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ABSTRACT

Multichannel cochlea implants eledricdly stimulate the auditory nerve to restore
partial heaing to the profoundy ded patient. The multichannel implant was designed to
seledively stimulate discrete popuations of spiral ganglion cdls along the length of the
cochlea However, seledive stimulationis not often, o at least imperfedly, achieved
even with the most modern cochlea implant designs and speed processng strategies.
When multi ple dedrodes are stimulated simultaneously, eledricd fields generated
aroundeadt eledrode can interad with the dedricd fields of neighbaring eledrodes,
thereby reducing seledivity. Several studies have suggested that eledricd-field
interadions can dsrupt the aoustic properties of the signal and severely degrade speedh
intelli gibility, howvever this relationship has not been dredly tested.

Eledricd-field interadions can be reduced by deaeasing the aurrent levels
delivered to each eledrode through improved eledrode paositioning and design, a by
using speed processng strategies that maximize the separation between simultaneously
stimulated eledrodes or stimulate the dedrodes squentialy. The proximity of the
cochlea implant eledrode aray to the modiolus has been shown to reducethe anount of
current required to read threshold (Rebscher et a., 1994. When lesscurrent isrequired,
current spread and eledricd field overlap isreduced. Recently, cochlea implant
manufadurers have taken interest in designing “pasitioners’ which placethe dedrode
array in close proximity to the spiral ganglion cdls and new eledrode arays which
attempt to dired their current toward spiral ganglioncdl bodes.

The foll owing experiments examine dedricd-field interadions and speed
recognition performancefor three éedrode designs: patients implanted with the
Enhanced Bipdar Clarion eledrode aray withou a “pasitioner”, patients implanted with
the Clarion Eledrode Positioning System™ (EPS and the Enhanced Bipolar eledrode
array, and petients with the EPSand the Clarion Hi-Focus™ eledrode aray. A
simultaneous masking task was used to measure dedricd-field interadions as afunction
of eledrode separation for monopdar and kpadar configurations. The relationship
between eledricd-field interadion and speed reaognition was also examined for severd
speed strategies varying in the number of eledrodes gimulated simultaneously.

Subjeds identified consonants, vowels, and sentences with ead o the foll owing speed
strategies, listed in order from sequential stimulation to fully simultaneous gimulation:
Continuous Interleaved Sampler (CIS), Paired Pulsatile Sampler (PPS, Quadruple
Pulsatile Sampler (QPS), Hybrid Analog Pulsatile (HAPs), and Simultaneous Analog
Stimulation (SAS). Based on pevious reseach, susceptibility to eledricd-field
interadionsis expeded to vary as afunction d eledrode design, the speed processng
strategy used in the device and fadors gedfic to ead patient. The contribution from
eat o these variables was investigated.

The results rowed a moderate to strong negative crrelation ketween eledricd-
field interadion and speed recognition performance, which indicaes that patients with
lower levels of eledricd-field interadion have higher speed reagnition scores than
patients with high levels of eledricd-field interadion. In addition, ptients with strong
susceptibility to eledricd-field interadions produced higher speed recognition scores



for sequential than simultaneous peed strategies. An information analysis reveded that
vowel reaognition and consonant placeof-articulation were most affeded by eledrica-
field interadions, demonstrating that eledrode interadions sverely disrupt spedral cues.
The pattern of results also suggests that, with aaute listening trials, patients achieve the
highest speed recognition scores with the speed processng strategy most similar to
their own. Future studies are needed to determine if patients with minimal levels of
eledricd-field interadion can benefit from the partialy-smultaneous QPS or HAPs
strategies with more li stening exposure.



TABLE OF

Abstract

CONTENTS

List of Tables

List of Figures

1. Chapter 1 General Introduction

2. Chapter 2 Literature Review

2.1
2.2.
2.3.
2.4,
2.5.
2.6.
2.7.
2.8.
2.9.

The Auditory Coding of Sound

Single Channel Implants

Acoustic Cues for Speed Recognitionin Cochlea Implants
Multi channel Implants

Importance of Spedral Seledivity in Cochlea Implants
Multiple Eledrodes and Speed Reagnition

Channel Interadion

Simultaneous and Sequential Speed Processng Strategies
Reducing Eledricd-Field Interadions through Eledrode

Design

3. Chapter 3 Pilot Study

3.1.
3.2.
3.3.
3.4.

3.
3.

3.5.

Introduction

Simultaneous Masking

Method

Results and Discusgon

4.1. Eledricd-Field Interadion Results

4.2. Speed Reaognition Results

Relationship Between Eledrode Interadion and Speet

Reaognition

10
11
12
16
16
17
19
20
21
23
25
27
31

34
34
34
37
41
41
45
47



3.6. Summary
. Chapter 4 Measuring Eledrical-Field Interactions with
Simultaneous Masking
4.1. Introduction
4.2. Method
4.2.1. Subjeds
4.2.2. Stimuli and Equipment

4.2.3. Procedure
4.3. Results and Discusson

4.3.1. Simultaneous Masked Threshadlds
4.3.2. Pattern o Interadion Spread
4.3.3. Eledricd-Field Interadion: Differences Between CIS and
SAS Users
4.3.4. Comparisons with Pilot Data
4.3.5. Future Diredions
. Chapter 5 Thelnfluenceof Speet Processng Strategieson
Speet Remgnition Performance
5.1. Introduction
5.2. Method
5.2.1. Subjeds
5.2.2. Stimuli and Equipment

5.2.3. Procedure
5.3. Results and Discusson

5.3.1. Speed Reaognition Performance and Eledrode Design
5.3.2. Speed Processng Strategies and Acoustic Fedures
5.3.3. Speed Reagnition Performancefor CIS and SAS Users
5.3.4. The Effeds of Leaning

49
50

50
53
53
53

54
56

56
62
68

70
70
72

72
74
74
74

75
77

77
84
85
90



5.3.5. Speedt Processng Strategies. Subjedive Descriptions
5.3.6. Future Diredions
6. Chapter 6 The Relationship Between Eledrical-Field Interaction
and Speed Remgnition Performance
6.1. Introduction
6.2. Results and Discusson
6.2.1. Correlation Analysis
6.2.2. The Relationship Between Acoustic Feaures and
Eledricd-Field Interadion
6.2.3. Other Fadors Contributing to Speed Reaognition
Performance
6.2.4. Comparisons with Pil ot Data
7. Chapter 7 General Discusson

Appendix A

91
92
93

93
94
95
98

100

101

102
105



LIST OF TABLES

3.3 Pilot Subjed Demographics
3.2.1Patient Demographics
5.3.4.1Subjedive Descriptions

39
55
91



10

LIST OF FIGURES

2.2 Amplitude Envelope of a Sentence

2.8 Advanced Bionic’s Commercia Speed Processng Strategies
2.9.1EnhanceBipdar Clarion Eledrode

2.9.2Enhanced Bipadar Clarion Eledrode with the Eledrode Positi oner
2.9.3Hi-Focus Eledrode with the Eledrode Positi oner

3.2 Simultaneous Masking Condtions

3.4.1.1Pilot Study: Monopdar Eledricd-Field Interaction
3.4.1.2Pilot Study: Bipdar Eledricd-Field Interadion

3.4.2Pilot Study: Speed Reaognition Performance

3.5Pilot Study: Speed Reaognition as aFunction d Eledricd-Field
Interadion

4.3.1.1Simultaneous Masked Threshalds

4.3.1.2Monopdar Threshadds for Each Eledrode Design
4.3.1.3Bipdar Threshdds for Each Eledrode Design
4.3.2.1Eledricd-Field Interadion Spreal

4.3.2.2Normali zed Eledricd-Field Interadion Spreal
4.3.3Interacdion Spread for SAS Users

5.3.1.1Consonant Recognition /aCal

5.3.1.2Vowel Reaognition/hvd/

5.3.1.3Sentence Reaognition (H.1.N.T)

5.3.3.1Consonant Recognition for SAS Users

5.3.3.2Vowel Reaognitionfor SAS Users

5.3.3.3Sentence Reaognitionfor SAS Users

6.2.1Relationship Between Interadion Spread and Speed Reagnition

6.2.2.Relationship Between Interadion Spread and Consonant Feaures

18
30
31
32
33
35
43
44
46
48

58
60
61
64
65
69
81
82
83
87
88
89
97
99



CHAPTER 1

General Introduction

The cochlea implant is the only avail able medicd device that can restore partial
heaing to patients with profound dadness The implant bypasses the damaged region o
the inner ea and stimulates the auditory nerve diredly with an eledricd representation d
the aoustic signal. Currently there ae over 30,000cochlea implant users worldwide,
with some being able to carry on a mnwversation via telephore. However, even with the
same techndogy and heaing history, cochlea implant users show an extremely wide
range of performance variability. Acoourting for these performance differences is a
central topic in cochlea implant reseach. An incressed understanding of the basic
perceptual medhanisms employed by Cl users could lead to better speed processng
strategies and ogimized clinicd fitting protocols. Knowledge of how listeners extrad
auditory meaning from a distorted or impoverished signal might also reved some of the
perceptual and cogniti ve medhanisms used by li steners with namal heaing.

Severa reseachers have suggested that eledricd-field interadion, i.e. the
summation d current that can occur with simultaneous eledrode stimulation, may
acount for at least some of the performance variability (Hanekom and Shannon,
Shannon, 1985 White, Merzenich, & Gardi, 1984 Wilson et a, 199]). However, to
date, speed reaognition performance and eledrica-field interadions have never been
evaluated and related in the same study.

One means of reducing eledricad-field interadions is by developing new speedt

processng strategies and modifying the parameters of existing strategies. Speed
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processng strategies are the programs that determine how the dedrodes oud be
stimulated, i.e. the rate or order of stimulation. The range of speet processng strategies
available to cochlea implant patients has grown considerably in recent yeas. Severa
manufadurers have developed multiple strategies for their device Since no ore strategy
is optimal for all patients, having the option to chocse anong the various drategies and
their correspondng parameters (i.e. puse rate, stimulation ader, couding mode, number
of simultaneous channels, etc.) may raise the average level of speed reagnition
performance

However, eledricd-field interadions, arising from simultaneous eledrode
stimulation, can severely restrict the range of strategies that provide intelli gible speed.
It has been reported that approximately 1/3 of Clarion patients prefer the Simultaneous
Analog Sampler (SAS) strategy (Armstrong-Bednall et a., 1999 Osberger & Fisher,
1999 Stollwerck et al., 1999. Idedly, al patients shoud benefit from speed processng
strategies like SAS, which have the caability of delivering the most information kecause
of thelr simultaneous nature. As a result, cochlea implant reseachers and implant
manufadurers continue to explore techniques on hav to best modify speed processng
strategies and the implant hardware to reducethe dhancefor eledricd-field interadions.

With the recent development of a signal generator cdled the Clarion Research
Interface (CRI), reseachers can nov implement and modify the parameters of a wide
range of speed processng strategies. Several existing and rew speed strategies were
developed with the CRI and tested in this dudy. Eadh o the speed strategies
represented a range of stimulation from purely smultaneous to sequentia eledrode

stimulation. It was hypothesized that speed reaognition performance dong this
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continuum of speed strategies would show a strong relationship with the degree of
eledrica-field interadion experienced by that patient. Patients with more dedricd-field
interadion were predicted to show higher speed rewognition performance with
sequential, or nonsimultaneous, speed strategies (e.g. CIS), and patients with very littl e
to no eledricd-field interadion were predicted to prefer and achieve higher speed
reaogniti on scores with smultaneous eed strategies (e.g. SAS). Knowing the point at
which eledricd interadions are minimized could be invaluable in the design of future
speet processng strategies and eledrode arays.

Chapter 2 presents data from a pil ot study where dedricd-field interadions were
measured between adjacent eledrodes at severa points aong the cochlea Eledricd-
field interadions were wmpared for three Clarion eledrode configurations to evaluate
their effediveness at reducing eledricd-field interadions. The relationship between
“locd” eledricd-field interadions, as measured between adjacent eledrodes, and three
speet recognition tasks (vowels, consonants, and sentences) is discussed.

In Chapter 3, data is presented from experiments measuring eledricd-field
interadions as a function d eledrode separation. The dedrode separation recessary for
eledricd-field interadions to drop to negligible levels was investigated for the three
Clarion eledrode wnfigurations evaluated in the pilot study. This information can shed
some light onthe patient’ s preferencefor a particular speed processng strategy.

In Chapter 4, speedh reaognition performance was evaluated duing aaute
listening sessons for five speet processng strategies. Eadh of the strategies varied in
the number of simultaneous eledrodes. It was hypothesized that only patients with low

levels of eledricd-field interadions (as determined from the experiments in Chapter 3)
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would have high speed reaognition scores with as the number of simultaneous channels
used by the speedh strategy increased.

In Chapter 5, the relationship between speed reagnition performance and
eledricd-field interadions is examined. The ntribution from other fadors, such as

duration d dedness to speed reaognition performanceis also investigated.
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CHAPTER 2

Literature Review

One of the longstanding iswues in heaing scienceis the nature and importance of
cochlea frequency seledivity for speed understanding. Cochlea implant reseach can
be used to explore these basic heaing science questions Snce successve improvements
in cochlea implant design are believed to be the result of more detailed modeling of
normal cochlea function.

