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The House Ear Institute (HEI) had a long and distinguished history of auditory implant innovation and
development. Early clinical innovations include being one of the first cochlear implant (CI) centers, being
the first center to implant a child with a cochlear implant in the US, developing the auditory brainstem
implant, and developing multiple surgical approaches and tools for Otology. This paper reviews the
second stage of auditory implant research at House — in-depth basic research on perceptual capabilities
and signal processing for both cochlear implants and auditory brainstem implants. Psychophysical
studies characterized the loudness and temporal perceptual properties of electrical stimulation as a
function of electrical parameters. Speech studies with the noise-band vocoder showed that only four
bands of tonotopically arrayed information were sufficient for speech recognition, and that most implant
users were receiving the equivalent of 8—10 bands of information. The noise-band vocoder allowed us to
evaluate the effects of the manipulation of the number of bands, the alignment of the bands with the
original tonotopic map, and distortions in the tonotopic mapping, including holes in the neural repre-
sentation. Stimulation pulse rate was shown to have only a small effect on speech recognition. Electric
fields were manipulated in position and sharpness, showing the potential benefit of improved tonotopic
selectivity. Auditory training shows great promise for improving speech recognition for all patients. And
the Auditory Brainstem Implant was developed and improved and its application expanded to new
populations. Overall, the last 25 years of research at HEI helped increase the basic scientific under-
standing of electrical stimulation of hearing and contributed to the improved outcomes for patients with
the CI and ABI devices.
This article is part of a Special Issue entitled <Lasker Award>.
© 2014 Published by Elsevier B.V.

1. Introduction

The House Ear Institute (HEI) was one of the early centers in the
development of the cochlear implant and achieved many “firsts”.

The 2013 Lasker—DeBakey Clinical Medicine Research Award
honored three pioneers in the development of the modern cochlear
implant (CI): Graeme Clark, Blake Wilson, and Ingeborg Hochmair.
We salute these pioneers for their contributions. While the award
honors these deserving individuals it also honors the whole field of
cochlear implant research, where a worldwide effort for over 50
years has brought us to the present state of cochlear implants. In
the beginning, cochlear implants were viewed as providing an
auditory aid to lip reading. No one predicted that most implant
recipients would be able to converse on the telephone without any
lip reading cues, yet that is the state of the art in cochlear implants
today. Cochlear implants have been successful beyond our most
optimistic expectations.

* Tel.: +213 764 2825.
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William House was inspired by the reports of Djourno and Eyres in
Paris (Eisen, 2003) and started working on electrical stimulation of
the cochlea in the 1960s. Along with engineer Jack Urban, they
developed single channel and multi-channel cochlear implant
prototypes. They developed the first commercialized CI (with 3M
corp: the 3M/House CI) and implanted the first child with a CI in
1981 (House and Eisenberg, 1983). William House and William
Hitselberger developed the first auditory brainstem implant (ABI)
and implanted the first patient in 1979 (Hitselberger et al., 1984).
Hundreds of Otologic surgeons visited the House Institute and the
House Clinic to learn new surgical techniques and to learn about
new developments in technology and devices. The House Ear
Institute and Clinic served as an international center of training and
education for the emerging technologies and new surgical tech-
niques in otology. In the mid-1980s House expanded to develop a
stronger research base in basic and applied science. In 1989 they
recruited me as the director of auditory implant research. At first [
continued my previous work measuring psychophysical
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capabilities of patients with electrical stimulation of the cochlea
(Shannon, 1989b, 1990, 1992b). However the reputation and
personnel at HEI offered many new opportunities and my research
interests broadened. This chapter reviews implant research at the
Auditory Implant Research Laboratory (AIR) at HEI for the 24 year
period from 1989 to 2013 (Fig. 1).

2. ABI development

The House Clinic is the world leader in surgeries to remove
vestibular schwannomas (VS), performing 200—300 per year. In
some cases the VS were bilateral from a genetic disorder called
neurofibromatosis type 2 (NF2). The NF2 schwannomas usually
encapsulated the auditory portion of the eighth cranial nerve
(VIIIn) so that removal of these tumors almost always resulted in
the removal of the auditory nerve (VIIIn) and thus deafness. These
patients could not benefit from a CI because their nerve was
removed during tumor removal. So House and Hitselberger
(Hitselberger et al., 1984) decided to try Cl-type technology to
stimulate the next station in the auditory system — the cochlear
nucleus in the brainstem. This device is now known as the auditory
brainstem implant (ABI). When they approached a potential patient
with the concept she enthusiastically volunteered to be the first
recipient of the ABI That first ABI used a modified CI with a
percutaneous connector and two ball electrodes placed on the
cochlear nucleus. House and Hitselberger realized that the elec-
trode needed additional stabilization because of its location, so
together with Doug McCreery at the Huntington Medical Research
Institutes (HMRI) in Pasadena, they designed an electrode with a
fabric backing. The fabric encouraged the natural foreign body re-
action to attach scar tissue to the electrode array and hold it in
place. This design proved to be so stable that ABI patient #1 is still
using her device every waking hour 35 years later and longitudinal
CT studies show excellent electrode stability.

Starting in 1989 we added more electrode contacts to the ABI
array and then partnered with a major cochlear implant manu-
facturer (Cochlear Corp.) to develop a commercial ABI device. The 8
electrode ABI entered FDA clinical trials in 1993 and was approved
for use in 2000. By that time the electrode array had increased to 21
contacts. On average, the ABI does not provide the level of hearing
provided by a CI, but it does provide most patients with sound
awareness and substantial help with lip-reading (Shannon, 1989a;
Brachman et al., 1993; Shannon and Otto, 1990; Shannon et al.,
1993; Otto et al., 1998, 2002). During this period audiologist Steve
Otto was a critical element in the ABI program, providing maps and
other clinical services that allowed patients to develop useful
hearing with the ABI.

