by Jay T. Rubinstein and Wilson while the policy was in force, as: (1) Jay was not a member 
of the RTI staff and therefore not covered by the policy and (2) the invention arose outside of the NIH-
sponsored research. 
At present, two patents have been issued to Wilson and two applications for other patents are currently 
under review. In addition, eleven provisional patent applications are in the final stages of preparation. 

The issued patents are: 

Speech processing system and method using pseudospontaneous stimulation 
Inventors: Jay T. Rubinstein and Blake S. Wilson 
US Patent 6,907,130; June 14, 2005 

Low pulse rate cochlear implant stimulation in conjunction with a separate representation of 
fundamental frequencies and voiced/unvoiced distinctions 
Inventor: Blake S. Wilson 
Australian Patent AU2010292140; July 11, 2013 

The submitted applications are: 

Low pulse rate cochlear implant stimulation in conjunction with a separate representation of 
fundamental frequencies and voiced/unvoiced distinctions 
Inventor: Blake S. Wilson 
US Patent Application 12/879,159; September 10, 2010 
International Patent Application PCT/US10/48350; September 10, 2010 
International Publication Number WO2011/031918 A1 

Using alternative stimulus waveforms to improve pitch percepts elicited with cochlear implant systems 
Inventors: Joshua S. Stohl and Blake S. Wilson 
US Patent Application 13/786,764; March 6, 2013 

Lectures as a Guest of Honor 

1. Wilson BS: High rate coding strategies. International Workshop on Cochlear Implants, Vienna, 
Austria, October 24-25, 1996. 

2. Wilson BS: Speech coding strategies. 5th Int. Cochlear Implant Workshop and 1st Auditory 
Brainstem (ABI) Workshop, Würzburg, Germany, June 30 through July 4, 1999. 

3. Wilson BS, Lawson DT: Experiments in bilateral implanted patients using the CIS strategy. 5th

Int. Cochlear Implant Workshop and 1st Auditory Brainstem (ABI) Workshop, Würzburg, 
Germany, June 30 through July 4, 1999. 

4. Wilson BS: The future of cochlear implants. 5th Int. Cochlear Implant Workshop and 1st Auditory 
Brainstem (ABI) Workshop, Würzburg, Germany, June 30 through July 4, 1999. 

5. Wilson BS, Brill SM, Lawson DT, Schatzer R, Wolford RD, Zerbi M, Müller J, Schön F, Tyler 
R: Psychophysical and speech reception results from studies with recipients of bilateral cochlear 
implants. Wullstein Symposium, Würzburg, Germany, April 26-30, 2001. (The Wullstein
Symposium included the 2nd Conference on Bilateral Cochlear Implantation and Signal 
Processing, the 6th International Cochlear Implant Workshop, and the 2nd Auditory Brainstem 
Implant (ABI) Workshop.) 
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6. Wilson BS: The RTI's perspective on bilateral cochlear implantation. Wullstein Symposium 2002, 
Würzburg, Germany, December 12-17, 2002. (This second Wullstein Symposium included the 3rd

Conference on Bilateral Cochlear Implantation and Bilateral Signal Processing, the 7th

International Cochlear Implant Workshop, and the 1st Workshop on Binaural Rehabilitation.) 
7. Wilson BS: Evaluation of combined EAS in studies at the Research Triangle Institute. Hearing

Preservation Workshop II, Frankfurt, Germany, October 17-18, 2003. 
8. Wilson BS: Speech coding for bilateral cochlear implants. Fifth Wullstein Symposium on 

Bilateral Cochlear Implants and Binaural Signal Processing, Würzburg, Germany, December 2-
5, 2004.  

9. Wilson BS, et al.: EAS and possible mechanisms underlying benefits. Hearing Preservation 
Workshop IV, Warsaw-Kajetany, Poland, October 14-15, 2005. 

10. Wilson BS: Cochlear implants: A remarkable past and a brilliant future. Ninth International 
Cochlear Implant Conference, Vienna, Austria, June 14-17, 2006. 

11. Wilson BS: Cochlear implants: A remarkable past and a brilliant future. Workshop on the Present 
Status and Future Directions of Cochlear Implants, Nano Bioelectronics & Systems Research 
Center, Seoul National University, Seoul, Korea, August 25, 2006. 

12. Wilson BS: My vision for a cochlear implant in five years. Sixth Wullstein Symposium 2006: New 
Developments in Hearing Technology, Würzburg, Germany, December 7-10, 2006. 

13. Wilson BS: Acceptance of the Distinguished Alumnus Award. Annual Awards Banquet and 
Ceremony, Pratt School of Engineering, Durham, NC, USA, April 21, 2007. 

14. Wilson BS: Cochlear implants: Present results and future possibilities. Friedberger Cochlear 
Implant Symposium, Bad Nauheim, Germany, June 28-30, 2007. 

15. Wilson BS: Partial deafness cochlear implantation (PDCI) and electro-acoustic stimulation 
(EAS). 9th European Symposium on Paediatric Cochlear Implantation, Warsaw, Poland, May 14-
17, 2009. (This lecture also is listed as one of the four keynote speeches in the Program for the 
Symposium.) 

16. Wilson BS: Two opportunities for the further development and broader application of cochlear 
implants. Munich Hearing Implant Symposium: Reaching New Heights, Ludwig Maximilians 
Universität, Munich, Germany, December 8-10, 2011. (This lecture also is listed as one of the 
four keynote speeches in the Program for the Symposium.) 

Nalli Family Distinguished Lecture 

1. Wilson BS: Where are we and where are we headed with cochlear implants? Nalli Family 
Lecture, The Hospital for Sick Children, University of Toronto, Toronto, Canada, February 17, 
2005. 

Neel Distinguished Research Lectureship 

1. Wilson BS, Miyamoto RT: How basic science has influenced the design of cochlear implants? 
112th Annual Meeting of the American Academy of Otolaryngology, Head and Neck Surgery, 
Chicago, IL, USA, September 21-24, 2008. (This meeting was attended by more than 8,500 
physicians and other professionals; the Neel Distinguished Research Lectureship is among the 
highest honors conferred by the American Academy. The prior lecture in the series was by Elias 
Zerhouni, M.D., the then Director of the United States’ National Institutes of Health.) 