The experiments in this thesis examine speed recognition in patients who have
developed oad language prior to their heaing loss For this reason, the following
literature review will limit t he discusson to cochlea implantation in adult, pastlinguall y-

dedened listeners.

2.1The Auditory Coding of Sound

The information-beaing components of the speed signal include both amplitude and frequency
variation over time. Frequency discrimination can be adieved by the peripheral auditory system with
either arate-placeor phase-locking representation, or a mmbination of both (Moller, 1999.

According to the rate-place representation, sound is coded by the relative distribution of neural
firing patterns as a function of signal frequency: high frequency pure tones €elicit a higher rate of firing from
auditory nerve fibers at the base of the cochlea ad nerve fibers at the goex respond best to low frequency
tones. The auditory nerve fibers within the cchlea ae therefore described as having a tonotopic
organizdion. Several studies have shown that the tonotopicd representation is maintained, and pcssbly
even enhanced, in the auditory cortex (Aitkin, 1990.

Neural phase-locking is another mechanism with which speed information can be aded by the

auditory system. An incoming sound wave sets the basilar membrane into motion. Each auditory nerve
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fiber has a greaer probalility of responding to a particular phase of vibration generated by the stimulating
waveform. The cmposite response from an ensemble of nerve fibers can relay a fairly acarate

representation of the waveform.

2.2 Single Channel Implants

The first generation d cochlea implants, knowvn as sngle-channel implants,
avoided cochlea frequency anaysis, or place o©ding, atogether. Single-channel
implants emphasized the temporal-amplit ude variations of the speed waveform by ether
increasing or deaeasing the aurrent level to represent the soundintensity fluctuations of
speet ower time (Figure 2.2, top tracg. The top tracein the figure below shows the
broadband amplitude envelope superimposed on the waveform of the sentence “The

watchdag gave awarning gowl.” and roughly represents the speed information coded

by a single-channel implant.

Amplitude Envelope of a Sentence

“ L - . 4000 Hz

fovtr— 4 : 2000Hz

1000 Hz

O
Time (s)

Figure 2.2 The top traceshows the broadband amplitude envelope
of the sentence ‘The watchdog gave a warning gowl.” and
roughly represents the speed information coded by a single-
channel implant. The lower four traces are bandpess filtered
waveforms of the same sentence with center frequencies of 4000,
2000, 1000,and 500 Hz. These lower traces approximate the
bandpass waveforms delivered to the dedrodes in a multichannel

16



implant (seeSedion 2.9, where eab eledrode receves one of the
waveforms acaording to the dedrode’ s placein the amchlea High
frequency waveforms are delivered to eledrodes nea the base of
the cochlea and low frequency waveforms are delivered to apicd
eledrodes.

Although limited, speed perception with a single-channel device was possble
with only tempora and amplitude aues, provided the patient recaved bah auditory and
lipreading cues (Gantz et al., 1988 Tye-Murray and Tyler, 1989. However, there have
been a limited number of studies $rowing that speed regnition can occur withou
lipreading (Berliner and Eisenberg, 1987 Berliner et al., 198%, 19890). In the Berliner
et a. study (198%) fifty-two percent of the patients had some open-set speedt
understanding with the single dhannel device Their scores for an auditory-only word
recognition task were on average 33.3% with a range from 8.3% to 736. The average
level of sentence @mprehension was 41.3%. These values are much higher than would
be obtained by chance which is 0% for open-set speet understanding. A simulation o
a single-channel implant was used in a study by Van Tasell et a. (1987,1992 where
normal heaing li steners were presented with white noise moduated by the envelope of
the speedr waveform. In a study by Rosen et al., 1989, atients with a single-channel
implant were tested and their results compared with the norma heaing listeners from
Van Tasel et al., 1987. It was concluded that both groups of listeners exhibited similar
performance levels and categorized consonant stimuli i n the same way. Spedficadly, they
had littl e difficulty extrading consonant information with a heary temporal emphasis (i.e.
consonant manner and vdcing information), bu were unable to acarately extrad
consonant information with a spedral emphasis (i.e. consonant placeinformation). This

is covered in more detail in the foll owing sedion.
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2.3 Acoustic Cues for Speed Recognitionin Cochlea Implants

Djourno and Eyries (1957 were the first to attempt dired eledricd stimulation to
the auditory nerve when an eledrode was temporarily implanted onthe VIl nerve during
surgery for cholestegdoma of a bil aterally dedened petient. The patient reported that the
sounds produced by the eledrode stimulation resembled a spinning roulette whed or
chirping crickets, depending on the rate of stimulation. Although the patient was unable
to uncerstand speed, he did report that the rhythm of the dedricdly transmitted signal
aided him in lipreadling.

Psychophysicd studies with cochlea implant patients have demonstrated that the
rate of stimulation and the correspondng change in the perceived pitch (i.e. “rate pitch”)
occurs for rates up to 3083500 Hz - the pitch increases with increasing stimulation rate.
The pitch begins to saturate & stimulation frequencies of approximately 500 Hz (Burns
and Viemeister, 1976, 1981 Eddington et a, 1978 Pfingst, 1988 Shannon, 1983).
Frequency coding by a single dedrode is therefore limited to the frequency of the first
formant and the fundamental frequency, or its perceptual correlate, voice pitch.
Information abou the pitch and first formant when combined with temporal envelope
cues can provide information abou consonant manner, the presence or absence of
consonant voicing, syllable number, and sentence prosody (Dorman, 1993 Erber, 1979
Rosen, 1989 Shannon et al., 1995 Van Tasdl et a. 1987, 1992. However, the
identificaion d vowel and consonant placeof-articulation depends on the spedra, o the
relative energy aaoss ®vera frequency bands, and the movement of energy acossthose
bands, representing formant transitions. A single dedrode caana encode sufficient
spedra detall to adequately define these speet feaures snce there can be no

simultaneous representation o diff erent frequencies aaossthe speed frequency range.
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2.4 Multichannel Implants

Multichannel implants were introduced in the late 197Gs to owercome the
limitations of frequency coding found with single-channel implants. Multichannel
implants provide both a temporal-amplitude and spedra representation d an auditory
event by using a distributed array of eledrodes to seledively stimulate discrete
popdations of spiral ganglion cdls at multiple sites in the cochlea(i.e. frequency “place”
coding). The incoming signal is divided into severa contiguous frequency bands, high
frequency signals are delivered to basal eledrodes while low-frequency signas are
delivered to apicd eledrodes (see Figure 2.2). The lower traces in the figure ae
bandpassfilt ered waveforms with center frequencies of 4000, 2000, 100@Gnd 500Hz.

The rationale for using this gimulation method stems from classc physiologicd
studies which have demonstrated that single auditory nerve fibers at the base of the
cochlea show a high frequency seledivity, while gicd fibers respond lest to low
frequencies. With more complex signals, such as geed, there ae many frequency
comporents continuowsly changing in intensity and duation. Speecd coding is therefore
based onthe adivity of thousands of nerve fibers whose center frequencies (CF) span a
broad range of frequency seledivity.

A groundbre&ing study by Sads and Yourg (1979 showed that the gross
spedra envelope of a stealy-state vowel can be goproximated by the mean firing rate of
the tonaopicdly distributed nerve fibers, with eah speeh stimulus €liciting a distinct neural
excitation pattern. However, they also showed that, at moderate and high soundlevels, the
spedra representation d the formant pedks becane lessdistinct as the fibers with CFs
not matching the formant frequencies increased their discharge rate whil e the fibers at the
formant frequencies reatied their saturation pant.

On the basis of these findings, it is difficult to envision hov spedral information

can be reliably encoded at soundlevels typicd of conversational speed. This problem
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might be overcome with low sportaneous rate, high threshald fibers, which have amuch
wider dynamic range (Blakburn and Sadis, 199Q Sadis, Window, and Bladkburn,
1988 Sadhs and Young, 198Q Young and Sads, 1979 and therefore do nd saturate &
easily to the phase of the signal. In addition, the auditory coding could be enhanced in
the cochlea nucleus and hgher auditory centers (Bladkburn and Sadis, 1990. Another
posshility considered by Young and Sadis (1979 is that the tempora information
provided by phase-locking aaoss the tonaopic aray might also conwey information

abou the speedt spedrum to higher centers.

2.5Importanceof Spedral Seledivity in Cochlea Implants

There ae severa lines of cochlea implant reseach that indicate that the central
auditory system requires at least a aqude spedra pattern for understanding speed. With
the introduction d the multichannel implant, patients were beginning to demonstrate that
they could uncerstand speet withou the ad o lipreading (Chouard and Mad_eod,
1976. Patients initialy implanted with the single-channel device and then later re-
implanted with the multichannel implant clealy showed an improvement in speedt
perception performance (adults: Rubinstein et al., 1998 children: Miyamoto et a., 1999.

Several aspeds of the nature and extent of spedra coding are adively being
addres=d in the cochlea implant literature. The following questions have been raised:
Is it necessary to match the analysis filters of the implant with the tonaopic locaion o
the dedrode? How many eledrodes are required to read high levels of speed
reagnition? To address the first question, it has been reported that the frequency
dlocdion for ead eledrode in a multichanne implant is important for speed
perception. In ather words, the dedrode shoud transmit frequencies that match the
tonaopic locaion onthe amchlea Rabinowitz and Eddington (1995 demonstrated that a

patient with a multichannel implant exhibited even poaer speed recogniti on scores with
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the reversed mapping (i.e. high frequencies delivered to apicd eledrodes and low
frequencies to basal eledrodes) than with a single-channel mapping (i.e. al filter outputs
transmitted to a single dedrode). Likewise, when the frequency allocaion is sifted
either apicdly or basally from its optimal frequency range (i.e. > 3 mm), there was adrop
in speed recognition performance (Fu and Shannon, 1999 Simulations with namal
heaing subjeds have shown comparable results (Rosen et al., 1999.1

The sewmnd question concerns the degree of spedra resolution readed to
represent an auditory image, and is related to the number of independent auditory
information channels. Simulation studies demonstrate that normal heaing listeners
presented with sentences in quet adchieve 90% acaracy with 4 frequency channels
(sinusoids: Dorman et al, 1997 noise bands: Shannon et al, 1995 and 1006 with 8
channels (Dorman et a, 1997. Likewise, in implant listeners the number of adive
eledrodes appeas to affed the level of speet understanding.2 Several studies have
shown that as the number of adive dedrodes was increased upto 4-7 eledrodes, speet
reagnition scores improved (Fishman et a, 1997 Lawson et a, 1999. No further
improvement was foundas the number was increased from 7 to 20adive dedrodes, even
though the spedral information typicdly presented to all 20 eledrodes was retained and
transmitted to the reduced-eledrode processors, i.e.,, no spedra information was
discaded. Fishman et al. demonstrated that more dedrodes were nealed to read a
performance plateau with vowels (7 eledrodes. 70-80% corred) than with consonants (2

eledrodes. 95% corred) or sentences (4 eledrodes. 69.3%6 corred). The best

1 Sincethe frequency re-all ocation studies included only postlinguistic adult patients, it is presently unclear
whether the results were driven strictly by biologicd (or innate) constraints or were dso, in part, dueto a
leaned tonotopic representation. Early-implanted chil dren with a frequency-to-eledrode mismatch may
differ biologicdly from adults and late-implanted chil dren with the same degreeof frequency shifting.

2 With an increasing number of eledrodes, there is adeaease in the width of the analysis filter, meaning
that there is a narrower frequency range (i.e. enhanced frequency spedficity) for ead eledrode
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performance for implant listeners is equivalent to results with namal-heaing subjeds

presented with 1-7 frequency channels (Dorman et al, 199&; Fu et al, 1999.

2.6 Multi ple Eledrodes and Speed Reaognition

These laboratory-controll ed studies appea to suggest that only a small number of
channels would be sufficient to understand speet. However, even if the poarest implant
performers could attain the eguivalent of 4-7 frequency channels in laboratory tests, they
would continue to experience difficulties in “red world” situations where li steners must
acommodate to variations in fundamenta frequency, spe&king rate and pronurciation,
aong with variations in badkground naese levels. In fad, when namal heaing listeners
were presented with an 8channel simulation, their speet reagnition scores for
sentences dropped from 100% corred in quet to 5% corred at a +2 dB signal-to-noise
level (S/N), and orly 16% corred at -2 dB S/N (Dorman et a, 1999. A minimum of 12
channels was required to achieve maximum performance for sentences in ndse (Dorman
et al, 1998, and greder than 16 channels for consonants and vowels in ndse (Fu et al,
1998.