In 2014 there are more than 1200 ABI devices in use around the
world and the use of ABIs is being expanded to patients without
NF2 — patients who lost their VIIIn bilaterally from ossification or
trauma and to children born without an auditory nerve. Today we
know that 10—30% of ABI recipients, including NF2 patients, can
achieve significant open set speech recognition (Colletti and
Shannon, 2005; Behr et al., 2007; Matthies et al., 2014).

3. Fan-Gang Zeng and intensity coding

The first postdoctoral fellow to join the group was the editor of
this volume, Fan-Gang Zeng. Fan-Gang had finished his PhD
working on intensity coding in hearing and saw the CI and ABI as
opportunities to test theories of intensity coding. He worked to
characterize loudness and intensity discrimination in electric
hearing and developed theory and mathematical models to
encompass the coding of loudness in normal hearing, CI and ABI
subjects. By comparing intensity discrimination and loudness
across these populations he was able to determine that loudness
percept was dependent on two key parts — compression in the
periphery and expansion in the central system. Most sensory sys-
tems are able to code a range of stimulus intensities that is larger
than the range of individual neurons. One way to code stimulus
intensity is to compress the representation of intensity at the pe-
riphery, send this compressed signal along neurons to the brain,
and then allow the brain to reverse the compression so that the
perception matches the physics of the outside world. If we assume
that postlingually deafened adults have developed such a sensory
expansion in the brain, then differences in loudness and intensity
discrimination should be explainable by understanding the pe-
ripheral coupling of stimulus to neuron. In the case of normal
acoustic hearing considerable literature was available on the
nonlinear compression in the cochlea. However, Fan-Gang had to
develop techniques to quantify the loudness of electrical stimula-
tion, when applying the electric stimulus at the level of the VIIIn or
at the cochlear nucleus in the brainstem. His publications on this
topic provided both data and theory to quantify the coding of
loudness in acoustic and electric hearing (Zeng and Shannon, 1992,
1994, 1995a, 1995b, 1999; Zeng et al., 2002). Fan-Gang's work on
loudness combined measures in patients with a broad theoretical
model. Alternative models of loudness in cochlear implants (McKay
et al., 2003) were more pragmatic and included anatomical details
that affect current flow in the cochlea. McKay has demonstrated a
change in the slope of the loudness growth function when current
spreads into the modiolus, for example.

Fan-Gang Zeng is presently the Director of Research in the
Department of Otolaryngology at the University of California,

Fig. 1. Auditory Implant Research at the House Ear Institute (A montage in 2013 by Sandy Oba). Top Row (I-r): Deniz Baskent, Xin Luo, Qian-]Jie Fu, Steve Otto, Lendra Friesen, Fan-
Gang Zeng, Monita Chatterjee, Mark Robert Bottom Row (l—r): Joe Crew, Justin Aronoff, Xiaosong Wang, John (Bear) Galvin, Bob Shannon, David Landsberger, Arthi Srinivasan,

Monica Padilla, Sandy Oba.
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Irvine. His work has diversified into tinnitus and hearing impair-
ment as well as continued work on cochlear implants.

4. The noise band vocoder

One project at the AIR lab was to develop a simulation of
cochlear implant processing so that normally hearing people could
experience the benefits and limitations of the CI. This project, un-
dertaken primarily as a demonstration for parents and family
members of CI recipients, was to lead to a new research tool for
understanding speech pattern recognition in the brain: the noise
band vocoder (NBV). Early CI speech processors filtered sounds into
multiple frequency bands and then placed a compressed analog
version of the filtered speech waveform directly onto the appro-
priate electrode. It was widely recognized that the electric field
interactions between electrodes resulted in summed electric fields
between the electrodes (Shannon, 1983). These electric field in-
teractions had detrimental and unpredictable consequences for the
pattern of stimulation of the nerves. To avoid such cross-electrode
electrical field interactions pulsatile processors were developed so
that the stimulation on adjacent electrodes consisted of biphasic
current pulses that did not overlap in time (Chouard et al., 1983;
Wilson et al., 1991). Instead of the analog signal, each electrode
simply received a fixed-rate pulse train amplitude modulated by
the energy in that band of speech. This fixed the electric field
summation problem but it eliminated any spectral information
within each band/electrode.

To simulate the loss of spectral information in each band, we
used noise to replace the spectral information from a normally
hearing ear. We extracted the energy envelope from each band of
speech and used that envelope to modulate a noise band the same
bandwidth as the band of speech that was being represented. This
manipulation was similar to a type of processing called a vocoder
originally developed in the 30 s at Bell Labs by Homer Dudley
(Dudley, 1939). Dudley developed the vocoder as a way to reduce
the bandwidth of telephone transmissions, while we were trying to
simulate the information provided by a cochlear implant.

