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ABSTRACT

Cochlear implants are devices that aim to restore a measure of hearing to the deaf by
converting acoustic signals to electric stimuli delivered to electrodes implanted in the inner
ear. Theoretically, the phased array stimulation strategy described by van den Honert and
Kelsall (2007) provides much better control over the neural excitation patters elicited by
electric stimulation by taking advantage of potential field superposition in the implanted
cochlea, to construct stimuli for optimally selective excitation of auditory nerve fibers.

If the phased array strategy can be implemented using a commonly-implanted commercial
cochlear implant system, the strategy could be effectively evaluated in a relatively large
sample of patients to determine whether it provides better speech reception than currently
available systems. This thesis investigates whether the phased array strategy can be
implemented using the Advanced Bionics Clarion CH or HiRes90k cochlear implant.

It is shown that for realistic cochlear implant electrode impedance magnitudes, the Advanced
Bionics cochlear implant current sources will deliver monopolar current suitable for the
necessary measurement of transimpedance with less than 7% error.

Transimpedance matrix estimates were obtained in 11 ears in 10 cochlear implant subjects.
Measurements reveal that in some test subjects, low impedance current paths exist between
implanted electrodes that may cause current leakage through unintended electrodes.
Researchers and clinicians should consider using this transimpedance matrix estimation
technique to screen for patients or research subjects who could benefit from compensatory
changes to their speech processors.

The results of this thesis suggest that the phased array strategy can be implemented
successfully when the limitations of the internal power supply documented in this document
are taken into account. It is recommended that the transimpedance matrix in a given test
subject be measured on the day of any psychophysical testing because of the potential impact
of variability in transimpedance over time.

Thesis Supervisor: Donald K. Eddington

Title: Associate Professor of Otology and Laryngology, Harvard Medical School
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CHAPTER ].BACKGROUND AND SIGNIFICANCE

1 Background and Significance

1.1 Cochlear Implants

The cochlear implant is a neural prosthesis designed to convey acoustic information to a

sensorineural deaf listener via electric stimulation of surviving auditory nerve fibers. In

today's "multichannel" cochlear implants, stimulation of the auditory nerve is accomplished

with a multiple-electrode array that is surgically inserted into the scala tympani at the base of

the cochlea to a depth of approximately 20-30 mm (Adunka & Kiefer, 2006). The electrode

contacts are distributed along the spiraling (longitudinal) axis of the scala tympani, in parallel

with the tonotopically organized array of surviving auditory nerve fibers. High characteristic

frequency fibers are located at the cochlear base, and progressively lower characteristic

frequency fibers are located toward the apex (Liberman, 1982; Greenwood, 1990). By

controlling the stimulus waveforms at each electrode site, cochlear implants attempt to

differentially excite discrete regions of the auditory nerve independently (each region

consisting of fibers having a narrow range of characteristic frequencies) to encode spectral

information as a function of cochleotopic position.

The components of a typical commercially available cochlear implant are illustrated in

Figure 1-1. Sound is captured by a microphone positioned behind the ear or at the entrance to

the ear canal. A sound processor analyzes the sound signal, coarsely imitating the frequency

analysis that occurs in the normally functioning cochlea (Loizou, 1998). The sound processor

then sends instructions across a transcutaneous radio-frequency link to a package of

electronics surgically placed just under the skin. The implanted circuitry receives and decodes

commands from the sound processor that control the stimulator containing current sources that

deliver electric current into the scala tympani through the implanted electrode array.

Today's electrode arrays contain up to 24 intra-cochlear electrodes intended to produce

excitation at distinct cochleotopic sectors along the auditory nerve. However, under

monopolar stimulation (the most commonly used stimulation strategy today), where all

stimulus current from individually activated scala tympani electrodes is returned to an

extracochlear ground electrode, broad excitation patterns across the array of auditory nerve

13
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fibers arise due to current spread in the ionic fluids of the cochlea (van den Honert &

Stypulkowski, 1987). This is thought to limit the spatial selectivity of electric stimulation, and

ultimately to reduce spectral resolution in cochlear implant listeners (Friesen et al., 2001;

Litvak et al., 2007b).