Loizou et a. (1999 examined the number of channels required for multitalker
stimuli by presenting normal heaing listeners with 135 sentences, eat with a different
speker. The mean speed reagnition score with 4 channels was 63% corred, which
was markedly lower than the score of 90% adhieved with the single male talker used in
previous gudies. As mentioned in Sedion 2.4,ead speed token, such as a vowel,
produwces a distinct pattern of spedral energy. With multiple talkers there is more
variability in the formant pattern for a particular sound,and because of this variability, a
small number of channels canna adequately define adistinct pattern for ead speet
token. Taken together, these results indicae that implant patients sioud receve more

than 4-7 channels of information as the degreeof acoustic complexity increases.
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One means of increasing the number of information channelsisto simply increase
the number of eledrodes, since idedly cochlea implant listeners would have a& many
effedive dhannels as they do eledrodes. The Nucleus 24 multichannel cochlea implant,
by Cochlea Corp., has 24 eledrodes and the cgability of stimulating upto 12eledrodes
within a period d a few milliseconds. This implant has more dedrodes than any other
device arrently available and shoud reasonably provide mchlea implant listeners with
the greaest degree of spedral resolution. However, it was the Nucleus device that was
used in the study by Fishman et a. (1997, which showed that speedt recognition scores
do nd improve & the number of eledrodesisincreased beyond 47 eledrodes. Fishman
et a. discuss ®veral possble reasons why this may be the cae, i.e. caling effeds,
speet procesor design limitations, trade-off between the number of eledrodes and puse
rate, individual differences in pathdogy, and channel interadion. The rationale for
suspeding eledricd-field interadion is that as the number of eledrodes was further
incressed beyond 7 eledrodes, the probability for current field interadions between
eledrodes also increased, thereby negating any potential benefits aff orded by additional
eledrodes.

2.7 Channel Interadion

With multichannel implants, seledive stimulation is often imperfedly acieved
even with the most modern cochlea implant designs and speed processng strategies.
Both eledrophysiologicd and psychophysicd studies demonstrate that extensive aurrent
spread and channel interadion exists in multichannel prostheses (eledrophysiologicd:
Abbas, 1993 van den Honert and Stypulkowski, 1987 psychophysicd: Dobelle,
Bradkmann, Mladgovsky, and Parkin, 1978 White, Merzenich, & Gardi, 1984. One
type of channel interadion accurs when there is eledric field summation in the mchlea

With simultaneous eledrode stimulation, the aurrent fields generated by the dedrodes
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can add together and alter the loudress of the stimulus (White, Merzenich, and Gardi,
1984). Distortionsin loudressmight disrupt the listener’s ability to encode spedral cues
through comparisons of the relative anplitudes (or formant frequency energy) aaoss
eledrodes. The seocond type of channel interadion can occur with nonsimultaneous
stimulation and is commonly referred to as neura-popdation a tempora interadion.
White & a. (1984 demonstrated that substantial changes in threshold occurred when
adjacent eledrodes were stimulated within 2-5 ms of eat aher. The neurons were
apparently respondng as though they were receving the poded adivity from eadt
eledrode. Therefore, when more than ore dedrode stimulates the same or overlapping
neural popuations, the stimuli may be perceptually indistinguishable or confused since
the underlying neural popuations would receve the combined stimulus and nd the
separate stimuli from ead eledrode (Le&ke d al, 200Q Shannon, 1993 Throckmorton
and Callins, 1999 White and Van Compernadlle, 1987 Zwolan, Colli ns, and Wakefield,
1997. This would limit the number of independent information channels conveyed to
central auditory medianisms and presumably impair the reagnition o speed tokens
coded predominantly by spedro-tempora cues, such as vowels and consonant placeof-
articulation (Fishman et a., 1997 Fu et a, 1998.

Eledricd-field interadions can occur even between nonadjacent eledrodes if the
current field emanating from a particular eledrode is wide enowgh. In this case, the wide
current field from one dedrode may overlap, and therefore interad, with the arrent
fields of its neighbas. The dance for eedricd-field interadions deaeases with
interchannel distance, sincethe strength of the airrent field generated aroundan eledrode
deaesases as it radiates away from the dedrode (White & al, 1984. Current fields are
generated between an adive and a reference dedrode. With hpdar eedrode
arrangements the reference and adive dedrode pair are both within the cochlea ad are

typicdly within a few millimeters of ead aher. In contrast, monoplar eledrode
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arrangements typicadly have an adive dedrode within the mchlea and an extracochlea
reference dedrode surgicdly placed behind the ea in the temporalis muscle. The
asumption is that a airrent field applied between adjacent bipoar eledrode pairs will
producelocdized neura adivation, whereas wider bipdar eledrode separations will | ead
to broad current fields and a wider areaof neural adivation (Busby et a, 1994 van den
Honert and Stypulkowski, 1987. Wider eledrode separations between the adive and
reference dedrodes reducethe arrent levels required to dlicit an auditory sensation since
the broader current fields have the potential to adivate severa nerve fibers. This effed
has been demonstrated in bah humans (Battmer et al., 1993 Lenhardt et al, 1992 and
animals (van den Honert and Stypulkowski, 1987%. With monopdar cougding, neural
spedficity is exchanged for lower current level requirements. In contrast, bipodar
couding provides the spedficity but very few cdls are adivated. However, even a
closely spaceal eledrode pair can adivate abroad region d neura fibers at high current
levels (van den Honert and Stypulkowski, 1987.

Current levels are relatively high when the distance from the dedrode and target
neural popuation is large (Shepherd et al., 1993.° In such cases, the aurrent field must
spread over a much wider range to read the target cdls. This problem may arise when
the dedrode aray is paositioned along the lateral wall of the cochleaduring surgery or
when there ae only few surviving target neurons nea the dedrode. Wide aurrent spread
can pdentialy cause overlap between the aurrent fields of simultaneously stimulated

eledrodes andin the neural popuations excited by each eledrode.

% High current levels are asciated with wide aurrent fields
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2.8 Simultaneous vs. Sequential Speet Processng Strategies

The Continuows Interleaved Sampling (CIS) strategy presents squential, non
overlapping pulses to eah eledrode (Wilson et a, 199]). The use of interleared stimuli
avoids the problem of eledricd-field interadion common to speed strategies with
simultaneous dimulation, such as the Compressed Analog (CA) speed strategy, since
the biphasic pulses delivered to eat eledrode have temporal off sets that prevent vedor
summation d the dedric fields. Comparisons between the CIS and CA speedh strategy
clealy demonstrate higher speed reaognition scores with CIS even though the patients
had only a few days of experience with the CIS strategy and 1-6 yeas of dally use with
the CA strategy” (Boéx, et a, 1996 Schinder et a., 1995 Wilsonet a., 199).

The dilemma with the CA and CIS strategies is that monopdar cougding must be
used to adhieve alequate loudressgrowth. With abroad current field, it isnot possble to
accomplish seledive stimulation d discrete neural popuations, since severa nerve fibers
agoss the mchlea ae reauited to adieve loudress Interleared stimulation aso
deaeases the anount of speed information that can be delivered at a spedfic point in
time. For instance, a very brief speed event occurring in a high frequency channel
would na be transmitted to the listener if the dedrode matched to that frequency is not
being stimulated at that exad moment. Adequate loudress growth can be ahieved for
most patients with the “enhanced bipdar” cougding mode, used in the S-Series cochlea
implant manufadured by Advanced Bionics Corp. With “enhanced bipoar” stimulation,
the adive media eledrode is paired dagonally with the lateral reference déedrode (Fig
2.9.1).

* The CIS strategy also had a higher stimulation rate and a greaer number of eledrodes
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The wider spadng between the adive and reference éedrode increases the breadth of the
current field, bu only dlightly more than the field generated with the radial-bipoar
orientation wsed in ealier CLARION® eledrode designs, and markedly less than
monopdar couding. The increased number of neurons adivated with “enhanced
bipaar’ stimulation, compared to the traditional radia-bipolar mode, reduces the anount
of current required to read threshold and achieve loudness growth. Consequently
eledricd-field interadion can be reduced for some patients.

A new speed processng strategy, cdled Simultaneous Analog Stimulation
(SAS), was developed as a result of the new “enhanced bipdar” cougding method (see
description in Appendix A). Approximately one-third to ore half of the patients tested
used SAS succesdully (Battmer et al, 1999 Osberger et a, 1999. Higher levels of
speed recognition were obtained for patients who preferred SAS compared to patients
preferring the CIS strategy (Battmer et al, 1999 Osberger et a, 1999. Presumably the
patients who wsed SAS had lesseledricd-field interadion than the patients who preferred
CIS, dthough this was never diredly tested. Figure 2.8 shows three speed processng

strategies currently avail able for the Clarion cochlea implants.
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Advanced Bionic’'s Commercial Speet Processng Strategies

SAS {Fully Simultaneous)

C15 (Non-Simultaneous)

Figure 2.8 Speed processng strategies currently avail able with
the Clarion cochlea implants. The degreeof simultaneous
stimulation ranges from purely simultaneous (SAS) in the top
panel to puely sequential (CIS) in the bottom panel.



2.9Reducing Eledricd-field interadion through Eledrode Design

Eledricd-field interadion can aso be reduced through cochlea implant eledrode
positioning and design. The godl is to pacethe dedrode aray closer to the modiolus
and spiral ganglion cdls 9 that less current is required to elicit an auditory percept
(Rebscher et al., 1999. Reduced current spread increases the seledivity of eledricd
stimulation, and may incresse the number of independent information channels and
improve speed perception.

Advanced Bionics Corporation hes recently developed an eledrode “positioner”
cdled the CLARION® Eledrode Positioning System™ (EPS. The EPS consists of a
“shim” inserted behind the dedrode aray that pushes the dedrode aray away from the

outer wall of the scaatympani and closer to the habenula perforata (Figure 2.9.2.

Enhanced Bipolar Clarion Eledrode

Figure 2.9.1 Schematic of the achleaimplanted with the standard
Clarion eledrode aray. Enhanced hipaar couding is achieved with the
diagonall y-arranged ball eledrodes.
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Enhanced Bipolar Clarion Eledrode with the Eledrode Positioner

Figure 2.9.2 Schematic of the amchleaimplanted with the standard
Clarion eledrode aray (light blue) and the dedrode positioner
cdled the Eledrode Positioning System (darker blue).

In addition to the EPS new eledrode geometries are being designed to focus the
current field toward spiral ganglion cdl bodes and prohibit current spread to neighbaring
eledrodes (e.g. CLARION® Hi-Focus™). The Hi-Focus array has longitudinal plate
eledrodes sparated by silastic buffers (Figure 2.9.3. The design and aientation d the
eledrodes direds most of the aurrent towards the ceiter of the modiolus. Current
spreading to adjacent eledrodes can be blocked by the silastic buffers, however this is
only possble if the dedrode aray is resting against the modiolar wall. Therefore, the

Hi-Focus array can only be dfedive when combined with the EPS
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Hi-Focus Eledrode with the Eledrode Positioner

Figure 2.9.3 Schematic of the amchleaimplanted with the Hi-Focus
eledrode aray and Eledrode Positioning System.

Clinicd results with the Enhanced Bipdar eledrode and EPS have shown lower
stimulation levels and bketter speed perception scores than in patients without the EPS
(Osberger et d, 1999. The dinicd results also suggest that further benefit is achieved
when the EPSis combined with the Hi-Focus eledrode (Lenarz et al, 1999.
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CHAPTER 3
Pilot Study

3.1Introduction

A pilot study was condwted to examine the influence of eledricd-field
interadion onspeed reagnition performance Eledricad-field interadion was measured
with a psychophysicd task, known as 3gmultaneous masking (Sedion 3.2.
Psychoplysicd threshads were compared for patients with the Hi-Focus eledrode aray
and the Eledrode Positioning System (HF+EPS), patients with the Enhanced Bipoar
Clarion eledrode and eledrode positioner (ENH+EPS), and patients with the Enhanced
Bipdar Clarion eledrode withou an eledrode positioner (ENH). A correlation anaysis
was then caried ou to test whether less eledricd-field interadion was associated with

higher speed recogniti on scores.

3.2. Simultaneous Masking

A psychophysicd task, knovn as smultaneous masking, measures the degree of
summation produced by two eledrodes gimulated simultaneously. Severa studies have
used simultaneous masking to measure dedricd-field interadion (Boéx et al., 1999
Shannon, 1983b, 1983V hite, Merzenich, and Gardi, 1984. In a simultaneous masking
paradigm, thresholds are compared for biphasic pulses, comprised of one anodc and ore
cahodc pulse, presented presented to a probe dedrode done and for pulses presented
simultaneously to the probe dedrode and a second eledrode located some distance from

the probe (i.e. the masker). The masker eledrode dther delivers biphasic pulses with the
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same phase first (Figure 3.2 midde panel) or is 180 out-of-phase with the pulses of the

probe dedrode (Figure 3.2 bottom panel).

Simultaneous M asking Conditions

Figure 3.2 Thetop traceshows the biphasic pulse presented to asingle dedrode
in the “probe done” condtion. The midde andlower traces how two puses.
one pulseis delivered to the probe dedrode and the seoondis delivered to

the masker eledrode. The middle tracerepresents the “in-phase” condition,

whil e the lower tracerepresents the “out-of-phase” condition.