When we originally developed the noise band vocoder in the lab
we thought we had made a mistake because we could understand
speech with only 4 bands, which was a dramatic reduction in in-
formation. We checked our algorithm and software for a month
before we became convinced that we had not made any errors in
our construction. With that we realized what we had discovered —
that speech was intelligible even with drastically reduced spectral
and temporal content. This not only provided a wonderful simu-
lation of the information on a cochlear implant: it also provided a
terrific experimental tool to test the limits of speech pattern
recognition. We had the vocoder running in real time so I called a
colleague who had done a recent single-channel noise vocoder
study that started us along this research path (Van Tasell et al.,
1987). When she answered the phone all she could hear was my
voice talking through a 4 channel noise vocoder. After an initial
period of puzzlement, she understood what I was saying and
realized that she was listening to noise vocoded speech and she
broke out laughing. We realized immediately the importance of
this serendipitous discovery and ran formal experiments showing
the efficacy of the brain's pattern recognition (Shannon et al., 1995,
1998, 2004).

5. Qian-Jie Fu and speech pattern recognition

Soon after the development of the NBV, Qian-Jie Fu joined the
lab as a PhD student in Biomedical Engineering. He immediately
saw the importance of the NBV as a research tool and proceeded to
use it to investigate the limits of speech pattern recognition. He

manipulated the number of bands (Fu et al., 1998a), the spacing and
placement of bands (Fu and Shannon, 1999a, 1999b), the frequency
shifting of the bands relative to the normal tonotopic map (Fu and
Shannon, 1999¢, 2002), and the relative timing across bands (Fu and
Galvin, 2001). The NBV allowed us to manipulate the spectral res-
olution independently from other factors to see their relative
importance in speech pattern recognition. This research showed
that amplitude distortions were only mildly detrimental to speech
intelligibility (Fu and Shannon, 1998, 1999d, 1999, 1999f, 2000a).
Speech recognition was not affected for tonotopic shifts of up to
one-half octave, but dramatically decreased for larger shifts. The
exact placement and spacing of bands was important when there
were less than 6 bands, but relatively unimportant for larger
numbers of bands. It appeared that a band division around 1500 Hz
was critically important when small numbers of bands were used.
The synchrony of timing across bands proved not to be very
important for speech recognition, with tolerance for mismatching
as high as hundreds of ms; with only 4 bands this tolerance was
reduced to 50 ms. Fu and Nogaki (2005) used the NBV to measure
the effect of channel interaction on speech understanding in fluc-
tuating noise, finding that mean performance with real CI users was
comparable to that of NH subjects listening to 4 spectrally smeared
channels.

The NBV reduced the ability of listeners to detect voice pitch and
voice quality, even though it provided excellent intelligibility.
Without access to voice pitch, listeners have difficulty dis-
tinguishing male from female voices, questions from statements,
and emotional content in speech. Fu and colleagues found tradeoffs
between spectral and temporal envelope cues for voice gender
identification, with a stronger contribution for temporal cues when
the spectral resolution was poor (Fu et al., 1998b, 2004a, 2004b,
2005b). Luo et al. (2007) also found tradeoffs between spectral
and temporal cues for vocal emotion recognition. Whether with
research interfaces, clinical processors, or Cl simulations, work by
Qian-Jie Fu and colleagues has provided great understanding of
how CI stimulation parameters affect speech performance.

Qian-Jie Fu was the leader of the Speech Perception and Audi-
tory Perception Laboratory at HEI from 1997 until 2013, when he
joined the Department of Otolaryngology at UCLA. He has
continued to diversify his research interests into signal processing
for noise reduction, perceptual training in children with Cls, and the
development of a low-cost CI.

6. The penetrating electrode ABI

During the NBV work we were also developing a new implant to
improve ABI performance. We thought that the reason for the low
performance with the ABI might be due to the poor alignment of
the electrode array with the tonotopic axis of the cochlear nucleus.
In the human cochlear nucleus the primary tonotopic organization
does not run along the surface but orthogonal to the surface, with
low frequencies represented near the surface and high frequencies
represented deep in the nucleus (Moore, 1987; Moore and Osen,
1979). To stimulate high frequency regions we needed to pene-
trate beneath the surface to activate deep neurons. A project to
develop a next-generation ABI with penetrating microelectrodes
(PABI) was funded by NIH with Doug McCreery at the Huntington
Medical Research Institutes as the PI and HEI as a subcontractor to
design the human trials. After almost 20 years of animal safety
studies, surgical anatomy studies by Jean Moore, and electrode
design by Doug McCreery (McCreery et al., 1994, 1998), human
trials were initiated in 2003. Ten patients were implanted with the
PABI device and participated in extensive perceptual testing. The
penetrating electrodes achieved several of the desired improve-
ments over surface electrode ABI devices: threshold levels were
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more than ten times lower for the PABI because of the close
proximity of electrodes to the stimulated neurons, no interference
was measured between electrodes because of the highly localized
stimulation, and the percepts elicited by penetrating electrodes
were high in pitch and had a clear, whistle-like quality. However, in
spite of these expected improvements none of the ten patients
achieved significant open set speech recognition. A statistical
comparison of PABI vs ABI outcomes showed no advantage for the
PABI (Otto et al., 2008; McCreery, 2008). Since the PABI device was
more complex to manufacture and more difficult to implant than
the surface electrode ABI without providing better outcomes, the
PABI trial was halted.