Chandra Sekhar Lecture 

1. Wilson BS: Thinking about the hearing brain in designs and applications of cochlear implants. 
The Chandra Sekhar Lecture, New York University School of Medicine, NYU Langone Medical 
Center, New York, NY, USA, April 10, 2013. (The Chandra Sekhar lectures honor Dr. Hosakere 
K. Chandra Sekhar for his work in temporal bone histology and for his contributions to education 
and clinical care during his distinguished career at the NYU School of Medicine, which began in 
1971. The lectures are supported by a fund established by his family upon his retirement in 2008; 
the present lecture by Wilson was the second in the series of lectures.) 
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Hopkins Medicine Distinguished Speaker Lecture 

1. Wilson BS: Do you hear what I hear? – Cochlear implants & the past, present, and future of 
prosthetic hearing. Johns Hopkins University School of Medicine, Baltimore, MD, USA, 
February 4, 2014. (The following is a description of the Distinguished Speakers Series: “The 
Distinguished Speaker Series was established by a group of medical students at Johns Hopkins to 
inform and inspire medical scientists, clinicians, public health leaders, and students through 
scholarly exchange with the world’s foremost visionaries and thinkers. Our inaugural event 
brought together seven recipients of the MacArthur “Genius Grant” for a lively dialogue on the 
ways in which creative minds engage the public. Since then, we have hosted Lasker Award 
recipient Dr. Anthony S. Fauci, noted bioethicist Dr. Charles Bosk, and Dr. Francoise Barré-
Sinoussi, recipient of the Nobel Prize in Physiology or Medicine and co-discoverer of HIV.  Our 
most recent events featured Dr. K. Anders Ericsson, cognitive psychologist and expert on 
expertism, Dr. Robert Langer, head of the largest biomedical engineering laboratory in the world, 
and five exceptional faculty at Johns Hopkins presenting their personal and professional journeys 
in medicine.”) 

Vanderbilt University Medical Center Flexner Discovery Lecture 

1. Wilson BS: The development of the modern cochlear implant and the first substantial restoration 
of a human sense using a medical intervention. Vanderbilt University Medical Center, Nashville, 
TN, USA, March 13, 2014. (The Flexner Discovery Lecture Series features the world’s most 
eminent scientists, who speak on the highest-impact research and policy issues in science and 
medicine today. Prior speakers have included multiple Nobel Laureates and members of the 
United States’ Institute of Medicine.) 

2014 Lasker Lecture 

1. Wilson BS: Toward better representations of sound with cochlear implants. Keck School of 
Medicine, University of Southern California, Los Angeles, CA, USA, April 10, 2014. 

Göttingen Sensory Lecture 

1. Wilson BS: Brain centric approaches to designs and applications of cochlear implants. Georg-
August-Universität Göttingen, Göttingen, Germany, June 24, 2014. (The Lecture was jointly 
supported by the collaborative sensory research grant on Cellular Mechanisms of Sensory 
Processing and the Bernstein Center for Computational Neuroscience.) 

Graham Fraser Memorial Lecture 

1. Wilson BS: The cochlear implant and the first substantial restoration of a human sense using a 
medical intervention. Lecture presented in conjunction with the Annual Meeting of the British 
Cochlear Implant Group, Bristol, UK, March 19-20, 2015. (The Graham Fraser Memorial 
Lectures celebrate his life and achievements and are the most prestigious named lectures in the 
fields of cochlear implants and remediation of severe losses in hearing. More information about 
the lectures is presented at http://www.grahamfraserfoundation.org.uk/memlects.htm.) 

Distinguished Guest Address 

1. Wilson BS: A designer’s perspective of cochlear implants. Fourth Workshop on Transcanal 
Techniques for Cochlear Implants, New Delhi, India, February 4-5, 2012. 

Honored Special Guest Address 

1. Wilson BS, Schatzer R, Wolford RD, Sun X: Two new directions in implant design. Eighth 
International Cochlear Implant Conference, Indianapolis, IN, USA, May 10-13, 2004. 
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Inaugural Plenary Addresses 

1. Wilson BS: Cochlear implants: Matching the prosthesis to the brain and facilitating desired 
plastic changes in brain function. 2nd Congress of Spanish-America on Cochlear Implants and 
Related Sciences, Cartagena, Columbia, December 1-3, 2010. 

2. Wilson BS: The significance of the 2013 Lasker~DeBakey Clinical Medical Research Award to 
the field of cochlear implants and for fulfilling the mission of the American Cochlear Implant 
Alliance. CI 2013 Conference – American Cochlear Implant Alliance, Washington DC, USA, 
October 24-26, 2013. 

Dean’s Leadership in Innovation Seminar 

1. Wilson BS: Cochlear implants: A remarkable past and a brilliant future. Faculty of Engineering 
and Information Technology, University of Technology, Sydney, Sydney, Australia, October 27, 
2011. 

Invited Address for the President’s Symposium within the 2012 Meeting of the ARO 

1. Wilson BS, Dorman MF, Woldorff MG, Tucci DL: A “top down” or “cognitive neuroscience” 
approach to cochlear implant designs and fittings. Presidential Symposium on Listening with the 
Brain: Cochlear Implants and Central Auditory System Plasticity, 35th Midwinter Meeting, 
Association for Research in Otolaryngology, San Diego, CA, USA, February 25-29, 2012. 

Presentation to the Duke University Board of Trustees 

1. Wilson BS: The 2013 Lasker~DeBakey Award and the first substantial restoration of a human 
sense using a medical intervention. Duke University, Durham, NC, USA, December 6, 2013. 

Distinguished Speaker Address 

1. Wilson BS: Progress and remaining problems in the development of the cochlear implant. Future
of Hearing Symposium, sponsored by the Cluster of Excellence “Hearing4all,” Oldenburg, 
Germany, November 6-7, 2015. 

Inauguration Speech for the Institute for Auditory Neuroscience at the University of Göttingen 

1. Wilson BS: Auditory neuroscience: The neuroprosthetics perspective. One of three lectures to 
inaugurate the new Institute for Auditory Neuroscience at the University of Göttingen, Göttingen, 
Germany, March 21, 2015. 

Grand Rounds Presentations 

1. Farmer JC Jr., Kenan PD, Wilson BS: Cochlear implants. Surgical Grand Rounds, Duke 
University Medical Center, Durham, NC, USA, November, 1985. 

2. Farmer JC Jr., Javel E, McElveen JT Jr., Wilson BS: Advances in cochlear implants. Surgical 
Grand Rounds, Duke University Medical Center, Durham, NC, USA, December 13, 1989. 

3. Wilson BS: Advances in cochlear implant research. Grand Rounds presentation, Department of 
Otolaryngology, University of Toronto, Toronto, Canada, February 18, 2005. 

4. Wilson BS: The development of the modern cochlear implant and the first substantial restoration 
of a human sense using a medical intervention. Surgical Grand Rounds, Duke University Medical 
Center, Durham, NC, USA, March 5, 2014. 