If currents from the two eledricd fields interad, then the listener’s loudress
percept is atered. For the out-of-phase condtion, puses would cancd and the percept
becomes fter. In this case, the thresholds are devated relative to threshalds for stimuli
presented to the probe dedrode stimulated alone. The oppdasite occurs for the in-phase

condtion. Spedficdly, when same-phase aurrent pulses overlap, they add eledricdly,
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thereby increasing the loudress percept and lowering thresholds. The amourt of
eledricd field owerlap therefore determines how much current summation (in-phase) or
cancdlation (out-of-phase) occurs. The differencein thresholds for the in-phase and ou-
of-phase condtions represents the degree of current pulse overlap, a eedricd-field
interadion. The degreeof eledricd-field interadion can be expressed by the foll owing

formula:

Difference Threshdd = THR(-) - THR(+)

where,
THR(-) = out-of-phase threshold

THR(+) = in-phase threshold

In situations where there is virtualy no eledricd-field interadion, the threshold
patterns would appea like those foundwith acousticd heaing (Shannon, 1983b, 1985
In acmusticd heaing, when two stimuli adivate two criticd bands (or, similarly, two
eledrodes gimulating separate neural popuations), the percept is louder and threshalds
are lower than when orly one aiticd band (or eledrode) is adivated. Phase does not
affed the simultaneous masked thresholds in acmusticd heaing. Both ou-of-phase and
in-phase stimuli deaease threshalds, and roughly to the same degree Therefore, the
Difference Threshold would approach zero as the amourt of eledricd field owerlap

deaeased.
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Simultaneous masking can be a useful measurement tod for evaluating the
effediveness of the EPS and Hi-Focus eledrode aray. If these new eledrode designs
serve their intended pupose, then it is predicted that the EPS combined with the
Enhanced Bipdar Clarion eledrode would generate lesseledricd-field interadion (or a
smaller Difference Threshold) than the Enhanced Bipadar Clarion eledrode withou the
EPS and even less eledricd-field interadion would occur when the EPSis combined
with the Hi-Focus eledrode aray.

Many reseachers have damed that cochlea implant users with poaer speedh
reagnition abilities may be subjed to the detrimental effeds of eledricd-field
interadions. Therefore, the relationship between eledricd-field interadion and speedt
recognition performance was aso evaluated in the pilot study. It was hypothesized that
cochlea implant users with more dedricd-field interadion would show lower speet

perception scores than users with lesseledricd-field interadion.

3.3.Methods

Simultaneous masking measures were olleded from 5 subjeds implanted with
the Enhanced Bipdar Clarion eledrode withou the dedrode positioning system (ENH),
5 subjeds with the Enhanced Bipdar Clarion eledrode with the dedrode positioning
system (ENH+EPS, and 4 subeds with the Hi-Focus eledrode with the dedrode
positioning system (HF+EPS. Subjed CS of the HF+EPS group has naot returned to
complete the vowel and consonant portion d the experiment. Subjed demographics are

shownin Table 3.3.
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Subjed Age Eledrode | Speed Duration | Duration | Duration
Type Strategy of HL of of Cl Use
(yrs) Deafness (yrs)
(yrs)
Jw 51 ENH CIS 8 8 1.2
KH 54 ENH CIS 5 5 1.1
EC 65 ENH CIS 2 2 5
VC 54 ENH CIS 18 8 1
MK 58 ENH CIS 7 7 2.3
MS 46 ENH+EPS CIS 2 2 N4
Ml 46 ENH+EPS CIS 20 10 N4
SM 42 ENH+EPS CIS 25 25 .6
SL 48 ENH+EPS CIS 1 1 N4
BH 59 ENH+EPS CIS 1 1 5
BD 56 HF+EPS PPS 39 8 4
CS 37 HF+EPS PPS 7 7 2
SH 23 HF+EPS SAS 7 N4 .6
JPM 31 HF+EPS CIS 1 1 9
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The magnitude of eledricd-field interadion was determined by measuring the
amount of simultaneous masking between adiacent eledrodes. Measuring eledricd
interadions between adjacent eledrodes represents the extreme cae, since dedricd-field
interadion typicdly deaeases with increasing masker probe separations. Three masker
eledrode locaions were tested: eledrode 2 (apicd masker), eledrode 4 (middle masker),
and eledrode 6 (basa masker). The crrespondng probe dedrodes were & follows:
probe dedrodes 1 or 3 paired with masker eledrode 2; probe dedrodes 3 or 5 paired
with masker eledrode 4; and pobe dedrodes 5 or 7 paired with masker eledrode 6.
This produwced six masker+probe ndtions. Simultaneous masking tasks were
completed for monopdar and bpdar stimulation modes. This resulted in a total of
twelve condtions (6 masker, probe pairs x 2 stimulation modes).

Several speedt perception measuresin quet andin nase were included to explore
the relationship between channel interadion and various eed cues. Percent corred
scores were obtained for HINT sentences (Nilsson et a., 1994, CNC words, vowels
(/hvd/) taken from the materials colleded by Hillenbrand et a. (19995, and lowa
consonants in /aCal environment taken from a set developed by Shannonet a (1999.
Speed testing was performed in a soundattenuated chamber. Speed stimuli were
delivered through loudspeakers at a 0° azimuth and presented at 65 dB(A) in quiet andin
noise & +5 and +10 B signal-to-naiseratios. All speed testing was performed with the

patient’s own speed processng strategy.
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3.4 Resaults and Discusson

3.4.1Eledricd-Field Interadion Results

In Figures 3.4.1.1and 3.4.1.2,the magnitude of eledricd-field interadion, as
measured by the Difference Threshald, is plotted for ead eledrode design and eat
masker eledrode locaion (e.g. apicd masker = dedrode 2, middle masker = dedrode 4,
basa masker = dedrode 6). In these two figures, the magnitude of eledricd-field
interadion for eaty masker eledrode location was obtained by averaging the Difference
Threshadd for the two masker+probe pairs with the same masker eledrode. For example,
the Difference Threshdd value for the gicd masker locaion was obtained by averaging
the Difference Threshold for probe dedrode 1 with masker eledrode 2 and pobe
eledrode 3 with masker eledrode 2. Figure 3.4.1 shows the dedricd-field interadion
datafor the monopdar design and Figure 3.4.2shows the data for the bipolar design.

These results indicae that, regardless of the dedrode design, the HF+EPS
subjeds had the least eledricd-field interadion, and the ENH group red the most
eledricd-field interadion. The results aso show that the broad current distribution d
monopdar stimulation produces relatively uniform levels of eedricd-field interadion
for eath of the masker eledrodes. With monopdar stimulation, a large portion d the
modiolus lies within the aurrent field and, kecause of this, the nerve fibers aong the
entire length of the ochlea ould be adivated. Therefore, regardiess of the
masker+probe pair, the same nerve popuations contribute to the threshold measures in
the simultaneous masking task. In contrast, with hipoar stimulation, the degree of

eledricd-fied interadion varied depending on the locaion d the masker. Sinceonly a
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small region d auditory nerve fibers are adivated with bipoar couding, there was more

variability in the magnitude of channel interadion for diff erent masker+probe pairs.
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Pilot Study: Monopolar Eledrical-Field Interaction
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s ENH (n=5)

Figure 3.4.1.1 The magnitude of monopolar eledricd-field interadion (represented
by the Difference Threshald) is shown for eat of the three éedrode designs and the
threemasker locations.
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Pilot Study: Bipolar Eledrical-Field I nteraction
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Figure 3.4.1.2 The magnitude of bipolar eledricd-field interadion (represented
by the Difference Threshald) is shown for eat of the three éedrode designs and the
threemasker locations.



3.4.2Speet Reaognition Results

Figure 3.4.2 shows geed reagnition performance in quet and in nase for
vowels, consonants, and sentences. These data were @lleded from subjeds who were
regular users of their device for at least 6 months. Since the HF+EPS subjeds did na
have sufficient experience with their device d the time of testing, data is $hown for 5
ENH and 4ENH+EPSsubjeds only. Speed reaogniti on testing was performed with the
monopdar CIS speed processng strategy, since dl subjeds were regular users of this
strategy. The results demonstrate that higher speed recogniti on scores were obtained for
the ENH+EPS group compared to the ENH group. This result was clealy apparent for
al but the “vowelsin guet” condtion, presumably becaise monopdar stimulation is not
as engitive to spedral distortions as bipdar stimulation. In addition, the ENH+EPS
group maintained high sentence reaognition scores with the aldition d speedt-shaped

noise, whil e the ENH groupshowed alarge drop in performance
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3.5 Relationship Between Eledrode Interadion and Speed Reaognition

Since d speed testing was performed with the monopdar CIS strategy,
correlations were made between the monopdar eledrode interadion data and speedt
reagnition scores. Figure 3.5 shows a scaterplot of the arrelations between speedt
recognition performance and channel interadion. Moderate to strong negative
correlations were found lketween the degree of eledrode interadion and speed
performance The strongest correlations were foundfor consonants and sentences. These
results indicae that as eledricd-field interadion deaeases, speed reagnition
performance increases. Overall, the ENH+EPS subjeds tended to have higher speedt

scores and lesseledrode interadion than the ENH subjeds.
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Pilot Study: Speet Reaognition as a Function of Eledrical-Field I nteraction
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Figure 3.5. Scatterplots of the correlations are shown for the speed recognition
taskstested in quet (top) and nase (bottom). The average diff erencethreshold
aaossall monopdar simultaneous masked condtionsis plotted as afunction d the
percent of items corredly identified for eat speed task with amonopdar CIS
speed strategy. Fill ed circles represent the datafor ead of the four ENH+EPS
subjeds and urfill ed circles represent the data for ead of the four ENH subjeds.



3.6 Summary

These preliminary experiments have examined the dfeds of eledricd-field
interadion on speedt recgnition. Speed reagnition scores were strongly correlated
with the magnitude of eledricd-field interadion between adjacent eledrodes. It was
aso shown that the magnitude of eledricd-field interadion varies as a function o
eledrode design. Eledricd-field interadion was gredest for patients with the ENH
eledrode design and least for patients with the HF+EPSeledrode design.

In the experiments that follow, the extent of eledricd-field interadion acossthe
eledrode aray, instead o the magnitude of eledricd-field interadion between adjacent
eledrodes, is investigated for the three déedrode designs. The relationship between
eedricd-fied interadion and speed processng strategy performanceis also evaluated.
Subjeds were tested with 5 speed processng strategies varying in the number of
simultaneous channels. Since simultaneous gimulation increases the likelihood for
eledricd-field interadions to occur, it was predicted that a high degreeof eledricd-field
interadion shoud produce higher speed remgnition scores for more sequentia as
oppased to simultaneous eedt strategies. Spedficdly, it was predicted that subjeds
with lower levels of eledricd-field interadion would be @le to take alvantage of the
greder spedra and tempora resolution govided by simultaneous geed strategies, and
would therefore show higher speet scores for simultaneous than sequentia speed

strategies.
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CHAPTER 4

MEASURING ELECTRICAL-FIELD INTERACTIONS

WITH SIMULT ANEOUS MASKING

4.1 Introduction

Minimizing eledricd-field interadions in a multichannel cochlea implant is one
of the potential advantages of spatially restricting the dedricd field paentia. When
seledive dedrode stimulation is not achieved, the perceptua resporse to ore dedrode
can affed the perceptua resporse to stimulation applied to ather eledrodes (Collins et
a., 1997 Cotter, 1986 Eddington et al., 1978 Nelson et a., 1995 Throckmorton and
Coallins, 1999 Tong et a., 198). For example, if the dedrode aray emits extensive
current spread, then the aurrrent fields from two o more simultaneously stimulated
eledrodes will overlap and summate, affeding the perception d loudress pitch, and
possbly even the qudity of speed (Shannon, 1993 Eledricd-field interadions can
therefore produce arrent flow patterns distinct from those aising from ead o the
single, isolated eledrodes and as a @nsequence, auditory nerve fiber adivity in the
region d overlap may nat be similar to the adivity produced by eledrodes gimulated
individualy.

In this chapter, as with the pilot study, a simultaneous masking task was used to
examine dedricd-field interadions in patients with the CLARION multichannel
cochlea implant (refer to Seaion 3.1. However, instead of measuring the magnitude of
eedricd-fied interadion between adjacent eledrodes, eledricd-field interadion was
measured as a function d the masker+probe separation. Based on pevious reseach

eedricd-field interadion shoud deaease @ the separation ketween simultaneously
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stimulated eledrodes increases (White d@ al, 1989. The dedrode separation at which
eledricd-field interadions dropped to negligible levels was of particular interest in this
study. The “sharpness’ of this function was expeded to vary aaoss patients, e.g. some
patients might have dedricd-field interadions only between adjacent eledrodes while
others could experienceinteradions even with the maximum masker+probe separation.