7. Monita Chatterjee and complex pattern processing

In 1997 Monita Chatterjee came to HEI as a postdoc from the
Institute of Sensory Research at Syracuse University where she had
been the last PhD student of Joseph Zwislocki. She changed from in-
vivo measures of hair cell function to implant psychophysics
because she wanted to work on more applied problems and wanted
to work with patients. At that point considerable psychophysical
research had been done on implant patients and there was a
disappointingly low correlation between most measures of basic
auditory capability and speech recognition. Monita started work to
characterize more complex auditory processing, hoping to find
differences in complex pattern processing that were more closely
related to speech patterns than basic psychophysical tasks. Initially,
she quantified the spread of excitation produced by stimulation of a
single electrode and compared the patterns generated by bipolar
activation modes at different levels and electrode separations. She
found relatively broad spread of excitation even with narrow
stimulation modes, a relatively linear growth of masking in most
subjects (3 dB masker increase results in 3 dB of masking), and an
excitation pattern that developed a two-peaked shape with very
broad separations, i.e., when the two poles of the bipole approxi-
mated two true monopoles (Chatterjee and Shannon, 1998;
Chatterjee et al., 2006a). This raised the question of whether more
narrowly focused stimulation modes were really effective at
limiting the spread of activation. In other experiments, she quan-
tified the time course of recovery from forward masking
(Chatterjee, 1999) and loudness growth functions in single-channel
stimulation as an exponential function of the distance between the
active and return electrodes, pulse phase duration, and current
amplitude (Chatterjee, 1999; Chatterjee et al., 2000).

Monita also started a long series of experiments to characterize
effects of envelope noise on temporal modulation sensitivity within
and across electrodes. She and her coworkers found that noise
could be both beneficial and detrimental, and characterized that
parameter-space in detail (Chatterjee and Robert, 2001; Chatterjee
and Oba, 2005). In studies of across-channel effects in modulation
sensitivity, she found that the temporal pattern of activation on one
electrode can modify the perception of the temporal envelope on
another electrode, even if there is no direct physical or physiolog-
ical interaction. Monita performed a series of experiments looking
at the conditions that allowed cross-electrode patterns to fuse
together or to break apart as a way of understanding how infor-
mation is integrated across electrodes in a cochlear implant
(Chatterjee, 2003; Chatterjee and Oba, 2004; Chatterjee et al.,
2006b). Auditory processing of complex patterns is still a field in
its early stages, so the implication of this research for improving
speech processor design is still not clear. However, what is clear is
that extrapolation from simple psychophysics is not sufficient. One
spectral region can have enhancing or detrimental effects on
another region (e.g. Grose et al., 2005; Kidd et al., 2003). A better

understanding of cross-spectral processing could potentially
improve processing for implants and hearing aids.

After a productive period at the University of Maryland, Monita
Chatterjee became the Director of the Auditory Perception labora-
tory at the Boys Town National Research Hospital. Since her time at
House, her research has expanded to include investigations of the
perception of degraded speech by normally hearing and cochlear
implanted listeners, mechanisms of pitch perception in electric and
acoustic hearing, and most recently, to research with young chil-
dren, looking at the development of prosodic information pro-
cessing and lexical tone recognition with distorted and limited
input provided by a hearing aid or cochlear implant.

8. How many channels?

It was clear that the most important factor contributing to
speech recognition was the number of spectral bands of informa-
tion conveyed. We had already shown that speech recognition
increased with the number of bands in a NBV, but how did that
finding relate to actual cochlear implant listeners? Research audi-
ologists Lendra Friesen and Kim Fishman measured phoneme,
word, and sentence recognition as a function of the number of
bands in a NBV and as a function of the number of electrodes in CI
listeners. The results were similar in NBV and CI except that CI
performance was lower overall for the same number of spectral
channels than NH with the NBV (Fishman et al., 1997; Friesen et al.,
1999, 2000, 2001). While we assume that NH listeners can opti-
mally use the information from multiple independent spectral
channels, CI listeners can experience electrical field interactions
that limit the independence across electrodes. In CI listeners, per-
formance increased with the number of electrodes used, but only
up to 8—10 electrodes, with no further improvements from 10 to 22
electrodes. This suggests that CI users are effectively only receiving
8—10 distinct information channels even though the number of
electrodes is larger. In contrast, NH listeners continued to improve
in performance as the number of channels in a NBV increased. Thus,
we assumed the difference between NH and CI listeners was due to
the additional channel smearing in CIs. Further work by Srinivasan
et al. (2013), described later, showed that sharpening the electrical
field does improve performance, but not for all CI listeners.

Monica Padilla started her PhD work in Biomedical Engineering
in 1998 following her BS in Electrical Engineering in Bogota,
Columbia. As a multi-lingual student, Monica was interested in how
multiple languages affected speech understanding in degraded
listening conditions, like with a cochlear implant. She used the NBV
to measure speech recognition as a function of the number of bands
and as a function of added noise. She recruited monolingual English
speakers as well as native Spanish speakers with differing dura-
tions of English experience. She measured the effects of such dif-
ferences in experience when listening to speech degraded by NBV
with 1, 2, 4, 6, 8,12, and 16 channels. She measured the effects of
linguistic complexity by using vowels and consonants as well as
words and sentences. We expected that people with less English
experience would have more difficulty with word and sentence
recognition as the speech was degraded. That was only partly the
case. By far the largest effect was that of English experience on
vowel recognition. Consonants and sentences were only minimally
affected by experience and words were only modestly affected. But
the conflict in the vowels between English and Spanish had a large
effect of experience when speech was degraded and added to noise.
This was a bit surprising to us because vowels typically have a large
amplitude and so are more resistant to added noise than conso-
nants. It appears that the distortion of the NBV on vowel formants
caused considerable mislabeling of English vowels because of the
spectral smearing of the formants with the NBV. Even with
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considerable distortion and noise the recognition of simple sen-
tences was only mildly degraded (Padilla, 2003).