5. Wilson BS: Thinking about the hearing brain in designs and applications of cochlear implants. 
Grand Rounds presentation, Department of Otolaryngology – Head & Neck Surgery and 
Department of Hearing and Speech Sciences, Vanderbilt University Medical Center, Nashville, 
TN, USA, March 14, 2014.  
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6. Wilson BS: The development of the modern cochlear implant and the first substantial restoration 
of a human sense using a medical intervention. Surgical Grand Rounds, Department of 
Otolaryngology – Head & Neck Surgery, Northwestern University Medical Center, Chicago, IL, 
USA, April 16, 2015. 

Keynote Speeches 

1. Wilson BS: Suggestions for the future development of cochlear implants. Third European 
Symposium on Paediatric Cochlear Implantation, Hannover, Germany, June 6-8, 1996. (This 
presentation was the penultimate summary lecture for the Symposium, preceding the concluding 
lecture by Professor Lenarz, General Chair.) 

2. Wilson BS: New directions in implant design. 4th European Symposium on Paediatric Cochlear 
Implantation, ‘s-Hertogenbosch, The Netherlands, June 14-17, 1998. 

3. Wilson BS: Some likely next steps in the further development of cochlear implants. 6th European 
Symposium on Paediatric Cochlear Implantation, Las Palmas, Canary Islands, February 24-27, 
2002. 

4. Wilson BS: Future directions for cochlear implants. 7th International Cochlear Implant 
Conference, Manchester, England, September 4-6, 2002. 

5. Wilson BS: Where are we and where can we go with cochlear implants? Annual Meeting of the 
British Cochlear Implant Group: Pushing the Boundaries of Cochlear Implantation, 
Birmingham, UK, April 18-19, 2005. (This was the single keynote speech for this conference.) 

6. Wilson BS: Present results and future possibilities for bilateral cochlear implants. Sixth
International Meeting on Bilateral Cochlear Implants and Binaural Signal Processing, Bern, 
Switzerland, March 29-30, 2007. 

7. Wilson BS: Cochlear implants. International Workshop on Advances in Audiology, Salamanca, 
Spain, May 25-26, 2007. 

8. Wilson BS: The past, present, and future of cochlear implants. Nemours Cochlear Implant 
Symposium, Wilmington, Delaware, USA, October 12-13, 2009. (This was the single keynote 
speech for this conference.) 

9. Wilson BS: The listening brain: Roles of the “auditory brain” in outcomes and designs for 
cochlear implants. Perth Auditory Implant Workshop, University of Western Australia, Perth, 
Australia, October 28-30, 2010.  

10. Wilson BS: Cochlear implants: A remarkable past and a brilliant future. Conference on Hearing 
Implants: A Remarkable Past and a Brilliant Future, Frankfurt am Main, Germany, December 9-
11, 2010. 

11. Wilson BS: Cochlear implantation: A remarkable past and a brilliant future. 10th European 
Symposium on Paediatric Cochlear Implantation, Athens, Greece, May 12-15, 2011. 

12. Wilson BS: Cochlear implants: Matching the prosthesis to the brain and facilitating desired 
plastic changes in brain function. 12th International Conference on Cochlear Implants and Other 
Implantable Auditory Technologies, Baltimore, MD, USA, May 3-5, 2012.  

13. Wilson BS: Present and future of cochlear implants. VI International Meeting on Advances in 
Audiology, Salamanca, Spain, June 7-9, 2012. 

14. Wilson BS: The four large steps forward that led to the present-day cochlear implants. Perth
Auditory Implant Workshop, Perth, Australia, November 8-10, 2012. 

15. Wilson BS: Future possibilities for combined electric and acoustic stimulation. 3rd Munich 
Hearing Implant Symposium: Comprehensive Hearing Implant Solutions, Ludwig Maximilians 
Universität, Munich, Germany, December 12-15, 2013. 

16. Wilson BS: Toward better representations of sound with cochlear implants. Special session 
honoring the development of the modern cochlear implant and the winners of the 2013 
Lasker~DeBakey Clinical Medical Research Award, 13th International Conference on Cochlear 
Implants and Other Implantable Auditory Prostheses, Munich, Germany, June 18-21, 2014. 

17. Wilson BS: Evolution of electrical stimulation in the cochlea; single to multichannel to deep 
insertion to EAS – A historical perspective. Conference on the APEX of the Cochlea – From 
Neuroanatomy to Electrical Stimulation, Chapel Hill, NC, USA, September 4-7, 2014. 
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18. Wilson BS: The development of the modern cochlear implant. 10th Asia Pacific Symposium on 
Cochlear Implants and Related Sciences, Beijing, China, April 30 through May 3, 2015. 

Banquet Address  

1. Wilson BS: How my education in engineering at Duke helped me to contribute to the 
development of the modern cochlear implant and the first substantial restoration of a human sense 
using a medical intervention. Annual Workshop for the Graduate Program in Electrical and 
Computer Engineering, Pratt School of Engineering, Duke University, Durham, NC, USA, 
January 23, 2014. 

Additional Invited Presentations  

1. Wilson BS: Speech processors for auditory prostheses. 14th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1983. 

2. Wilson BS: Speech processors for auditory prostheses. 15th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1984. 

3. Wilson BS: Coding strategies for multichannel auditory prostheses. Gordon Research Conference 
on Implantable Auditory Prostheses, Tilton, NH, USA, August 19-23, 1985. 

4. Finley CC, Wilson BS: An integrated field-neuron model of intracochlear stimulation. Gordon 
Research Conference on Implantable Auditory Prostheses, Tilton, NH, USA, August 19-23, 
1985. 

5. Finley CC, Wilson BS: A simple finite-difference model of the field patterns produced by bipolar 
electrodes of the UCSF array. IEEE Bioengineering Conference, September 27-30, 1985. 

6. Wilson BS, Finley CC: Speech processors for auditory prostheses. IEEE Bioengineering 
Conference (special session on “Signal Processing for the Hearing Impaired”), September 27-30, 
1985. 

7. Finley CC, Wilson BS: Models of neural stimulation for electrically-evoked hearing. Annual 
Conference on Engineering in Medicine and Biology, September 30 through October 2, 1985. 

8. Wilson BS: Speech processors for auditory prostheses. 16th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1985. 

9. Wilson BS: Comparison of strategies for coding speech with multichannel auditory prostheses. 
Conference on Speech Recognition with Cochlear Implants, New York University, New York, 
NY, USA, April 17-19, 1986. 

10. Wilson BS: Coding strategies for cochlear implants. Kresge Hearing Research Institute, 
University of Michigan, Ann Arbor, MI, USA, May 22, 1986. 

11. Wilson BS: Ensemble models of neural discharge patterns evoked by intracochlear electrical 
stimulation. International Union of Physiological Scientists (IUPS) Satellite Symposium on 
Advances in Auditory Neuroscience, San Francisco, CA, USA, July 8-11, 1986. 