In Sedion 2.9,it was argued that the design o the dedrode aray is crucia for
reducing eledricd-field interadion. In this experiment, it was hypothesized that the
extent of eledricd-field interadion for patients with an eledrode positioner (EPS would
be less than for patients withou the EPS This is becaise the primary purpose of the
pasitioner is to deaease the distance between the dedrode aray and target cdls within
the modiolus. This eledrode modificaion shoud reduce the anourt of current required
to dicit an auditory sensation and limit current spread aaossthe dedrode aray, thereby
constraining eledricd-field interadion to probe dedrodes closest to the masker. The
design of the Hi-Focus eledrode, when combined with the EPS is expeded to further
reduce the extent of eledricd-field interadion. Theoreticdly, since silastic buffers are
placal between adjacent eledrodes in the Hi-Focus array, current shoud be constrained
and urable to interad with the arrent field from its neighbar. For thisreason, eledricd-
field interadion shoud be & negligible levels even between adjacent eledrodes.

The extent of eledricd-field interadion will, however, vary as a function d the
couding mode used in the simultaneous masking task. Since monopdar stimulation
produces a broad current field between the adive dedrode within the scda tympani and
the reference déedrode outside the achlea current is applied over a substantially greaer
area than with bipoar stimulation. It is predicted that eledricd-field interadion will
exist aaoss the eitire dedrode aray with monopdar cougding, regardliess of the

eledrode design. In contrast, bipdar stimulation shoud show large diff erences between
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the three déedrode designs because of the unique bipdar eledrode arangements used in

ead design andthe arrent fields they produce
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4.2 Method

4.2.1Subeds

Thirteen pastlingually-dedened adults (20-69 yeas of age) were seleded for
these experiments. Eacd eledrode design group hed 3 wsers of either the CIS or PPS
speedt strategy. ThreeENH SAS users and ore HF+EPS AS user were dso included to
compare with the results from the CIS and PPSusers (Sedion 4.3.3. Patients were
reauited from the House Ear Clinic in Los Angeles, CA and from the Calli er Center for
Communication Disordersin Dallas, TX. All subjeds were native English spegkers with
a least 5-months experience with their device An informed consent was obtained and
participants were paid on an houly basis. Patient demographics are shown in Table

4.2.1.

4.2.2Stimuli and Equipment

A simultaneous masking task was used to measure the extent of eledricd-field
interadion acdossthe dedrode aray (seeSedion 4.1.). In thistask, a series of charge-
balanced, biphasic pulses (300 Nsedphase, 200msec burst duration, and a 1000Hz rate)
were presented to the dedrodes, using either monopdar or bipdar stimulation. The
stimuli were driven via austom-designed software developed by Advanced Bionics Corp.,
cdled the Eledrode Interadion Tester (EIT). The EIT software runs on a persona
computer and interfaces with the patient’s S-Series geet procesor through the Clarion
Procesor Interface(CPl). Subjeds were seaed in a soundpgoaof chamber for the duration

of the task.
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4.2.3Procedure

Prior to testing, thresholds were obtained for eat of the dedrodes, separately for
monopdar and kbpdar stimulation wsing an adaptive dinicd procedure, commonly
referred to as the modified Husen-Westlake technique (Carhart and Jerger, 1959. This
procedure estimates the amourt of stimulation cgpable of evoking a resporse 50% of the
time. The pulse anplitude delivered to the masker eledrode (i.e. eledrode 4) was then
fixed at 70% of its threshdd, while the anplitudes of the remaining probe dedrodes (i.e.
eledrodes 1, 2, 3, 5, 6, Ywereinitialy set to 10clinicd units (cu) above their respedive
thresholds. A clinicd unit is smply a monaonic, logarithmic increment in current
amplitude or pulse width that is roughly related to dB level andis patient-dependent.

In the test sesgon, a 3-interval forced choice alaptive tradking procedure was
used to oktain threshalds for pulses presented to the probe dedrode done and for pulses
presented to the probe and masker eledrodes smultaneously. In the simultaneous
condtion, puses delivered to the masker eledrode were ather “in-phase” or “out-of-
phase” with the probe dedrode (see Sedion 3.). Therefore, there were three
simultaneous masking condtions (Probe Alone, In-Phase, and Out-of-Phase) for eath
stimulation mode (monopdar and dpadar) and for ead probe dedrode (eledrodes 1, 2,
3, 5, 6, 7. All condtions were randamized. Subjeds responded by pressng a mouse
button to indicate which interval contained the stimulus. Two conseautive wrred
dedsions led to adeaease in the probe dedrode’ s pulse anplitude (or loudresg and ore
error increased puse amplitude. Visual feedbadk was provided after ead trial. This
procedure estimated the amourt of stimulation current required for 70.%46 corred
resporses (Levitt, 197). The last 8 reversals were averaged to compute the threshold for

ead condtion.
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4.3 Results and Discusson

4.3.1Simultaneous M asked Thresholds

Averaged threshalds aaoss the nine CIS users and six masker+probe pairs are
shown in Figure 4.3.1(left panel: monopdar threshalds; right panel: bipoar threshalds).
The mean bipdar threshdds were between 15 to 20 MA higher than monopdar
thresholds. This differencein current amplitude is related to the width of the aurrent field
generated by these two types of stimulation. As mentioned previously, bipdar current
fields flow between closely spaced, intracochlea adive and reference dedrodes. The
closenessof the adive and reference éedrodes with bipolar cougding restricts the arrent
field to avery limited region d the acochlea In contrast, monopdar current fields gread
between an adive dedrode within the achlea ad a remote reference éectrode outside
the mchleg producing a broad current field. Because of the relatively extensive aeaof
neural adivation with a monopdar current source, less current is generally required to
elicit asensation d sound. Also o interest is the differencein the aror bars between the
two types of stimulation.  When the excitation pettern is broad, the dfeds of locd
neural survival tend to average out, resulting in lessthreshold variation ketween subjeds.
Bipdar stimulation is more sensitive to these anatomicd differences and consequently
produces larger error bars.

More importantly, monopdar and kbpolar stimulation yield unque threshold
patterns aaossthe three masking condtions. Threshold patterns indicative of eledricd-
field interadion would be lowest for the in-phase cndtion and hghest for the out-of-
phase @ndtion dwe to the summation d current with owverlapping current fields (see
Sedion 2.)). This pattern is clealy demonstrated with the poded monopdar datain the

left panel of the figure. A different pattern emerges with the poded hipoar data, shown



in the right panel. Threshdds for the bipdar In-Phase and Out-of-Phase condtions are
relatively the same, and lower than for the Probe Alone condtion. This particular pattern
represents the cae for no eledrica-field interadion. Withou current field owerlap, the
threshald is independent from the padarity of the aurrent and the Out-of-Phase and In-

Phase condtions produce similar thresholds.
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Simultaneous M asked Thresholds

Monopolar Thresholds Bipolar Thresholds
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Figure 4.3.11: The threshold data in these figures is the average threshold aaoss al six
masker+probe pairs and al nine CIS users. The In-Phase condtion represents the cae where the
masker and probe dedrodes generate aurrent fields with the same current field pdarity. The Out-of-
Phase oondtion is when the masker and probe have the oppasite pdarity. For the Probe Alone

condtion, orly the probe dedrode is gimulated. Error bars $how the standard error aadoss sibjeds
and the six masker+probe pairs.

N
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The simultaneous masked thresholds are shown separately for ead eledrode
design in Figure 4.3.1.2(monopdar) and Figure 4.3.1.3(bipdar). Threshads own in
the left panel of the figure ae for the HF+EPSgroup, the midd e panel shows the results
for the ENH+EPSgroup, and the panel on the right shows threshaolds for the ENH group.
With monopdar stimulation, all the dedrode types had thresholds indicaive of
eledricd-fied interadion (e.g. highest threshalds for the Out-of-Phase wndtion and the
lowest threshalds for the In-Phase condtion). With bipdar stimulation, ead eledrode
design had a dlightly different pattern. The difference in thresholds (i.e. Difference
Threshold) between the Out-of-Phase and In-Phase ndtion were smalest for the
HF+EPS group (-1.16 MA) and largest for the ENH group (7.95 MA ENH). The
Difference Threshold for the ENH+EPS group was 3.64 MA. As mentioned in Sedion
2.1, the size of the Difference Threshadld is related to the magnitude of eledricd-field
interadion. The results therefore suggest that patients with the Hi-Focus eledrode design
had less eledricd-field interadion than either of the patient groups with the Enhanced
Bipoar design. In addition, patients with the dedrode pasitioner (or EPS had less

eledricd-field interadion than patients withou the EPS
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Bipolar Thresholds for Each Electrode Design
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Figure 4.3.1.3 Thisfigure showsthe bipolar simultaneous masked thresholds for each of the

three dedrode designs.



4.3.2Pattern of Interaction Spread

Eledricd-field interadion spreal is the dange in eedricd-field interadion
magnitude (measured with the simultaneous masked Difference Threshold = Out-of-
Phase - In-Phase) as a function d the distance between the probe and masker eledrode.
Figure 4.3.2.1compares eledricd-field interadion spread for eat o the three ¢edrode
designs. Figure 4.3.2.2 shows the same dedricd-field interadion data from Figure
4.3.2.1, btinormali zed acrding to the foll owing interadion index formula ([need more

refs| Boex et al., 1999:
I = (Tp(_) —Tp(+)) /| 2*ML

Where,
II: Interadion Index
Te): Out-of-Phase Probe Threshold
Te): In-Phase Probe Threshold
Te) — Tr): Difference Threshold
Cm: Masker Current Level

The derivation d thisformulais as foll ows:
(1) When the dedricd fields completely interad,
Tr = Cp + Cm, Where G, is the Probe Current Level

TP(+) = Cp -Cn

And,

Il'=(Cp + Cim) = (Cp—Cm) / (Cp + Cim) — (Cp — C)
=2* Cn/ 2* Cy
=1



(2) When the dedricd fields are independent,

Try =Cp+ Cm
TP(+) = Cp + Cnm
And,

Il'=(Cp + Cm) = (Cp + Cm) / (Cp + Cm) = (Cp + Cim)
=0

The pattern of results remained urchanged after normali zing.

61



62

Monopolar Channel Interaction Spread
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Figure 4.3.2.1 Monopdar interadion spread is $own in the top panel and kipolar
interadion spread is $own in the bottom panel. The y-axis is the magnitude of channel
interadion given by the formula for the masked dfference threshold. The x-axis is the
probe dedrode, which was paired with masker eledrode 4 locaed in the center of the
eledrode aray. The magnitude of channel interadion deaeases as the separation between
the masker and probe dedrode increases.



Normalized Monopo lar Channel Interaction Spread
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Figure 4.3.2.2 Thisfigure shows the normalized datafrom Figure 3.3.2.1
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A 3x2 mixed fadorial design (Eledrode Design: HF+EPS ENH+EPS and ENH;
Stimulation Mode; bipolar and monopdar) was used to analyze the data. The dependent
variable was the area (in mA x mm) under the interadion spread curve, caculated
separately for ead subjed. Negative dedricd-field interadion magnitudes, such as
those foundfor most of the HF+EPS subjeds, were set to zero prior to making the aea
cdculation. There were significant main effeds of design [F(2,6)=6.01, <0.05] and
mode [F(1,6)=69.79, 0.00] with no significant interadion o design by mode
[F(2,6)=0.03, p>0.05.

In agreament with previous findings, the magnitude of eledrica-field interadion
deaeased with greaer masker, probe separations (Shannon 1983,1985 White 4 4.,
1984). Thiswas most apparent with the bipolar couding mode. The narrow current field
of bipdar eledrode pairs was less likely to produwce interadions between dstant
eledrodes than current from monopdar eledrode pairs. As sich, the pattern of
interadion with bipolar couding showed a more arupt deaease in interadion magnitude
with increasing eledrode separation compared to the same cae with monopdar cougding.