9. Deniz Baskent and tonotopic distortion

Deniz Baskent joined the lab as a PhD student in 1998 following
her BS and MS in Electrical Engineering in Turkey. She was an
enthusiastic student who enjoyed the combination of mathematics,
engineering and signal processing required to do psychophysical
research with cochlear implants. She used the NBV to manipulate
the distribution of tonotopic information and performed the same
experiments in cochlear implant listeners (with software assistance
from Med-El) by manipulating the frequency-to-electrode maps
(Baskent and Shannon, 2003, 2004, 2007). She quantified the effect
of compressing or expanding the tonotopic representation
(compression occurs in normal CI mapping). We knew the effects of
frequency-place shifts from earlier work by Fu and Shannon (1999c,
2002), who simulated different electrode insertion depths. She
measured the combined effects of frequency-place shift plus
compression, and also in situations of differing insertion lengths of
electrodes. Both frequency-place shift and compression often occur
in a cochlear implant but the degree of each is uncertain and the
interaction between the two types of tonotopic distortion, espe-
cially for differing insertion lengths, was not clear. Deniz system-
atically varied the degree of tonotopic shift and tonotopic
compression/expansion and obtained a clear picture of the degree
to which these factors can influence speech perception.

Deniz then looked at the possible effect of a “hole” in hearing, i.e.
a region of missing or non-functioning nerve fibers. Using the NBV
in normal hearing listeners and manipulating electrode-frequency
maps in CI listeners she systematically measured the effect on
speech recognition of “holes” of varying width in the apical, middle,
or basal region of the cochlea. Octave-wide holes in the high-
frequency region had little effect. In contrast, even half-octave
holes in the low-frequency region had a dramatic detrimental ef-
fect on speech recognition. The patterns of results were nearly
identical in NH and ClI listeners, suggesting that effects were due to
the loss of information rather than to implant or NBV processing
(Shannon et al., 2002; Baskent and Shannon, 2006). Brian Moore
was doing similar research on what he called “dead regions”:
tonotopic areas of impaired ears that were missing hair cells
(Moore et al., 2000). He developed clinical tests to diagnose “dead
regions” and developed strategies for mapping hearing aid output
around those regions to preserve the information (Moore et al.,
2010). Similar tests and signal processing strategies could be
developed for cochlear implants to detect region of nerve loss and
adjust the electrode mapping around those regions.

Deniz Baskent was subsequently a researcher at Starkey Hearing
Research Center, Berkeley, CA, and is presently a Professor of
Otolaryngology at University Medical Center Groningen, The
Netherlands. Her research has expanded to include the interaction
between cognitive mechanisms and speech understanding with
Cls. Deniz is doing research on perceptual learning and training
paradigms that employ cognitive mechanisms, tools like music
therapy and training, and linguistic processes related to perception
of degraded CI speech in children and adults.

10. Chinese tone recognition with a CI

ClI speech processors do not preserve the fundamental fre-
quency (FO) of speech. FO cues are important in English for
conveying talker identity, emotion, and emphasis, but in some
languages the FO is used linguistically, where a change in FO de-
termines the meaning of the word. Mandarin Chinese has four
lexical tones that define the meaning of words. If FO information is

lost, how well do CIs work for tonal languages that rely strongly on
FO as a linguistic cue?

Beginning as a postdoc, Qian-Jie Fu began exploring Mandarin
speech perception via CI processing. Surprisingly, even NBV with 4
channels were sufficient to provide Mandarin Chinese listeners
with 80% recognition of the four lexical tones. Fu et al. (1998b)
found that the co-articulated intensity and duration cues were
used to distinguish the four tones even when the voice pitch con-
tour was not available. Qian-Jie extended this work with native
Chinese Mandarin speaking CI users (Fu et al., 2004a, 2004b; Hsu
et al.,, 2004; Li et al., 2011; Zhu et al., 2011). Fu and colleagues
also created and validated Mandarin speech databases for testing
native Chinese Cl users (Fu et al., 2011; Zhu et al., 2012). Postdoc Xin
Luo further quantified the contributions of FO, amplitude, and
duration cues on lexical tone recognition (Luo and Fu, 2004, 2005,
2006, 2009; Luo et al., 2007, 2008, 2009, 2010, 2012). As the
number of Chinese CI users continues to increase, such research
will continue to be valuable towards optimizing CI signal process-
ing for tonal languages.

11. Stimulation rate

In the early 2000s there was great interest in the stimulation
rate and its possible influence on CI outcomes. At that time signal
processors used relatively low rates of stimulation — 250 to
800 pulses/sec (pps) on each electrode. It was known from physi-
ological research that neurons showed extreme phase locking to
electric pulses, with all neurons responding on every pulse up to
rates in excess of 1000 pps (van den Honert and Stypulkowski,
1987). Electrophysiological recordings showed that high stimula-
tion rates produced acoustic-like adaptation and probabilistic
phase locking, but only for stimulation rates that exceeded
4000 pps (Wilson et al., 1997). Our group measured speech
recognition with signal processors for a wide range of stimulation
rates. In contrast to the physiological results, we saw no change in
speech recognition once the stimulation rate exceeded approxi-
mately 500 pps (Fu and Shannon, 2000b; Friesen et al., 2005;
Shannon et al., 2010). Thus, very high stimulation rates offered
little advantage for CI speech recognition.

Galvin and Fu (2006, 2009) measured the effects of stimulation
rate on modulation detection. Modulation detection is one of the
only psychophysical measures that correlates with speech recog-
nition (Fu, 2002), and the better temporal sampling associated with
high stimulation rates would presumably provide better modula-
tion detection. For equally loud stimuli, modulation detection was
actually poorer for high stimulation rates (2000 pps). Thus, even
though the physiological responses showed a more natural sto-
chastic response with higher rates, which was thought to be
beneficial, performance on both psychophysical tasks and on
speech recognition both showed deterioration with higher rates.