12. Wilson BS: Processing strategies for cochlear implants. Annual Meeting of the American College 
of Otolaryngologists, San Antonio, TX, USA, September 18-19, 1986. 

13. Kenan PD, Farmer JC Jr., Weber BA, Wilson BS: Cochlear implants. Annual Meeting of the 
Mecklenburg County Otolaryngology, Head and Neck Surgery Society, Charlotte, NC, fall, 1986. 

14. Wilson BS: Speech processors for auditory prostheses. 17th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1986. 

15. Wilson BS: Cochlear implants. First North Carolina Workshop on Bioelectronics (session on 
“Auditory Signal Processing”), Quail Roost, NC, USA, October 24-26, 1986. 

16. Wilson BS: The RTI/Duke cochlear implant program. Executive committee of the Research 
Triangle Institute (RTI) Board of Governors, June 17, 1987. 

17. Farmer JC Jr., Wilson BS: Cochlear implantation for the profoundly deaf. Department of 
Physiology, Duke University Medical Center, June 18, 1987. 

18. Wilson BS: Factors in coding speech for auditory prostheses. Gordon Research Conference on 
Implantable Auditory Prostheses. New London, NH, USA, June 29 through July 3, 1987. 
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19. Schindler RA, Wilson BS: Present status and future enhancements of the UCSF/RTI/Duke 
cochlear implant. International Cochlear Implant Symposium 1987, Düren, Germany, September 
7-11, 1987. 

20. Wilson BS: Speech processors for auditory prostheses. 18th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1987. 

21. Wilson BS: Review of RTI research on coding strategies for cochlear prostheses. 3M Company, 
St. Paul, MN, USA, November 12, 1987. 

22. Wilson BS, Finley CC, White MW, Lawson DT: Comparisons of processing strategies for 
multichannel auditory prostheses. Ninth Annual Conference on Engineering in Medicine and 
Biology (special session on cochlear implants), Boston, MA, USA, November 13-16, 1987. 

23. White MW, Finley CC, Wilson BS: Electrical stimulation model of the auditory nerve: Stochastic 
response characteristics. Ninth Annual Conference on Engineering in Medicine and Biology 
(special session on cochlear implants), Boston, MA, USA, November 13-16, 1987. 

24. Finley CC, Wilson BS, White MW: A finite-element model of bipolar field patterns in the 
electrically stimulated cochlea – A two dimensional approximation. Ninth Annual Conference on 
Engineering in Medicine and Biology (special session on cochlear implants), Boston, MA, USA, 
November 13-16, 1987. 

25. Finley CC, Wilson BS, White MW: Models of afferent neurons in the electrically stimulated ear. 
Ninth Annual Conference on Engineering in Medicine and Biology (special session on cochlear 
implants), Boston, MA, USA, November 13-16, 1987. 

26. Wilson BS: Various coding schemes used. Cochlear Implant Consensus Development 
Conference, National Institutes of Health, Bethesda, MD, USA, May 2-4, 1988. 

27. Wilson BS: Comparison of encoding schemes. 25th Anniversary Symposium of the Kresge 
Hearing Research Institute, Ann Arbor, MI, USA, October 3-5, 1988. 

28. Wilson BS: Speech processors for auditory prostheses. 19th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1988. 

29. Soli SD, Wilson BS: Within-subject comparisons of analog and pulsatile speech processors for 
cochlear implants. Annual Meeting of the Acoustical Society of America (special session on 
“Speech Processing Aids for the Handicapped”), Honolulu, Hawaii, USA, November 14-18, 
1988. (Abstract published in J Acoust Soc Am 84: S41, 1988) 

30. Wilson BS: Within-patient evaluation of speech processors. Engineering Foundation Conference 
on Implantable Auditory Prostheses, Potosi, MO, USA, July 30 through August 4, 1989. 

31. Wilson BS: Comparison of analog and pulsatile coding strategies for multichannel cochlear 
prostheses. University of Iowa, Iowa City, IA, USA, August 28, 1989. 

32. Wilson BS: Speech processors for auditory prostheses. 20th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1989. 

33. Wilson BS: Processing strategies for cochlear implants. Third Symposium on Cochlear Implants 
in Children, Indianapolis, IN, USA, January 26 and 27, 1990.  

34. Wilson BS: Recent advances in the design of cochlear prostheses. Richards Medical, Memphis, 
TN, USA, February 5, 1990. 

35. Wilson BS: Design of cochlear prostheses. AAAS Meeting (special session on "Cochlear Implants 
in Children"), New Orleans, LA, USA, February 15-20, 1990. 

36. Shannon RV (moderator), Wilson BS, Eddington DK, Walliker J, Pfingst BE, Patrick JF, Rosen S 
(panelists): Round table discussion on "Future directions in Speech Processing." Second
International Cochlear Implant Symposium, Iowa City, IA, USA, June 4-8, 1990. 

37. Wilson BS: Speech processors for auditory prostheses. 21st Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1990. 

38. Wilson BS: Strategies for representing speech with cochlear implants. Meeting of the Acoustical 
Society of America (special session on “Speech Perception and Hearing Handicap”), Baltimore, 
MD, USA, April 29 to May 3, 1991. (Abstract published in J Acoust Soc Am 89, Suppl. 1, p. 
1957, 1991) 

39. Wilson BS: New levels of speech recognition with cochlear implants. 1991 Conference on 
Implantable Auditory Prostheses, Pacific Grove, CA, USA, June 2-7, 1991. 
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40. Wilson BS, Lawson DT, Finley CC: A new processing strategy for multichannel cochlear 
prostheses. International Symposium on Natural and Artificial Nervous Control of Hearing and 
Balance, Rheinfelden, Switzerland, September 4-8, 1991. (Lecture presented by Lawson) 

41. Wilson BS: A new coding strategy for cochlear implants. Annual Meeting of the American 
Neurotology Society, Kansas City, MO, USA, September 21, 1991. 

42. Wilson BS: Speech processors for auditory prostheses. 22nd Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October, 1991. 

43. Wilson BS: Processing strategies for multichannel cochlear implants. Fourth Symposium on 
Cochlear Implants in Children, Kansas City, MO, USA, February 14 and 15, 1992. 

44. Wilson BS: Speech processing for auditory prostheses. Lecture for the course on "Current Status 
of Multichannel Cochlear Implants," 96th Meeting of the American Academy of Otolaryngology -
- Head & Neck Surgery, Washington DC, USA, September 13, 1992. 

45. Wilson BS: Processing strategies for multichannel cochlear implants. First European Symposium 
on Paediatric Cochlear Implantation, Nottingham, England, September 24-27, 1992. 

46. Wilson BS: Panelist, round table on Programming. First European Symposium on Paediatric 
Cochlear Implantation, Nottingham, England, September 24-27, 1992. 