Planned comparisons demonstrated that the HF+EPS group hed less interadion
spread than those with the ENH eledrode design regardiess of the stimulation mode
[F(1,6=12.01, x.05. In the cae of bipdar stimulation, the HF+EPS group hed
negligible levels of interadion even between adjacent masker+probe pairs. This
indicaes that, at threshold, eledricd-field interadion with Hi-Focus design was
substantialy reduced ar absent for eledrode separations greder than 1.1 mm from the
probe dedrode (Note: 1.1 mm is the separation ketween adjacent eledrodes in the Hi-
Focus design). In contrast, the ENH and ENH+EPS groups required masker+probe
separations of at least two eledrodes for eledricad-field interadion to drop to negligible

levels. Thisis equivalent to an eledrode separation d at least 3 mm (Note: there is a
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distance of 1.5 mm between adjacent adive dedrodes in the Enhanced Bipoar design).
This patentialy important preliminary result suggests that, in the Hi-Focus eledrode
array, the use of glastic buffers between adjacent eledrodes reduced eledricd-field

interadion considerably.
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4.3.3Eledrical-Field Interaction: Differences Between CIS and SAS Users

The normali zed interadion spread data, with the SAS users included, is shown in
Figure 4.3.3. The SAS usersin this gudy had lesseledricd-field interadion aaossthe
eledrode aray than most of the CIS/PPSusers. This result is consistent with the daim
that only patients with low levels of eledricd-field interadion would prefer a
simultaneous geedr processng strategy. It is also important to pant out that the
subeds from the HF+EPS group had comparable interadion levels. However, these
patients preferred and nav regularly use the PPS strategy, na SAS! This apparent
contradictory result may be becaise SAS and CIS were the only two speed processng
strategies initially available to petients with the Enhanced Bipodar eledrode. SAS and
CIS are from oppasite ends of the speed processng strategy scde - SAS is a fully
simultaneous drategy and CIS is squential. Patients with the Enhanced Bipodar
eledrode who hed lower levels of interadion probably chose SAS even though it was not
the best match. When the Hi-Focus eledrode was introduced, PPSwas arealy on the
market. PPSis partially simultaneous, where two, nonadjacent eledrodes are stimulated
at the same time. Perhaps if PPSwere available to the ENH SAS users at the time of

initial implant stimulation, they would nav be PPSand nd SAS users.
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Figure 4.3.3 Comparison d interadion spread for SAS (green line with open circle) and CIS users.
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4.3.4Comparisonswith Pilot Data

The pilot study assessed the magnitude of eledricd-field interadions occurring
between adjacent eledrodes at several points along the mchlea whereas the arrent study
investigated the dedrode separation recessary for eledricd-field interadions to drop to
negligible levels. Both studies demonstrate that bipoar eledrica-field interadion for the
HF+EPS group was either very low or absent between adjacent eledrodes. In contrast,
the ENH and ENH+EPS groups required at least a 3 mm eledrode separation to readh
comparable levels. These two studies suppat the hypaothesis that patients with the Hi-
Focus eledrode will have lower levels of eledricd-field interadion, and therefore less
interadion spread, than patients with the Enhanced Bipdar eledrode.

The pilot data suggested that patients with the dedrode positioner (EPS have
lower levels of eledricd-field interadion than patients withou the EPS however this
result was not upheld in the present study. Patient-speafic variables might have obscured
the dfeds of the positioner in the present study. Two o the three new ENH+EPS
subjeds were “poaer” users than the previous ENH+EPS subjeds (n=5). Subjed CS
from the present study had dfficulty maintaining lock between the external headpiece
and the implant recever due to a thick skin flap. Patients with headpiece retention
problems often report that the sound fluctuates between being muffled and clea. This
problem most likely resulted in higher threshadds in the ssimultaneous masking, elevating
the overall threshalds for the ENH+EP Susers compared to those in the pil ot study.

4.3.5Future Directions
The simultaneous masked thresholds were useful for assesgng the magnitude and
extent of eedricd-field interadions a low stimulation levels and for evaluating

eledrode modificaions. However, to oltain a better understanding of the dedricd-field
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interadions encourtered with conversational speed levels, a diff erent measurement toadl
isneeded. Thisis becaise Advanced Bionics has built in a safety feaure that limits the
amourt of current that can be delivered to the dedrodes. The Out-of-Phase cndtion at
higher masker and/or probe levels might read this plateau, making it difficult to establish
ameasurement.

Advanced Bionics has recently introduced the second generation Reseach
Interface(CRI 1I). The CRI Il includes todls that can be used to make safe measurements
of eledricd-field interadions at higher current levels. Idedly, this new device ould be
used to model eledricd-field interadion at several levels within the patient’s dynamic

speed range.
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CHAPTERS

THE INFLUENCE OF SPEECH PROCESSNG STRATEGIES
ON SPEECH RECOGNITION PERFORMANCE

5.1Introduction

Eledricd-field interadion hes the caability of introducing loudress distortions
and reducing the number of independent frequency channels avail able for spedral coding
(Shannon, 1993 Eledricd-field interadion orly occurs with simultaneous eledrode
stimulation (Shannon, 1983,1985 White & a., 1984 White and Van Compernadlle,
1987. Therefore, to avoid eledricd-field interadions, speed processng strategies, such
as CIS, were developed that stimulate the dedrodes with interleaved puses instead of
simultaneous waveforms (Wilson et a, 199). Although this alleviates the problem of
eledricd-field interadion, sequential stimulation is nat optimal. Transient information
can be lost if a set of eledrodes correspondng to that frequency regionis not stimulated
during the time in which the aoustic event occurs. For example, a salient speed fedure
such as a release burst in a stop consonant could be missed entirely. Therefore, the
seach for new speedh processng strategies continues, and rew eledrode designs are
being developed to take alvantage of the benefits of these new strategies.

In the study that follows, speed reaognition performance was measured with
several new strategies, ead varying in the number of simultaneous gimulation channels.
As a working hypathesis, we assume that the more simultaneous channels utilized by a
speedt strategy, the greaer the likelihood for eledricd-field interadions to occur. The
speet strategies were developed in ou lab using a reseach patform known as the
Clarion Reseach Interface (CRI). The dfediveness of ead strategy in conweying

intelli gible speed was measured duing aaute listening sessons. It was hypothesized
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that only those patients with the least eledricd-field interadion would be @le to
maintain high levels of speed recgnition performancewith HAPs and SAS.

The pilot study and the results in the previous chapter demonstrated that the
HF+EPS group had the lowest levels of eledricd-field interadion and the least
interadion spreal, respedively. In addition, dita from clinics throughou the United
States and Europe indicates that patients with the HF+EPSeledrode design perform quite
well with the simultaneous eed processng strategy, SAS, whil e those with the ENH
eledrode design prefer and perform best with sequential strategies, i.e. CIS or PPS
(Battmer et al., 200G, 2000k Lenarz et al., 1999°. Together, these preliminary results
imply that the new Hi-Focus eledrode design would be better suited for simultaneous
speed processng strategies becaise patients with this eledrode experience reduced

levels of eledricd-field interadion.

®> Most of the Hi-Focus patients at the House Ear Institute prefer PPS and most of the Enhanced Bipolar
patients prefer CIS
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5.2Method

5.2.1Subjeds

The thirteen subjeds from Experiment 1 participated in the speed strategy
experiment. However, subjed BC’'s datawas naot included in the results because of his
extensive duration and degreeof heaing loss which began before the age of 3 (i.e.

perili ngual heaing losy.

5.2.2Stimuli and Equipment

The following speed processng strategies were tested onead subjed: CIS, PPS
QPS HAP, and SAS (descriptions of ead strategy can be foundin Appendix A). The
speedt strategy software runs on a personal computer and interfaces with an S-Series
speech processor through the CRI circuit board. Speed processng strategies are
seleded and modified with a MATLAB-based user interfacedeveloped in ou lab. The
interface #ows the user to enter patient parameters, such as threshold and comfort levels,
the dedrode muding mode, and eledrode stimulation ader.

Speed recognition performance was evaluated for eat of these speed strategies
with vowel and consonant identificaion tasks and with an open-set sentence recognition
test. The vowels were asubset of thase recorded by Hill enbrand et a. (1995. The subset
consists of 11 vowels in /hVd/ context: /i/ "heed"; /I/ "hid"; /el "hayed"; /o / “head”; /od
“had”; /|  swc -~ skre© a sknwe R skrue ¢/ “hood; /u/ “whod’. The vowel
identificaion task consisted of 3 repetitions of these vowels gpoken by 11 adult males, 11

boys, 11 adult females, and 11girls. Six repetitions of 16 consonants in /aCal context,
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spoken by a single mae talker (Shannon et a., 1999, were used for the @nsonant
identificaion task. Twenty H.I.N.T. sentences (Nilson et a., 1999 were used for the
sentence recognition test. These sentences are spoken by a single male talker, have
approximately 6 words, and provide afair amourt of semantic context.

The Speed Identificaion Utility (SAD), a MATLAB-based software padkage
developed in ou lab, was used to administer the speed tests. SHD has a graphicad user
interfacethat all ows the user to seled the speed task and automaticaly scores the results
once the test sesgon is completed. Subjeds were seded in a soundpoof chamber for the
duration o the experiment. All speed material was presented at a 0° azimuth in the

soundield at 65 BB SH..

5.2.3Procedure

The dinicd programming software developed by Advanced Bionics Corp. (i.e.
Software CLINician, a SCLIN) was used to oltain T-levels (threshdds) and M-levels
(most comfortable loudresg for eat speet processng strategy. These parameters are
used to compressthe speed signal into the audible dynamic range for eat patient and
speed strategy. The patient was then fitted with the CRI speed strategy implementation
(i.,e. CIS, PPS QPS HAP, or SAS) and the volume level and sensitivity of the
microphore was adjusted to a comfortable listening level. Subjeds were familiarized
with the test materials prior to the test sesson.

Testing was divided into five aaite listening sessons (20-30 mins) with eath

speed processng strategy. Eadh speedh strategy sesson was courterbalanced

aaoss sibjeds to avoid possble order effeds. Following the presentation d a

vowel or consonant token, the subjed was asked to seled the button on the
computer monitor identifying one of the possble resporses. For the sentence
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reaognition task, the subjed was asked to repea as many words in the sentence &
possble. The subjed was instructed to guess if unsure and no feadbadk was
given duing the test sesson. Results were cdculated in percent corred and
scored separately for vowel, consonant, and sentence stimuli. The speed tasks
were repeded for ead speedt strategy sesson, bu using a new list of H.I.LN.T
sentences.



5.3Resultsand Discusson
Subjed BC’'s data was excluded from the results described below due to his

perili ngual hearing loss

5.3.1.Speed Remgnition Performanceand Eledrode Design

Consonants: Figure 5.3.1.1 illustrates the variability in consonant speed
reaognition scores aaoss the five speed processng strategies [F(4,24=6.41, <.01].
Consonant speed reaognition scores were higher with QPS CIS, and PPS(QPS 61.48
CIS: 60.62 PPS 59.09 and lowest with the HAPs and SAS strategies (HAPs: 45.78
SAS: 40.8680). However, there was no main effed of eledrode design na was there a
significant interadion between the speet processng strategy and eledrode design.

Vowels: The results for vowel speed reaognition are shown in Figure 5.3.1.2.
Again there was a main effed of strategy [F(4,24=4.56, <.01] and no effed of the
eledrode design. The CIS and QPS strategies yielded the highest vowel speedt
reaognition scores (CIS: 53.880; QPS 51.9%), PPSand HAPs produced midrange
scores (PPS 49.3%446; HAPs. 43.56%), and SAS produced the lowest scores (SAS.
38.0P0). A significant interadion was found ketween the speed strategies and eledrode
design [F(8,24=2.66, <.05. The vowe recaognition scores of the ENH and ENH+EPS
subjeds typicdly deaeased as the number of simultaneous channels increased (e.g. SAS
& HAPs => QPS PPS CIS). In contrast, vowel reaognition scores were relatively the
same acoss $rategies for the HF+EPS subjeds. This pattern was also apparent for the
consonant stimuli  (Figure 5.3.1.), athouwgh the result did na reat dtatisticd

significance
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Sentences:  Sentence reaognition scores are shown in Figure 5.3.1.3. There were
naticedle differences aaoss the speet processng strategies [F(4,24=19.28, <.00]].
The PPS CIS and QPSstrategies resulted in the highest speedt recgnition scores (PPS
76.87 CIS: 71.26 QPS 70.57, and SAS and HAPs produced the lowest scores (SAS.
42.47 HAPs: 39.19. As with consonants and vawels, there was no effed of the
eledrode design. However, the interadion approached significance [F(8,24=2.39,
p=.054. The ENH+EPS group hed a drastic drop in performance from the sequential
speet strategies (i.e. CIS, PPS QPS to the fully simultaneous drategy (i.e. SAS),
whereas the HF+EPSgroup had ory a dlight performance drop.

Taken together, the results from CIS and PPSusers demonstrated that speet
reagnition performance deaeased as the number of simultaneous channels increased.
Performance was highest for the CIS, PPS and QP S speed strategies, which have 0, 2,
and 4 simultaneous eledrodes, respedively. With more than 4 simultaneous channels,
there was anaticedle drop in performance

Previous reseach has down that patients generaly perform better when tested
with the speed processng strategy they preferred when they first recaved their implant
(cite). Therefore, the pattern of results could be explained, at least in pert, as aleaning
effed since performancetended to deaease & afunction d stimulation nowlty. Thisis
discussed in more detail in Sedion 5.3.4.

The results for the CIS/PPS users are @nsistent with the speed processng
studies of Wilson et a. (1997 and Boex et a. (1996, in which it was demonstrated that
patients achieved significantly higher speech reaognition scores with the sequential CIS

strategy than with the simultaneous CA strategy. These results were gpparent for subjeds
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classfied as having high levels of clinicd performance & well as for subjeds with low

levels of performance (Wilson et al., 1995.