With few exceptions CI patients can't discriminate pulse rates
that exceed 300—500 pps. Ray Goldsworthy joined the AIR group in
2011 and investigated whether implant listeners could be trained
to discriminate higher rates. Most people were skeptical, but Ray
was able to show that, with training, four CI listeners were able to
reliably discriminate stimulation rates up to 1000 pps and higher
(Goldsworthy and Shannon, 2014). It remains to be seen if
discrimination at such high pulse rates can lead to improved speech
recognition in these trainees.

12. Fu and colleagues: auditory training
When a (I patient first receives their device they generally find

the sound quality to be odd or even unpleasant. Postlingually
deafened CI users must adapt to their new mode of electric hearing
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in relation to previous experience with acoustic hearing. During the
initial months of implant use, the sound quality and speech un-
derstanding greatly improves. If CI listeners can adapt to electric
hearing, especially to the acoustic-to-electric frequency mismatch
that typically occurs, why bother to precisely map CI patients?
However, there is probably some limit to this adaptation. Qian-Jie
Fu and colleagues extensively studied adaption to a distorted
frequency-place map. In one of these studies (Fu et al., 2002), CI
patients were given progressively shifted frequency maps to wear
at home for three months at a time. Acutely measured performance
with the shifted maps was much poorer than with the clinical
maps. While all subjects showed improved performance with the
shifted maps after extended experience, performance remained
poorer than with their original clinical map.

Further experiments explored the limits of adaptation to tono-
topic shifts. CI simulation work by postdoc Tianhao Li showed that
CI users could passively adapt to shifts up to approximately 6 mm
without active training (Li et al., 2009), and could be trained to
adapt to even larger shifts. However, using phonetic (lexical) labels
for the stimuli actually interfered with adaptation; training was
more effective with abstract labels (Li and Fu, 2007). Simulation
work by Nogaki et al. (2007) showed that the frequency of training
mattered less than the total amount of training performed when
adapting to a severe spectral mismatch. Moderate amounts
computer-assisted training showed significant improvements in CI
users' speech perception (Fu et al., 2005a; Fu and Galvin, 2007,
2008; Oba et al., 2011) and music perception (Galvin et al., 2007,
2012). Oba et al. (2013) showed that the improvements were
indeed due to improved auditory perception, rather than just
general learning.

Perhaps the greatest impact of the training research was the
development of computer-based training that could be performed
at home. Fu and colleagues developed training software and ma-
terials that Cl users' could download and use at home. This software
was later licensed by major CI manufacturers, for use in several
languages. Currently, the training software is freely available for
home computers, smartphones and tablets via the Emily Fu Foun-
dation (http://www.emilyshannonfufoundation.org). The gains in
performance with training can greatly exceed those due to CI
parameter manipulations, so the availability of effective and
affordable auditory training is a major contribution to CI patients
worldwide.

13. Landsberger and Srinivasan: electric field sharpening

It is clear that one of the most important factors in speech
recognition performance is the effective number of distinct chan-
nels of spectral information; the more channels available, the
higher the recognition, especially in noise (Fu et al., 1998a; Friesen
et al., 2001). Modern cochlear implants have between 12 and 22
tonotopically spaced electrodes but all devices have similar out-
comes. An experiment with NH and CI listeners showed that
smearing of the selectivity of each electrode can reduce the effec-
tive number of spectral channels available to the listener (Fu and
Nogaki, 2005). In cochlear implants the biggest problem is dis-
tance between the electrodes and the nerve to be stimulated. The
electric field spreads out from each electrode so that if the nerve is
relatively far away a broad field will stimulate a wide region of
nerves, interfering heavily with the field from the adjacent
electrode.

David Landsberger came to the lab as a postdoc in 2007 with a
background in visual psychophysics from Brown University fol-
lowed by postdoctoral research with Colette McKay working with
cochlear implants. David teamed up with a PhD student, Arthi
Srinivasan, from the University of Southern California (USC)

Biomedical Engineering Department to design experiments inves-
tigating techniques of improving the sharpness of each channel in a
cochlear implant. Arthi had joined the lab following a MS in Elec-
trical Engineering at the California Institute of Technology (Cal-
Tech). David and Arthi utilized current steering and current field
sharpening to improve the spectral selectivity of stimulation in a
cochlear implant.

The Advanced Bionics Clarion CI has multiple current sources
and so is capable of current field steering and sharpening by
simultaneous stimulation of multiple electrodes. When multiple
electrodes are stimulated simultaneously their electric fields can
interact. In general such field interactions degrade the stimulation
selectivity, but, depending on the levels and phase of the stimula-
tion, multiple electrodes can be used to steer and sharpen the
electric field (White and Van Compernolle, 1987; van den Honert
and Kelsall, 2007). David and Arthi, together with postdoc Xin
Luo, showed that CI listeners could hear pitch changes when they
steered the current field from one position to another along the
tonotopic axis of the cochlea (Landsberger and Srinivasan, 2009;
Luo et al., 2010, 2012; Srinivasan et al., 2012). They also showed
that negative current could be placed on adjacent electrodes to
cancel the current field spreading from the primary electrode, thus
sharpening the stimulation selectivity. While this is expected, Da-
vid and Arthi showed that this sharpening created a perceptual
change in quality (Landsberger et al., 2012), so that sharpened
activation patterns sounded “sharper” and “cleaner” than broader
activation patterns.