47. Wilson BS: Speech processors for auditory prostheses. 23rd Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October 13-15, 1992. 

48. Wilson BS: Representations of envelope information with CIS and VCIS processors. Mini 
Symposium on Envelope Representations with Cochlear Implants, House Ear Institute, Los 
Angeles, CA, USA, February 25-28, 1993. 

49. Wilson BS: Optimizing performance with new processing strategies. 1993 Cherry Blossom 
Conference: Current and New Applications in Hearing and Equilibrium, American Academy of 
Otolaryngology -- Head & Neck Surgery, Washington DC, USA, April 2, 1993. 

50. Wilson BS: Recent developments with the CIS strategies. Third International Cochlear Implant 
Conference, Innsbruck, Austria, April 4-7, 1993. 

51. Wilson BS, Lawson DT, Zerbi M, Finley CC: CIS and "virtual channel" CIS (VCIS) processors. 
1993 Conference on Implantable Auditory Prostheses, Smithfield, RI, USA, July 11-15, 1993. 

52. Wilson BS, Lawson DT, Zerbi M, Finley CC, Wolford RD: New processing strategies in cochlear 
implantation. Annual Meeting of the American Neurotology Society (special session on “Basic 
Science Update”), Minneapolis, MN, USA, October 1, 1993. 

53. Wilson BS: Speech processors for auditory prostheses. 24th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October 13-15, 1993. 

54. Wilson BS: Introduction to speech processor design and testing. 1993 Zhengzhou International 
Symposium on Electrical Cochlear Hearing and Linguistics, Zhengzhou, China, October 23-26, 
1993. 

55. Wilson BS: New processing strategies for cochlear prostheses. 1993 Zhengzhou International 
Symposium on Electrical Cochlear Hearing and Linguistics, Zhengzhou, China, October 23-26, 
1993. 

56. Wilson BS: Further studies with CIS and related processors. 1993 Zhengzhou International 
Symposium on Electrical Cochlear Hearing and Linguistics, Zhengzhou, China, October 23-26, 
1993. 

57. Wilson BS: Review of speech processor studies. University of Iowa, Department of 
Otolaryngology – Head & Neck Surgery, Iowa City, IA, USA, January 18, 1994. 

58. Wilson BS: Progress in speech processor design. Fifth Symposium on Cochlear Implants in 
Children, New York, NY, USA, February 4, 1994. 

59. Wilson BS: Review of speech processor studies. Indiana University School of Medicine, 
Department of Otolaryngology -- Head & Neck Surgery, Indianapolis, IN, USA, March 9, 1994. 

60. Wilson BS: Progress in the development of speech processors for cochlear prostheses. 127th
Meeting of the Acoustical Society of America (special session on "Electro-Auditory Prostheses”), 
Cambridge, MA, USA, June 8, 1994. (Abstract published in J Acoust Soc Am 95: 2905, 1994.) 

61. Wilson BS: Cochlear modeling studies. 25th Annual Neural Prosthesis Workshop, National 
Institutes of Health, Bethesda, MD, USA, October 18-21, 1994. 

62. Wilson BS: Speech processors for auditory prostheses. 25th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October 18-21, 1994. 
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63. Wilson BS, Lawson DT, Zerbi M, Finley CC: New developments in speech processors. Lecture 
for the "Workshop on Auditory Prosthetics," 18th Midwinter Meeting of the Association for 
Research in Otolaryngology, St. Petersburg, FL, USA, February 5-9, 1995. (Abstract published in 
ARO Abstracts, p. 97, 1995.) 

64. Wilson BS: Future directions in speech processing. CIS Workshop (sponsored by Med El GmbH 
and held in conjunction with the IIIrd International Congress on Cochlear Implant), Paris, 
France, April 26, 1995. 

65. Wilson BS: Continuous Interleaved Sampling and related strategies. NIH Consensus 
Development Conference on Cochlear Implants in Adults and Children, May 15-17, 1995. 

66. Wilson BS: Temporal representations with cochlear implants. 1995 Conference on Implantable 
Auditory Prostheses, Pacific Grove, CA, USA, August 20-24, 1995. 

67. Wilson BS: Speech processors for auditory prostheses. 26th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October 18-20, 1995. 

68. Wilson BS: Strategies for representing speech information with cochlear implants. 6th Symposium 
on Cochlear Implants in Children, Miami Beach, FL, USA, February 2-3, 1996. 

69. Wilson BS, Finley CC, Lawson DT, Zerbi M: Temporal representations with cochlear implants. 
Third European Symposium on Paediatric Cochlear Implantation, Hannover, Germany, June 6-8, 
1996. 

70. Wilson BS: Progress in the development of speech processing strategies for cochlear implants. 
University of Iowa, Department of Otolaryngology – Head and Neck Surgery, Iowa City, IA, 
USA, July 29, 1996. 

71. Wilson BS, Lawson DT: Speech processors for auditory prostheses. 27th Annual Neural 
Prosthesis Workshop, National Institutes of Health, Bethesda, MD, USA, October 16-18, 1996. 

72. Wilson BS: Possibilities for the further development of speech processor designs. Fifth
International Cochlear Implant Conference, New York, NY, USA, May 1-3, 1997. 

73. Lawson DT, Wilson BS, Zerbi M, Roush PA, van den Honert C, Finley CC, Tucci DL, Farmer 
JC Jr.: Within patient comparisons among processing strategies for cochlear implants. 130th

Annual Meeting of the American Otological Society, Scottsdale, AZ, USA, May 10-11, 1997. 
(Lecture presented by Wilson) 

74. Lawson DT, Wilson BS, Zerbi M, van den Honert C, Finley CC, Farmer JC Jr., McElveen JT, 
Roush PA: Bilateral cochlear implants controlled by a single speech processor. 130th Annual 
Meeting of the American Otological Society, Scottsdale, AZ, USA, May 10-11, 1997. 

75. Wilson BS: Design of speech processors for cochlear prostheses. Johns Hopkins University, 
Department of Biomedical Engineering, May 30, 1997. 

76. Wilson BS, Finley CC, Zerbi M, Lawson DT, van den Honert C: Representations of temporal 
information in responses of the human auditory nerve to electrical stimuli. 1997 Conference on 
Implantable Auditory Prostheses, Pacific Grove, CA, USA, August 17-21, 1997. 

77. Finley CC, Wilson BS, van den Honert C: Fields and EP responses to electrical stimulation: 
Spatial distributions, electrode interactions and regional differences along the tonotopic axis. 
1997 Conference on Implantable Auditory Prostheses, Pacific Grove, CA, USA, August 17-21, 
1997. 