If temporal information were the only fador in speedt reagnition with cochlea
implants then SAS would consistently produce higher speed recognition scores than
CIS. This is because the anount of tempora information transmitted with a speed
strategy is adually greder with more simultaneous channels, e.g. SAS has the caability
of providing more temporal information than CIS. However, speed recognition did nd
simply improve & the anourt of tempora information increased, bu reated a plateau
with 4 simultaneous channels (i.e. QPS and then deaeased with a greaer number of
simultaneous channels. This result indicaes that there is a trade-off between improving
the temporal resolution with an incressing number of simultaneous channels and
introducing distortions from eledricd-field interadions. Hence the QPSstrategy defines

the upper boundary of “simultaneity” for most of the regular CIS/PPSusersin this gudy.
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5.3.2Speet Processng Strategies and Acoustic Features
The most difficult vowels for the CIS'/PPSusers to identify were those in “hod’

(i.e. /#/) and “head” (i.e. /o /). These results closely mirror those from the study by
Loizou, Dorman, and Powell (1998. In bah studies, /#/ was most often confused with
thevowelsin “had” (i.e. /ad) and“hud’ (i.e./ /). Thevowel spaceproximity between /#/
and / / could explain why these two vowels were interchanged. Both vowels have
similar F1 and F2 values, athouwgh /#/ tends to have adlightly higher F1. The confusion
between /#/ and /& is more difficult to explain in terms of the vowel space Insteal,
Loizou et a. (1998) suggest that the similar durations of /a¢ and /#/ might have

contributed to the substitution. Also, the vowels /#/ and /a¢ have the highest F1 values.

These two vowels are mainly differentiated by F2 frequencies. In the /hVd/ context, the
F1 transition is relatively static compared to F2 as the frequencies from the vowel move

into the fina /d/. The confusions between /#/ and /ad might have occurred becaise the

F2 transitions into the final consonant were not discernable.

The vowels most affeded by switching from the CIS to the SAS strategy were
those in “hod’ and “head” (i.e. a z«wo w VP DoGlV FKDQI 2z D Z1Lw W YRZ HO L
“hed” (i.e. /i/) and “who'd” (i.e. /u/). When the CIS/IPPSusers were switched to the
6  VWDWJI\ WH FRQIXVH a ZLw VHYHUD YRZ HO Kbyl vip Lo ) -F2 values, eg.

sometimes labeling it as /o / and aher times as the vowel in “hoed” (i.e. /o/) or “hood

(i.e. I+ ). For the vowd /#/, even more mnfusions were made with /ee/with the SAS

strategy than when the CIS/PPSusers were tested with CIS.



For consonant identificaion, the CIS/PPS users were most succesdul at

identifying the voicdessfricaives /s 5/. These two phoremes have energy spread aaoss

the frequencies (or eledrodes) and, therefore, they have alot of reduncancy. The

phoremes /s/ and /5/ are fairly static in that dynamic cues do nd contribute much to their

identification. They also do na differ substantially in duation. Therefore, the confusion

between /5 and /5/ with the SAS strategy may be due to a lossof spedral information.

The most change between CIS and SAS was with the cnsonants /k/ and /s/. The

small est change was with /g/ and /I/.

5.3.3.Speed Remgnition Performancefor CISand SAS Users

Sedion 3.3.3 @monstrated that the SAS users had lower levels of eledricd field
interadion than most of the CIS/IPPSusers. Hypcatheticdly, if eledricd field interadions
were the primary fador in speed recognition performance, then the SAS users oud
have gproximately the same level of speed recognition performance for al the speedt
strategies. However, speed recognition performance for the SAS users deaeased for
speed strategies with fewer simultaneous channels (i.e. PPSand CIS). This was the
oppasite pattern from the CIS users (see Figures 5.3.1.1— 5.3.1.3. As mentioned in
Sedion 5.3.1,the rate of stimulation is related to the number of simultaneously
stimulated eledrodes. A posshle explanation for the drop in speed recognition
performance for the SAS users is that they had become acaistomed to the higher rate of
stimulation provided by afully simultaneous drategy. When the temporal resolution was

reduced, so were their speed reagnition scores. For example, when SAS users were
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tested with CIS, /d/ began to soundlike /b/. In “ADA”, F2 increases from the initial
vowel into the cnsonant, and deaeases from the cnsonant into the fina vowel. In
“ABA” the oppaite pattern occurs. “ADA” shows more diange than “ABA”. Perhaps
the diredion and frequency extent of the transition is harder to deted with the CIS
strategy, which would invave temporal processng. Therefore, leaning appeasto be a

key fador influencing the speed recognition results of both the SAS and CIS users.
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5.3.4.The Effedsof Learning

Novel speed strategies are & a @mnsiderable disadvantage with aaute listening
trials [cite the ACE, SFEAK, CIS studies]. The subjeds in this dudy were generally
given orly 20-30 minutes of exposure to eat o the speet processng strategies, yet had
months to yeas of experience with their own strategy. The performance drop from
sequential to simultaneous grategies for CIS users may therefore be due, in part, to the
nowelty of the stimulus in addition to eledricd-field interadion. In contrast, the drop in
performance for SAS users from simultaneous to sequential strategies is independent of
eledricd-field interadion, since ededricad-field interadions are lesslikely to occur with
fewer simultaneous channels. For this reason, speed strategy performance for the SAS
users was heavily dependent on the nowelty of the stimulus and the richness of the
information celivered by ead strategy (e.g. temporal resolution).

Novel speed strategies exhibiting even a slight improvement from the patient’s
regular speed strategy have overcome a substantial barrier and may prove to be
significantly better with more listening experience. Speed recognition performance was
often higher with QPSthan with the patient’s own strategy. This is of particular interest
since the QPS speed strategy is quite different from the strategy used by most of the
subjedsin this dudy. This indicates that QPSmay be abetter speed processng strategy

for most of the patients tested in this gudy.



5.35. Speed Processng Strategies. Subjedive Descriptions
Prior to testing, the CIS/PPSsubjeds were asked to describe the sound guality of
ead speedt strategy. Multiple labels were dlowed for a particular strategy. Their

resporses were recorded and compiled in atable & siown below:

CIS PPS QPS HAPs SAS MEANS
Vibration 50.00 5.56 12.50 11.11 0.00 15.83
Soft 33.33 11.11 0.00 55.56 55.56 31.11
Muffled 61.11 33.33 25.00 100.00 83.33 60.56
Low Pitch 11.11 11.11 43.75 55.56 33.33 30.97
High Pitch 44.44 27.78 6.25 16.67 44.44 27.92
Machine-like 38.89 22.22 50.00 72.22 61.11 48.89
Static 88.89 33.33 18.75 22.22 0.00 32.64
Bubbly 16.67 11.11 0.00 22.22 33.33 16.67
Raspy/Gravely 16.67 16.67 25.00 22.22 0.00 16.11

Table5.3.4.1 Percentage of CIS/PPSusers who wsed this label to describe the speet
strategy. Numbersin red indicate the most common resporse for ead strategy.

It is important to pant out that the CIS/PPSusers labeled the HAPs and SAS
strategies as “muffled” and “soft”. A plausible reason for this is that the bipdar
stimulation wsed in HAPs and SAS might have made it difficult for the CIS/PPSusers to
attain sufficient loudressand clarity. This may be why these patients originally preferred
the CIS or PPSstrategies.

The static head with the CIS and PPSstrategies was described by many of the
patients as “bawmn frying” or buzzy. This badkground nase is due to the continuos
eledrode stimulation at eledricd threshdd (or T-levels) in the dsence of amustic inpu
(Boyd and Brill, 200Q Pauka, 1989. The static typicdly becomes imperceptible & the

level of stimulationincreases. For QPS SAS, and most of the dedrodesin HAPs, the T-
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levels are set to zero and therefore no badkground nase is perceived.” Typicdly during a
programming sesson the audiologist would deaease the T-levels for a CIS or PPS

strategy if the static persisted.

5.3.6.Future Directions

Soonit will be passble to dowvnload experimental speed processng strategies to
the patient’s geedh procesor. Oncethis happens, it will be important to evaluate speed
reagnition performance over longer periods of time. This will provide valuable
information for clinicians and reseachers on the time ourse for adaptation to new
speet processng strategies. It is possble that performance with QPScould beimproved
beyond that found with the patient's own strategy with sufficient listening exposure.
Also, eah speet processng strategy will have adifferent rate of speed recognition
improvement. Leaning rates can provide important clues to identify the aiticd

parameters for speed intelli gibility.

®The T-levels for the CIS or PPSstrategy were taken from the patients own MAP.
However, PPST-levelsfor CIS users and, likewise, CIS T-levels for PPSusers were
measured with the dinica programming software, SCLIN. T-levels were then deaeased
5 clinicd unitsfor ead eledrode.
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CHAPTER 6
THE RELATIONSHIP BETWEEN CHANNEL INTERACTION AND SPEECH
RECOGNITION PERFORMANCE

6.1 1ntroduction

In this Chapter, the relationship between eledrica-field interadion spread and
speed recognition performanceis determined with correlation and regresson
analyses. Theresults from the pil ot study demonstrated that there was a moderate
to strong relationship between speed reaognition performance and the locd
eledricd interadions arising from simultaneous, adjacent eledrode stimulation.
Asédedricd-field interadion deaeased, speed reaognition performance usually
increased. Thisrelationship indicates that patients with more dedricd-field
interadiontendto have more difficulty perceving speed than patients with less
eledricd-field interadion. The present study further examines this relationship
by correlating speed recognition performancewith the extent of eledricd-field
interadion along the mchlea
A secondaim of this Chapter was to investigate the hypothesis that eledricd-field
interadion is more strongly related to speed recgnition wing a fully simultaneous
speet processng strategy (i.e. SAS) than with a sequential strategy (i.e. CIS). Since
sequential stimulation avoids the problem of eedricd field summation commonly
encountered with cochlea implants, correlations would be relatively wedker for CIS than
SAS. Therefore, separate correlations were cdculated for speed reagnition with CIS

and with SAS.
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Separate wrrelations were dso made for vowel, consonant, and sentence speed
reagnition. This produced six separate arrelations. vowel recgnition with SAS and
CIS, consonant reaognition with SAS and CIS, and sentence reaognition with SAS and
CIS. The separate crrelations for vowels and consonants were used to determine if
interadion spread was more disruptive to the anplitude-envelope or spedral feaures of
speed as measured by the identification d consonants and vowels respedively.

The final aim of the Chapter was to use regresson analyses to explore the various
fadors contributing to speed reaognition performance in addition to eledricd-field
interadion. These fadors are & follows. the duration d heaing loss defined as the
amourt of time the patient experienced a mild to severe heaing loss duration o
dedness defined as the anourt of time with a profound leaing lossprior to oltaining a

cochlea implant; duration d cochlea implant use; and the patient’s age.
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6.2 Results and Discusson
The following sedions discussthe results from the CIS/PPSusers only, since
there was an insufficient number of SAS users (n=4) for the correlation a regresson

analyses.

6.2.1.The Relationship between Eledrical-field interaction and Speed Remgnition
Performance

Separate rrelations were cdculated for CIS and SAS vowel, consonant, and
sentence reaognition. Since CIS uses monopdar stimulation and SAS uses bipdar
stimulation, CIS speed recognition performance was correlated with monopdar
interadion spreal (as measured by the aeaunder the interadion spreal curve) and SAS
speedt recognition performance was correlated with bipoar interadion spread.

Figure 6.2.1shows the results for ead condtion. A moderate to strong negative
correlation was found ketween interadion spread and SAS speed recognition, whereas a
relatively wed& relationship was found letween interadion spread and CIS speedt
reagnition. The SAS correlations are @wnsistent with the hypathesis that simultaneous
stimulation will only yield high speed reaogniti on scores when the anourt of eledrica-
field interadionis absent or substantialy reduced.

There ae two reasons why the SAS condtions produced higher correlations than
the CIS condtions. First, CIS is a sequentia strategy, and becaise eat eledrode is
stimulated in turn, CIS avoids eledricd field summation. It is quite peauliar then that the
CIS correlations from the pil ot study were so high! Posdble reasons for this discrepancy
are discussd in Sedion 6.2.4. The secondreason for the higher SAS correlations is that
simultaneous monopdar stimulation produces roughly the same anount of eledricd-
field interadion, yet there was a wide range of speed reagnition abilities aaoss

subeds.