They measured and compared the excitation patterns from
monopolar and sharpened (tripolar, partial bipolar and more)
electrode configurations (Srinivasan et al., 2010; Landsberger et al.,
2012; Saoji et al., 2013), and they showed preliminary data that the
field sharpening could also improve speech recognition (Srinivasan
et al,, 2013). Srinivasan et al. (2011) showed that sharpening only
worked if the electrode-neuron distance was in an intermediate
range (as inferred from loudness growth functions). Sharpening
wasn't needed and so gave no improvement if the electrodes were
close to the nerves and was ineffective if the electrodes were far
away from the electrodes.

David is now an Assistant Professor of Otolaryngology at the
New York University School of Medicine. Included in his many
research interests and collaborative projects are: cochlear implants
in patients with single sided deafness, assessing the quality and
intelligibility of speech and music when using current steering and
sharpening in CI patient maps, and understanding the functioning
of the cochlear apex.

14. Galvin, Fu, and Crew: music processing

While cochlear implants are excellent at restoring speech un-
derstanding, they are poor at representing music. This is primarily
because the typical signal processing eliminates spectral and tem-
poral fine structure from the signal and the electrode spacing is too
coarse to represent the harmonics that are important for conveying
musical pitch. John Galvin brought expertise in music and sound
engineering to the study of music processing in cochlear implants.
Because the HEI was located in Los Angeles, we saw several CI
patients who were once professional musicians. Working with
these patients, Galvin and colleagues studied music perception
with CIs and investigated what could be done to improve it. Much
previous CI music perception research had focused on character-
izing CI users' subjective quality ratings and familiar melody
identification. In order to better quantify musical pitch perception,
Galvin and Fu developed a melodic contour identification (MCI)
task. In the MCI task, listeners are typically asked to identify 5-note
melodic contours that represent simple changes in pitch direction.
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The pitch range of the contours, the spacing between successive
notes, the instrument playing the contours, and even a competing
contour can be manipulated to better quantify CI users' functional
melodic pitch perception (Galvin et al., 2007, 2009b; Galvin and Fu,
2011). Qian-Jie Fu's software allowed for flexible testing and
training options previously unavailable for CI music research. There
is a wide range in CI performance for MCI; while mean performance
is generally poor, training can greatly improve melodic pitch
perception (Galvin et al., 2007, 2012). CI users' MCI performance
can also be affected by instrument (Galvin et al., 2008). While
normal hearing (NH) listeners’ MCI performance is largely unaf-
fected by a competing contour, CI performance deteriorates (Galvin
et al., 2009a; Zhu et al., 2011); again, training can greatly improve
MCI performance with or without a competing instrument (Galvin
et al., 2012). The MCI task has been also used for CI simulations,
showing that channel interaction negatively affects melodic pitch
perception (Crew et al., 2012). Most recently, Joseph Crew has been
exploring the contributions of acoustic and electric hearing to
speech and music perception for CI patients with residual acoustic
hearing. As the CI currently cannot provide complex pitch
perception, combined use of a hearing aid and CI may be the best
option to improve music perception for CI patients.

John Galvin continues to be a strong organizing force for CI
research in Los Angeles. Although the former AIR members are
distributed between USC, the University of California, Los Angeles
(UCLA), as well as other domestic and international locations, he
provides collaborative direction and coordination across many in-
vestigators and labs around the world. In addition to his innovative
work on music perception, his critical eye and friendly demeanor
support many of the former AIR people and improves the quality of
all of our work.

15. Pediatric ABI

Although the ABI was developed at HEI, new applications of the
device came from Italy. Vittorio Colletti, a Neurotologist in Verona,
implanted the ABI in children who were born with no auditory
nerve. While the outcomes in adults with NF2 had been modest,
Professor Colletti observed excellent speech recognition in some of
these children, a finding that was initially met with skepticism by
the field. Bob Shannon travelled to Verona to observe Dr. Colletti's
patients and confirmed that non-NF2 adults and some children
were able to understand open set speech with the ABI — a level of
performance that was rare in NF2 adults (Colletti and Shannon,
2005; Colletti et al., 2010, in press).

This observation has important implications for neuroscience.
Colletti's ABI children were born with no access to hearing and no
prior experience. The ABI provided coarse auditory information in a
pattern that had little relation to the normal tonotopic represen-
tation of the cochlear nucleus. In spite of the smeared and scram-
bled information, children were able to utilize this highly unnatural
sensory representation to develop speech understanding and
speech production. This shows a remarkable degree of plasticity in
early development and shows the potential for other sensory
prostheses, if provided in early childhood. Exact reproduction of the
original sensory representation is not necessary (Shannon, 2007,
2012, 2014; Rauschecker and Shannon, 2002; Moore and
Shannon, 2009).

16. CIAP

The Conference on Implantable Auditory Prostheses (CIAP) grew
out of a series of small conferences initiated by Bill House on the
west coast of the US in the 1970s. These “West Coast CI confer-
ences” brought together researchers and clinicians from the House

Ear Institute, Stanford, UC San Francisco, and the University of
Washington in a retreat setting to share ideas and data. In 1983 we
were accepted as a Gordon Research Conference and the meetings
expanded to include international CI research groups. We split from
the Gordon Organization in 1989 and were affiliated with the En-
gineering Foundation in 1991. Then the House Ear Institute (with
Bob Shannon serving as Administrative Chair) took over the orga-
nization/administration of this series of research meetings. The HEI
provided support for the meetings in terms of logistics and
administrative support. From 1993 to the present the CIAP meet-
ings grew in importance and attendance in CI research, with 450
participants attending the 2013 meeting.