78. Lawson DT, Wilson BS, Zerbi M, Finley CC: Design differences and parametric adjustments 
among CIS and related processors. 1997 Conference on Implantable Auditory Prostheses, Pacific 
Grove, CA, USA, August 17-21, 1997. 

79. Wilson BS: Speech processors for auditory prostheses. 28th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October 15-17, 1997. 

80. Wilson BS: Review of studies at RTI with recipients of bilateral cochlear implants. University of 
Iowa, Department of Otolaryngology, Head & Neck Surgery, Iowa City, IA, USA, January 27, 
1998. 

81. Wilson BS, Pierschalla M: Development of cochlear prostheses. NIH Bioengineering Symposium 
on “Building the Future of Biology and Medicine,” National Institutes of Health, Bethesda, MD, 
USA, February 27 and 28, 1998. (This was one of five invited poster presentations to represent 
bioengineering research supported by the NIDCD.) 

82. Wilson BS: Possibilities for improving the performance of cochlear prostheses. University of 
Innsbruck, Innsbruck, Austria, June 18, 1998. 
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83. Wilson BS: Speech processors for auditory prostheses. 29th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October 28-20, 1998. 

84. Finley CC, van den Honert C, Wilson BS, Miller RL, Cartee LA, Smith DW, Niparko JK: Factors 
contributing to the size, shape, latency, and distribution of intracochlear evoked potentials. 1999 
Conference on Implantable Auditory Prostheses, Pacific Grove, CA, USA, August 29 through 
September 3, 1999. 

85. Wilson BS, Zerbi M, Finley CC, Lawson DT, van den Honert C: Relationships among 
electrophysiological, psychophysical and speech reception measures for implant patients. 1999
Conference on Implantable Auditory Prostheses, Pacific Grove, CA, USA, August 29 through 
September 3, 1999. 

86. Lawson DT, Wilson BS, Zerbi M, Finley CC: Future directions in speech processing for cochlear 
implants. 1999 Conference on Implantable Auditory Prostheses, Pacific Grove, CA, USA, 
August 29 through September 3, 1999. (Wilson presented the talk for Lawson, who could not 
attend the conference due to illness.) 

87. Wilson BS: Speech processors for auditory prostheses. 30th Annual Neural Prosthesis Workshop, 
National Institutes of Health, Bethesda, MD, USA, October 12-14, 1999. 

88. Wilson BS: Psychophysical measures and speech understanding in bilaterally implanted patients. 
Bilateral Research Meeting, Frankfurt, Germany, December 3, 1999. (This meeting was 
sponsored by Med El GmbH.) 

89. Wilson BS: New directions in cochlear implants. 6th International Cochlear Implant Conference, 
Miami Beach, FL, USA, February 3-5, 2000. 

90. Wilson BS, Lawson DT, Brill SM, Wolford RD, Schatzer R: Binaural cochlear implants. 
Conference on Binaural Hearing, Hearing Loss, Hearing Aids, & Cochlear Implants, Iowa City, 
IA, USA, June 22-24, 2000. 

91. Tyler R, Parkinson A, Gantz B, Rubinstein J, Wilson B, Witt S, Wolaver A, Lowder M: 
Independent binaural cochlear implants. Conference on Binaural Hearing, Hearing Loss, 
Hearing Aids, & Cochlear Implants, Iowa City, IA, USA, June 22-24, 2000. 

92. Wilson BS, Lawson DT, Brill SM, Wolford RD, Schatzer R: Speech processors for auditory 
prostheses. 31st Annual Neural Prosthesis Workshop, National Institutes of Health, Bethesda, 
MD, USA, October 25-7, 2000. 

93. Lawson DT, Wilson BS, Wolford RD, Brill SM, Schatzer R: Initial work to restore binaural 
hearing with bilateral cochlear implants. 4th International Surgical Workshop on Aesthetic 
Rhinoplasty, Middle Ear Surgery, and State of Art Symposium, Mumbai, India, November 14, 
2000. 

94. Lawson DT, Wilson BS, Wolford RD, Brill SM, Schatzer R: Next steps in the further 
development of cochlear implants. 4th International Surgical Workshop on Aesthetic 
Rhinoplasty, Middle Ear Surgery, and State of Art Symposium, Mumbai, India, November 15, 
2000.  

95. Lawson DT, Wilson BS, Wolford RD, Brill SM, Schatzer R: Next steps in the continuing 
development of cochlear prostheses: Bilateral implants and combined electrical and acoustic 
stimulation. International Ear Surgery Workshop and The Millennium State of Art Symposium, 
Indore, India, November 17, 2000. 

96. Wilson BS, Lawson DT, Wolford R, Brill SM, Schatzer R, Müller J, Schön F, Tyler RS, Zerbi M: 
Bilateral cochlear implants. First Investigators' Meeting on Bilateral Cochlear Implantation, 
Stans, Austria, November 29, 2000.  

97. Helms J (moderator), Baumgatner W-D, Fitzgerald D, Heusler R, Hildmann H, Hockman M, van 
Hoesel R, Müller J, Vischer M, Wilson B: Round table discussion on bilateral cochlear 
implantation. Wullstein Symposium, Würzburg, Germany, April 26-30, 2001. (The Wullstein
Symposium included the 2nd Conference on Bilateral Cochlear Implantation and Signal 
Processing, the 6th International Cochlear Implant Workshop, and the 2nd Auditory Brainstem 
Implant (ABI) Workshop.) 

98. Lawson DT, Brill SM, Wolford RD, Wilson BS, Schatzer R: Speech processors for binaural 
stimulation. 2001 Conference on Implantable Auditory Prostheses, Pacific Grove, CA, USA, 
August 19-24, 2001. 
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99. Wilson BS, Brill SM, Cartee LA, Lawson DT, Schatzer R, Wolford RD: Some likely next steps 
in the further development of cochlear prostheses. 2001 Conference on Implantable Auditory 
Prostheses, Pacific Grove, CA, USA, August 19-24, 2001. 

100. Wilson BS, Lawson DT, et al.: Speech processors for auditory prostheses. 32nd Annual Neural 
Prosthesis Workshop, National Institutes of Health, Bethesda, MD, USA, October 17-19, 2001. 

101. Wilson BS, Lawson DT, Brill SM, Wolford RD, Schatzer R (RTI); Kiefer J, Pfennigdorff T, 
Tillein J, Gstöttner W (J. W. Goethe Universität, Frankfurt): Pillsbury H, Gilmer C (UNC Chapel 
Hill): Combined electric and acoustic stimulation (EAS) studies at the Research Triangle 
Institute. 2nd Focus Meeting on Electric-Acoustic Stimulation (EAS), Las Palmas, Canary Islands, 
February 24, 2002. (This workshop was sponsored by Med El GmbH.) 