93






“pued 1yb1i 8yl ulale SUoIr P.IIM 32UBJUSS pue ‘jpued 8 jppiw

B} Ul 3Je Ssuo e .109 JUeuosuod ‘pued 1j9]8Yl Ul UMOUS 8.Je SUOIRPII0D PMOA 'SUOIRPII0D SVS J0) pasn sem pealds uoipessiul
JejodQg pue suoirpLIod S| J0) pash Sem ralds uoipeeiul epdouo|n “(Spued Jomoi) Abarels SYS Jo (Spued jeddn) S1D 8y

10} 21025 Pallod 1wedked aylsisixe-Aayl ‘palgns wpea JojaAind pealds uoipeselul 8yl Jgouneak aylSi ‘sixe-X ayluo UMous ‘pealds
uolpeRlu| ‘pealds uoipeelul pue S9103s Uo Nubal Wpaads SS pue SO amieq diysuoireplayl MO SUoIrRpLIo) Tz 9ainbiH

(ww x ww) peaids uonoeiaiu| 49 (ww x yw) pealds uonoeiaiul 49 (ww x W) peasds uonoelalul 49

uoniubmay Wpaads pue peads uoloeialu| bampg diysuoiepy

0t 8 9 ¥ ¢ O w 0T 8 9 ¥ 2 0 w 0 8 9 ¥ 2 0 n
o 0o > 0o >

o n ° @)
0c 3 ® 0z T 0z T

@ @ ]

oy o e OV o or a3

@ o ® ®

® 0 3 Se0o S 09 3

08 O

0L-=1 S 99'- = 8 9 11-=1 08 O
00T = 00T = 00T =

o @ )

2 1] 2]

Sadualuas sjueuosSu0) S|9MOA
(ww x ww) peasds uonoesaiul Jw  (Ww x ww) pessds uonoeiaiul JW  (Ww X ) pealds uonoelaiul diN
0T 8 9 ¥ 2 0 0T 8 9 ¥ 2 0 0T 8 9 ¥ 2 0

0 Q 0 @] 0 Q

n ° n . n

® 0¢ e ) 0 g oy =1 ° 0z g

L ov w or m ® ot m

0 3 e "yl 3 ’ ¢ o S

° Q) o 08 08

2z -=1 ~. 08 o JT-=1 [ J dOu w
00T = 00T = 00T =

(¢ (9} [¢°]

2 2] =]

S8Jusluss sjueuosuo) S[OMOA



6.2.2.The Relationship Between Acoustic Features and Channel Interaction

Slightly stronger correlations were foundfor vowels than consonants. In addition,
Figure 6.2.2 demonstrates that consonant placeof-articulation (e.g. labial, aveolar, velar)
was more strongly correlated with interadion spread than the consonant fedures of
voicing (e.g. vaiced and unvaced) and manner (e.g. stop, fricative, affricate, nasa or
glide). These results indicae that eledricd-field interadion is more harmful to speet
stimuli that rely heavily on the processng of spedral cues. Eledricd-field interadion
may smea the boundxries between spedra pedks or introduce derrant pegks, making it
difficult to dstinguish between neighbaing formants. The acnsonant feaures of voicing
and manner were relatively well resolved in the presence of eledricd-field interadion
since fairly course spedral cues and temporal envelope information are sufficient for
identifying these fedures (Fishman et a., 1997 Rabinowitz and Eddington, 199%
Shannonet al., 1995 Van Tasdll et d., 1987, 199

Voicing showed a stronger relationship with eledricd-field interadion than
manner. Most of the voicing errors occurred with fricaives. When the CIS/PPSusers
were tested with CIS, vaicing errors occurred within the same place céegory (e.g. velar
/g/ confused with /k/; labio-dental /v/ confused with /f/). When tested with SAS, voicing
errors were ajain confused within the same place céegory for aveolar /s/ with /z/,
however, the confusions were even more extreme where manner, place and vacing cues

were disrupted (e.g. bilabia stop /b/ with labio-denta fricaive /v/; postalveolar affricate

[F</with aveolar stop/t/). = The a®oustic cues for consonant voicing depend on F1
information and the relative timing of events aaoss frequencies. If eledricd-field
interadion Hurs the boundiries between formants, then it would be difficult for alistener

to Oeted the  onset or off set of a neighbaing  formant.
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6.2.3.0ther Factors Contributing to Speet Reagnition Performance

Multi ple regresson analyses examined the relative cntributions of eledricd-field
interadion, age, duation d dedness duation d heaing loss and cochlea implant
experience to CIS and SAS speedt remgnition performance  For the SAS condtions,
eledricd-field interadion had the gredest contribution to speed reacognition
performance, followed by the duration d dedness The fadors combined acourted for
47% of the variance in SAS speed reaognition scores for consonants, 7% for vowels,
and 53% for sentences. For the CIS conditions, the fador(s) having the greaest influence
on speed reaognition performance varied depending on the speed task. Eledricd-field
interadion and the duration d heaing loss had the greaest influence on CIS vowel
reaogniti on scores, and the fadors combined acounted for 92% of the variance Almost
al the fadors had an equal contribution to CIS sentence scores, acourting for 33% of
the variance In contrast, orly 17% of the variance in CIS consonant scores could be

explained.
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6.2.4.Comparisonswith Pilot Data

The orrelations between eledricd-field interadion and speed recognition

performance were dli ghtly higher with the pil ot data than in the present study.

Two reasons for this result are discussed below.

First of all, the Hi-Focus subjeds were not included in the crrelations for the
pilot study. When the Hi-Focus data was included, the arrelations dropped. This may
be related to the finding that the Hi-Focus patients typicdly did na have dedricd-field
interadions even with adjacent masker+probe pairs.

Sewnd, CIS is squentia, bu has 4nsec of overlap between adjacent pulses.
Therefore, CIS would only be subjeded to eledricd-field interadions between adjacent
eledrodes. In the pilot data, the speed scores were rrelated with the magnitude of
channel interadion between ADJACENT eledrodes. In the present study, were
correlating speed scores with interadion spread, a the pattern o interadion as a
function d masker, probe separation. Therefore, the magnitude of channel interadion

occurring locdly would be abetter predictor of CIS speed recognition than the aeaof

interadion spread.
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CHAPTER 7

General Discusson

When cochlea implants were first introduced commercialy in the mid 196G
most clinicians and reseachers hoped that the prosthesis would help alimited number of
patients achieve some degree of heaing sufficient for deteding speedh and
environmental sounds. Since that time, the cmbined efforts from many disciplines,
including bioengineaing, speet and heaing science and aolaryngology, have led to
developments with cochlea implants that have far exceealed these expedations. Today
the achlea implant has beaome the most successul implanted prosthesis to interface
with the human sensory system.

Although the number of “star” performers has increased since implants were first
introduced, there still remains substantial variability acdoss patients. The variability in
patient performance can be dtributed to several fadors, many of which were examined in
this dissertation, including the duration of dedness cochlea implant experience
eledricd-fied interadions, speed processng strategies, and eledrode design. Eledrode
interadion was clealy associated with speed reagnition performance and therefore
needs to be taken into consideration duing the evaluation and fitting of cochlea implants
to bring abou the most benefit for ead individual patient.

The type of stimulation wsed in speed processng strategies can aso influence
spped inteligibility. Speed processng strategies that stimulate multiple dedrodes
simultaneously (i.e. CA and SAS) are nat effedively used by a substantial number of
patients. The results from this dissertation indicae that eledricd-field interadions
appea to be amagjor limiting fador. As sich, the range of speed processng strategies

available to ead petient is restricted and the patentia benefits of simultaneous drategies
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(or hybrids such as HAPs) will not be reacognized urtil eledricd-field interadions can be
further reduced.

The dissertation also demonstrated that eledrode design modificaions, such as
the silastic buffers and eledrode positioner of the Hi-Focus eledrode, reduce dedricd-
field interadions considerably. Recent studies examining eledrodes that adieve
modiolar proximity and their effed on current levels have motivated ather cochlea
implant manufadures (i.e. MedEl and Cochlea Corp.) to join in the seach for new
eledrode designs and pasitioning techniques to reduce arrent spread and eledricd-field
interadions.

The mupging mode used in simultaneous dimulationis aso amajor contributor to
eledricd-fied interadions. This gudy demonstrated that more focused stimulation, i.e.
bipadar stimulation, is required with simultaneous eed strategies to avoid interadions.
Reseachers are airrently investigating ways to produce eren more highly focused
current fields with new couding modes, such as the quadrupdar mode, in hopes that they
may further reduce dedricd-field interadions (Jolly et a., 1996).

The subjeds in these experiments clealy showed a preference for a particular
speeh processng strategy, bah in ther level of performance and the subjedive
descriptions for eat o the strategies. In fad, subjeds showed the best performance with
the speed processng strategies most similar to their own. For the CIS/PPSsubjeds,
lower speed recognition performance occurred when the dedrode stimulation becane
more simultaneous, e.g. the highest speed recogniti on scores were obtained with the CIS
strategies, midrange scores occurred for the HAP strategy, and the lowest scores were
produced with the SAS strategy. In contrast, the SAS users showed the oppasite pattern -
higher speed reaognition scores with the SAS strategy and the lowest scores with the
CIS strategy. These results can be partly attributed to eledricd-field interadion (for the
PPSCIS users) and to stimulation rate (for the SAS users). However, it is presently

unclea whether the pattern of performance was grictly the result of the dedricd
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stimulation a aso influenced by a leaning effed, since the subjeds had more li stening
experience with their own strategy. Longer listening trials with ead of the speet
strategies may help answer this question.

It was claimed that if a patient shows higher performance with a novel speedt
strategy, then it can be inferred that the new strategy is better suited for that patient. The
QPSstrategy was one strategy that appeaed to hdd promise. Speed recognition scores
were ather close to those with the patient’ s own strategy or better. Therefore, QPSisone
strategy that shoud be eraluated with prolonged expasure to determine if the higher rate
of stimulationis beneficial.

This dissertation hes combined psychoptysicd, signa processng, and speedt
reaognition tasks to demonstrate the relationship between eledricd-field interadions and
speet recognition performance Although previous gudies in this areahave aldressed
eledricd-field interadions in cochlea implants, nore have cmbined these techniques to
measure the aiticd link between speed intelli gibility and eledrode interadions. These
experiments were the first step towards uncovering the detrimental effeds of eledricd-
field interadions on speedt reagnition performance Future studies will be needed to
diredly address how to take dedricd-field interadions into acourt when fitting a

cochlea implant.

102



Appendix A

Continuous Interleaved Sampler (CIS)

CIS is anorsimultaneous, pusatile speet processng strategy that uses a monopdar
couping mode. The CLARION CIS strategy delivers pulsatile stimulation at the rate of
6,500 puses per second (pps) with a pulse width of 75 v skovs 7k &, vwows
stimulates the dedrodes squentialy from apex-to-base (i.e. 1,2,3,4,5,6,7,8 However,
with this type of stimulation, temporal interadions may occur as the result of current
spread. For example, if eledrode 4 is gimulated, it’s current might spreal to and effed
the neural resporse to eledrodes 3 and 2in the gicd diredion and eledrodes 5 and 6in
the basal diredion. When eledrode 3 is subsequently stimulated, the underlying neural
popuation may be in recvery from the previous gimulation d eledrode 4 and may only
respondin awed manner or nat at all. With the CIS strategy, the dedrodes can aso be
stimulated in a non-sequential manner, thereby reducing the potential for bath temporal
and spatial interadions. Staggered stimulation may be the optimal choicefor CIS users if
eledricd-field interadion is only a cncern for neighbaing eledrodes. An example of

staggered stimulationwould be asfollows: 1,5,2,7,3,8.

Paired Pulsate Sampler (PPS

The PPSstrategy is a partialy simultaneous, pusatile speed strategy that shares sosme
fedures with CIS (e.g. monopdar stimulation). However, instead of stimulating one
eledrode & a time, two eledrodes are stimulated simultaneously. Three éedrodes
separate simultaneous eledrode pairs in the default PPSdesign. For example, eledrodes
1 and 5 are stimulated together, then 2 and 6, 3and 7, and so on. Becaise of the
simultaneous gimulation, the rate is incressed to abou twice that of the CIS strategy
(PPS 13,300 pp; CIS: 6500 p). The same pulse width is used for both strategies (75
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N¥/phase). The increase in the rate of stimulation provides better tempora resolution,

which may improve speed recognition d transient speed events (Loizou, 1999.

Quadruple Pulsatil e Strategy (QPS

The QPS strategy is also a partidly simultaneous, pulsatile strategy like PPS bu
stimulates 4 eledrodes at a time instead of two. One dedrode separates sSmultaneous
channels in the QPSstrategy. All odd numbered eledrodes are stimulated together, i.e.
eledrodes 1,3,5,and 7,then al the even nunbered eledrodes are stimulated together, i.e.
2,4,6,and 8. The QPS strategy has the same pulse width as PPSand CIS (i.e. 75
N¥/phase) and stimulates at a pulse rate of 3.3 Kpps. QPShas a higher stimulation rate

than either PPSor CIS. QPSuses monopdar stimulation.

The SAS speed processng strategy delivers smultaneous analog waveforms to channels
1-7. Therate of stimulationis 91,000 pg. SAS uses the bipdar stimulation mode. For
the standard Clarion eledrode an “enhanced hipolar” coupding mode is used, with an
adive media eledrode referenced to the lateral eledrode of the adjacent, basal eledrode
pair. The Hi-Focus eledrode uses two adjacent medial eledrodes to generate abipolar
current field. Therefore, eledrode 8 is excluded from SAS stimulation since there is no

basal eledrode beyondeledrode 8 for couging.

brid | |stile ;
The HAP strategy combines CIS and SAS speed processng, using pulsatile waveforms
for CIS eledrodes and analog waveforms for SAS eledrodes. For this gudy, the HAP
strategy delivers SAS stimulation onapicd channels 1-5 and CIS stimulation to basal

channels 6 and 7. The potential for eledricd-field interadions, due to poa nerve
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survival in the basal end d the cochlea can be avoided with sequential stimulation in
those dhannels. The alvantage of using a simultaneous, fast rate stimuli on apicd
channels is to preserve temporal and spedral information in the low and midrange
frequencies. Therate of the HAP strategy is related the number of simultaneous channels
using SAS.
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