But the organization of CIAP was not accomplished by an indi-
vidual — it became a biennial labor of love for the whole AIR group.
While the scientific program was always determined by the elected
chair and co-chair, the logistics and infrastructure of the meeting
were largely handled by the whole AIR group. It became a team
effort to compile the program book, organize the musical events for
the social evening, and coordinate posters and audio-visual com-
ponents of the meeting. It was truly a team effort to organize these
meetings, with particular thanks to John Galvin.

17. Social structure of science

One of the key factors in the working of the AIR group over the
years is the social structure. Our philosophy has been that the best
science comes from the forge of frank discussion among friends. If
the group has a friendly dynamic, then serious discussions are
ferocious but fun. If there are social tensions in the group then
discussions can be awkward or even angry. Many times in lab
meetings we heard “that's the stupidest idea I've ever heard” or
“why would you ever think THAT?” or “you missed a critical control
condition”, yet at the end of the meeting everyone felt that we had
arrived at the best solution to the problem. Everyone learned from
such heated discussion, which are most effective in a group of
people who like and respect each other. Students are sometimes
intimidated in such free-for-alls of scientific discussion, but after a
while they learn the value of critical thinking without taking it
personally, become active participants and hone their skills in the
crucible of hard scientific discussion. Brainstorming like this is most
effective when done in a friendly atmosphere. These friendships
can last for a lifetime, even after individuals move on to other lo-
cations and independent careers.

One of the most rewarding aspects of research with cochlear
implants is the interactions with the patients. Over the years we
established close personal relationships with many of our test
subjects, because they were in the lab so frequently and over many
years. Many of the “regulars” became de facto members of the lab;
joining us for lunch, social outings, and lab parties. Some experi-
ments, in particular the ones that tested new speech processing
strategies, required almost saintly patience and persistence on the
part of these people. They inspired us with their commitment and
pioneering spirit. They put up with long hours of boring psycho-
physical testing and weeks of listening to processors that they
didn't like because they knew that it was necessary for under-
standing implants and making them better. They are as committed
to the research as the investigators. None of this research could
have been accomplished without the persistence and commitment
of the cochlear implant and ABI patients.

18. Infrastructure
An often overlooked aspect of research is the tools — hardware

and software that makes the research possible. In AIR we shared an
important common research interface that allowed us to connect
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directly to the patient's implant and control each pulse from our
research computers. This interface was originally developed at the
electronic shop at Boys Town National Research Hospital (Shannon
et al., 1990), and was redesigned and improved by the HEI elec-
tronic shop several times during the 24 years. John Wygonski was
indispensable for the design and improvements of interfaces that
would allow fine control over stimulation to implants from
different implant manufacturers. The House Ear Institute Nucleus
Research Interface (HEINRI) was fondly called the “Henry” and was
the workhorse of our lab. The HEINRI allowed us to manipulate the
pulses to cochlear implants in ways that would not have been
possible with any interface available from the company. As people
left the lab they took the HEINRIs with them and eventually we
built them for others for research use.

Software to drive implant interfaces came from two sources:
CONDOR and Fu-ware. CONDOR was a program written by Mark
Robert that allowed all investigators to control psychophysical ex-
periments with implant devices from Cochlear and MED-EL. Qian-
Jie Fu also developed a set of programs that could control psycho-
physical experiments and speech processing to implants. Both
program suites had been meticulously tested for safety, so that they
would not allow stimulation levels that could damage neurons
(Shannon, 1992a). New researchers could use these programs to
run new experiments without having to “reinvent the wheel”. This
software base allowed students and postdocs to initiate experi-
ments quickly. Of course, new students and postdocs had to go
through an apprentice phase to learn the principles of safe stimu-
lation. Every new experiment was meticulously checked on an
oscilloscope to make sure each electric pulse was exactly the
specified duration and amplitude on the specified electrode.

To evaluate the effect of signal processing manipulations we
needed a set of standard phonemes to measure confusion matrices
and information transfer across vowel and consonants. Vowel
materials had been recorded and validated by Hillenbrand et al.
(1995) and they graciously shared these materials with others.
Inspired by their generosity we recorded and validated consonant
materials for use in speech phoneme research. We also make these
materials freely available to all researchers (Shannon et al., 1999).

Spectral ripple detection is a popular method for measuring
spectral resolution, but this task requires considerable time for the
construction of stimuli and for the psychophysical measurement.
Aronoff and Landsberger (2013) developed and validated a rapid
method for measuring spectral ripple detection that could be used
clinically. They called it the Spectral-temporally Modulated Ripple
Test (SMRT) and they have made the test freely available for anyone
to use at http://smrt.tigerspeech.com/.

Having the infrastructure of these common hardware and
software tools allowed us all to focus on the important issues and
theories of electric stimulation of hearing. We are all grateful to
John, Mark, David, Justin and Qian-Jie for developing such excellent
tools and sharing them with us all.

19. Conclusions

The House Ear Institute had a long and innovative history of
auditory implant development and research until its demise in
2013. We developed a strong community of researchers working
with cochlear implants and auditory brainstem implants. The 2013
Lasker—DeBakey Clinical Medical Research Award for cochlear
implant development reminds us of the long history of implant
research around the world and is a great source of pride for the
strong community of researchers worldwide who have contributed
to this work. We congratulate Graham Clark, Blake Wilson, and
Ingeborg Hochmair for their contributions and inspiration to
cochlear implant research. They represent well the large family of

connected researchers who have brought cochlear implants from a
fantasy to reality.
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