102. Cooper H, Tyler RS (moderators), Graham J, Wilson BS, Plant G, Saeed S (panelists): Panel on 
the future for adults. 7th International Cochlear Implant Conference, Manchester, England, 
September 4-6, 2002. 
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153. Briand P, Buchman C, Caraway T, Gantz B, Hochmair I, Hodges A, Janssen J, Lenarz T, Luntz, 
M, Luxford W, Mueller J, Nedzelski J, Roehrienin G, van de Heyning P, Wilson B, Zwolan T 
(panelists and industry representatives): The future of cochlear implant care and technology. 12th 
International Conference on Cochlear Implants and Other Implantable Auditory Technologies, 
Baltimore, MD, USA, May 3-5, 2012. 
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published in Bioelectromagnetics 1: 208, 1980) 

3. Wilson BS, Joines WT, Casseday JH, Kobler JB: Responses in the auditory nerve to pulsed, 
continuous wave, and sinusoidally-amplitude-modulated microwave radiation. 2nd Annual 
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cochlear implants. 14th Midwinter Meeting of the Association for Research in Otolaryngology, St. 
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(Abstract published in ARO Abstracts, p. 178, 1995) 
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February 7, 2000. (This symposium included three international speakers and one speaker from 
the RTI/Duke team.) 

3. Miyamoto RT, Wilson BS (Co-Chairs): Hearing Preservation Workshop, Indiana University 
School of Medicine, Indianapolis, IN, USA, November 8-10, 2002. 

4. Roland PS, Wilson BS (Co-Chairs): Third Hearing Preservation Workshop, Dallas, TX, USA, 
October 15-16, 2004. 

5. Wilson BS, Dorman MF (Co-Chairs): Hearing Preservation Workshop V, Research Triangle 
Park, NC, USA, October 13-14, 2006. 

6. von Ilberg C, Wilson BS (Co-Chairs): Presbycusis Research Meeting, Munich, Germany, January 
12-14, 2012. 

Chaired Track 

1. Wilson BS, Kim SJ (Co-Chairs): Track on Neural Systems and Engineering, World Congress on 
Medical Physics and Biomedical Engineering 2006, Seoul, Korea, August 27 through September 
1, 2006 (see http://www.wc2006-seoul.org/index.htm). Professor Kim is the Director of the 
Nano-Bioelectronics and Systems Research Center at Seoul National University in Seoul, Korea. 
The Neural Systems and Engineering track included seven sessions: (1) Neural Networks and 
Brain-Computer Interfaces; (2) Invited Talk I, on “Cochlear implants: A remarkable past and a 
brilliant future;” (3) Auditory Prosthesis; (4) Invited Talk II, on “The optic nerve visual 
prosthesis;” (5) Visual Prosthesis; (6) Neural Signal Processing; and (7) a poster session. 

Chaired Sessions 

1. Wilson BS (Chair): Session on "Cardiovascular Fluid Dynamics." 2nd Mid-Atlantic Conference 
on Bio-Fluid Mechanics, Blacksburg, VA, USA, April, 1980. 

2. Wilson BS (Discussion Leader): Gordon Research Conference on Implantable Auditory 
Prostheses, Tilton, NH, USA, August 19-23, 1985. 

3. Wilson BS (Moderator), Dent LJ, Dillier N, Eddington DK, Hochmair-Desoyer IJ, Pfingst BE, 
Patrick J, Sürth W, Walliker J (Panelists): Round table discussion on speech coding. International 
Cochlear Implant Symposium 1987, Düren, Germany, September 7-11, 1987. 

4. Wilson BS (Moderator): Session on “Speech Processing.” Second International Cochlear Implant 
Symposium, Iowa City, IA, USA, June 4-8, 1990. 

5. Wilson BS (Chair): Session on “Audiological Assessment and Device Programming.” First
European Symposium on Paediatric Cochlear Implantation, Nottingham, England, September 
24-27, 1992. 

6. Wilson BS, Dillier N (Co-Chairs): Session on “Speech Coding.” Third International Cochlear 
Implant Conference, Innsbruck, Austria, April 4-7, 1993. 

7. Wilson BS (Chair), Cazals Y, Dillier N, Mac Leod P, McDermott H, Pelizzone M (Panelists): 
Round Table on “Sound Signal Processing.” IIIrd International Congress on Cochlear Implant, 
Paris, France, April 27-29, 1995. 

8. Wilson BS (Chair): Focus group on “Speech Processing.” 1995 Conference on Implantable 
Auditory Prostheses, Pacific Grove, CA, USA, August 20-24, 1995. 

9. Wilson BS (Chair): Session on “Basic Science and Technical Aspects.” Third European 
Symposium on Paediatric Cochlear Implantation, Hannover, Germany, June 6-8, 1996. 
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10. Wilson BS (Discussion Leader), Böex-Spano C (Discussion Co-Leader), Svirsky M (Discussion 
Co-Leader): Focus group on “Issues in Speech Processor Design.” 1997 Conference on 
Implantable Auditory Prostheses, Pacific Grove, CA, USA, August 17-21, 1997. 

11. Wilson BS (Session Moderator): Evaluation of combined electric and acoustic stimulation of the 
auditory system. Hearing Preservation Workshop, Indiana University School of Medicine, 
Indianapolis, IN, USA, November 8-10, 2002.  

12. Hochmair E, Wilson B, Lenhardt M, Czyzewski A (Co-Chairs): Session on “Cochlear and Brain 
Stem Implants and Related Audiological Problems." VII International Conference on Cochlear 
Implants and Related Audiological Sciences, Warsaw – Kajetany, Poland, May 22-25, 2003. 

13. Wilson B, Skarzynski H (Co-Chairs): Satellite Symposium on “Partial deafness cochlear 
implantation.” VII International Conference on Cochlear Implants and Related Audiological 
Sciences, Warsaw – Kajetany, Poland, May 22-25, 2003. 

14. Wilson BS, Hartmann R, Klinke R (Co-Chairs): Special session on “Future directions for 
cochlear implants,” Department of Physiology, Institute of Physiology III, JW Goethe 
Universität, Frankfurt, Germany, October 16, 2003. (This session was held the day before the 
Hearing Preservation Workshop II, also held in Frankfurt. The session included approximately 
30 participants.) 

15. Wilson BS (Chair): Session on "Clinical Issues." Hearing Preservation Workshop II, Frankfurt, 
Germany, October 17-18, 2003. 

16. Wilson BS, Talavage TM (Co-Chairs): Session 2C. Eighth International Cochlear Implant 
Conference, Indianapolis, IN, USA, May 10-13, 2004.  

17. Wilson BS (Chair): Session on "Neural Enhancement." Hearing Preservation Workshop III, 
Dallas, TX, USA, October 15-16, 2004. 

18. Wilson BS (Moderator): Session on “Signal Processing and Speech in Noise.” 2005 Conference 
on Implantable Auditory Prostheses, Pacific Grove, CA, USA, July 30 to August 4, 2005. 

19. Wilson BS (Chair): Session on “Hearing Preservation, Partial Deafness Cochlear Implantation, 
and EAS.” Hearing Preservation Workshop IV, Warsaw-Kajetany, Poland, October 14-15, 2005. 

20. Wilson BS (Chair): Session NP1: Auditory Prosthesis. World Congress on Medical Physics and 
Biomedical Engineering 2006, Seoul, Korea, August 27 through September 1, 2006. 

21. Wilson BS (Co-Chair with R Schatzer): Session on “Speech Processing – Temporal Coding, 
Preprocessing, and New Designs.” 11th International Conference on Cochlear Implants in 
Children, Charlotte, NC, USA, April 11-14, 2007. 

22. Wilson BS (Co-Chair with R Schatzer): Session on “Speech Processing – Current Steering.” 11th

International Conference on Cochlear Implants in Children, Charlotte, NC, USA, April 11-14, 
2007. 

23. Wilson BS: Session on “Novel Stimulation and Signal Processing Strategies and Modeling.” 
2007 Conference on Implantable Auditory Prostheses, Lake Tahoe, NV, USA, July 15-20, 2007. 

24. Wilson BS: Session on “Electric Acoustic Stimulation.” Hearing Preservation Workshop VI, 
Antwerp, Belgium, October 19-20, 2007. 

25. Wilson BS (First Chair), Vermeire K: Session on “Coding Strategies 1.” 9th European Symposium 
on Paediatric Cochlear Implantation, Warsaw, Poland, May 14-17, 2009. 

26. Wilson BS (First Chair), von Ilberg Ch: Session on “Results of Electric Acoustic Stimulation.” 9th

European Symposium on Paediatric Cochlear Implantation, Warsaw, Poland, May 14-17, 2009. 
27. Wilson BS: Afternoon session for Friday, February 26. Duke Institute for Brain Sciences 

workshop on Listening with the Brain: New Approaches to Optimizing the Effectiveness of 
Cochlear Prosthetics, Duke University, Durham, NC, USA, February 26-27, 2010. 

28. Wouters J, Wilson BS: Second session on “Coding Strategies and Electrode Designs.” 11th

International Conference on Cochlear Implants and Other Auditory Implantable Technologies, 
Stockholm, Sweden, June 30 through July 3, 2010. 

29. Wilson BS: Chairman for the invited lecture by Prof. Marco Pelizzone, “Beyond cochlear 
implants: vestibular and retinal implants. 10th European Symposium on Paediatric Cochlear 
Implantation, Athens, Greece, May 12-15, 2011. 
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30. Coninx F, Lorens A, Wilson B, McPherson D: Special session on “International collaboration 
projects – 15th Anniversary of the Institute of Physiology and Pathology of Hearing,” 10th

European Federation of Audiology Societies (EFAS) Congress, Warsaw, Poland, June 22-25, 
2011.  

31. Wilson BS: Chairman of the session on “Outcomes Assessments,” 10th Hearing Preservation 
Workshop, London, UK, October 13-16, 2011. 

32. Wilson BS: Chairman of the session on “Physiological Assessment – from Periphery to Cortex,” 
Hearing Preservation Workshop, Toronto, Canada, October 18-20, 2012. 

33. Wilson BS: Chairman of the session on “Outcome prediction and improvement,” Hearing
Preservation Workshop XII, Heidelberg, Germany, October 10-13, 2013. 

34. Wilson BS, Helms J: Chairpersons for the Round Table on “Cochlear implants: A remarkable 
past and a brilliant future – The past presidents panel,” 13th International Conference on Cochlear 
Implants and Other Implantable Auditory Prostheses, Munich, Germany, June 19-21, 2014. 

35. Visser D, Wilson BS: Chairpersons for the keynote session on “Binaural hearing,” 13th

International Conference on Cochlear Implants and Other Implantable Auditory Prostheses, 
Munich, Germany, June 19-21, 2014. 

36. Wilson BS: Chairman of the session on “Perception and Performance in the APEX,” Conference 
on the APEX of the Cochlea – From Neuroanatomy to Electrical Stimulation, Chapel Hill, NC, 
USA, September 4-7, 2014. 

37. Wilson BS, Dorman MF: Celebration of the modern cochlear implant and the first substantial 
restoration of a human sense using a medical intervention. Special session sponsored by the 
Committees on Psychological and Physiological Acoustics, Biomedical Acoustics, Speech 
Communication, and Signal Processing in Acoustics, Annual Spring Meeting of the Acoustical 
Society of America, Pittsburgh, PA, USA, 18-22 May 2015. 

Selected Abstracts 

Abstracts have been published for the great majority of the keynote, invited, and other presentations 
listed in this CV. A few representative abstracts are listed below. 
 

1. Wilson BS, Finley CC: Latency fields in electrically-evoked hearing. Association for Research in 
Otolaryngology (ARO) Abstracts 9: 170-171, 1986. 

2. Soli SD, Wilson BS: Within-subject comparisons of analog and pulsatile speech processors for 
cochlear implants. J Acoust Soc Am 84: S41, 1988. 

3. Wilson BS, Finley CC, Lawson DT, Wolford RD: New levels of speech recognition with 
cochlear implants. ARO Abstracts 14: 35, 1991. 

4. Wilson BS: Strategies for representing speech with cochlear implants. J Acoust Soc Am 89, 
Suppl. 1: 1957, 1991. 

5. Wilson BS: Progress in the development of speech processors for cochlear prostheses. J Acoust 
Soc Am 95: 2905, 1994. 

6. Wilson BS, Lawson DT, Zerbi M, Finley CC: New developments in speech processors. ARO 
Abstracts 18: 97, 1995. 

7. Finley CC, Wilson BS: Responses of the auditory nerve to repetitive electrical stimuli as 
demonstrated with recordings of intracochlear evoked potentials. ARO Abstracts 18: 178, 1995. 

8. Finley CC, Wilson BS: Spatial distribution of stimulus fields and intracochlear evoked potentials 
as recorded from unstimulated electrodes of implanted cochlear prostheses. ARO Abstracts 19: 
108, 1996.  

9. Rubinstein JT, Miller CA, Abbas PJ, Wilson BS: Emulating physiologic firing patterns of 
auditory neurons with electrical stimulation. ARO Abstracts 22: 8, 1999. 

10. Wilson BS: Cochlear implants: A remarkable past and a brilliant future. Wein Med Wochenschr 
156 [Suppl 119]: 1, 2006. 
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