External Internal
Coil Coil

Microphone and Stimulator
S o u nd P rocesso r A d t r

Auditory
Nerve

Electrode
Array

Figure 1-1: A Typical Cochlear Implant The external components of a cochlear
implant are a microphone and sound processor to receive and analyze sound signals
respectively. Communication with the implanted components is accomplished through a
radio-frequency link across the skin. The implanted portion of the device consists of a
stimulator containing current sources, and an electrode array with electrode contacts
arranged along the scala tympani. (Illustration courtesy of the National Institute on
Deafness and Other Communication Disorders)

In this thesis, the feasibility of implementing a multipolar stimulation strategy termed

"phased array" stimulation by van den Honert & Kelsall (2007), is evaluated in patients

wearing commercially available Clarion CH or HiRes90k cochlear implants manufactured by

the Advanced Bionics corporation (Advanced Bionics, Valencia, CA). The phased array

strategy involves activating all scala tympani electrodes simultaneously with waveforms of

specified magnitudes and phases designed to accomplish "current focusing" to achieve

improved spatial selectivity relative to monopolar stimulation. Advanced Bionics implants

were considered exclusively in this study, because unlike other available devices, these

contain 16 independently programmable current sources to control each of 16 scala tympani

electrodes.

In the following section (Section 1.2), the design strategies and signal processing

techniques used today's cochlear implants are described. In Sections 1.3 through 1.5,
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performance-limiting factors in cochlear implant listening are identified, and the hypothesis

that spatial selectivity and spectral resolution are degraded under conventional cochlear

implant stimulation is developed. In Section 1.6, the theoretical principles underlying the

phased array stimulation strategy are then described, and the concept of the transimpedance

matrix (van den Honert & Kelsall, 2007), which must be known for the successful

implementation of this strategy in an implanted ear, is introduced.

In Chapter 2, measurements obtained using an Advanced Bionics cochlear implant

stimulator mounted on the laboratory bench are presented to characterize the hardware, and to

document the degree to which phased array stimulation might be implemented (and, therefore,

tested) in the current population of patients who are implanted with a similar device.

In Chapter 3, estimates of transimpedance matrices are presented for 11 cochlear implants

in research subjects, and recommendations are made to aid in the future development of

phased array cochlear implants. All of the measurements made in human subjects described in

Chapter 3 were approved by human studies committees at both the Massachusetts Institute of

Technology and at the Massachusetts Eye and Ear Infirmary.

1.2 Design Considerations for Speech Coding in the Auditory Nerve

The most important goal for the designers of today's cochlear implants is to provide or

restore an understanding of speech to the listener. To this end, electric stimulation patterns

computed by the cochlear implant sound processor, and presented through the electrode array,

must elicit neural discharge patterns that represent acoustic-phonetic information in the speech

waveform, mimicking the information-bearing discharge patterns that are produced across

auditory nerve fibers during acoustic hearing. It is thought that if normal patterns of auditory

nerve activity could be elicited with a cochlear implant (i.e. those same patterns that would

occur in a the auditory nerve of a normal hearing listener during acoustic listening), and if the

patient's central auditory system is intact and receptive to afferent neural activity, normal

levels of speech recognition could theoretically be achieved (Kiang & Moxon, 1972; Moore,

2003; Rubinstein, 2004).

15
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Today's cochlear implant signal processing strategies attempt to either preserve all

spectro-temporal information in the speech waveform as reliably as possible (Kiang &

Moxon, 1972; Eddington, 1980; Wilson et al., 1991), or extract the "features" thought to be

most relevant for speech recognition (Clark et al., 1987; McDermott et al., 1992; Skinner et

al., 1994). Patterns of current are then presented through the electrode array to elicit spatio-

temporal patterns of auditory nerve activity that encode the processed information (Moore,

2003; Rubinstein, 2004). Today's implants attempt to match acoustic excitation patterns along

the length of the electrode array, but dot not attempt to match excitation at apical nerve fibers

having characteristic frequencies less than a few hundred Hertz.

1.2.1 Speech Recognition Requires a Neural Representation of Spectral Shape

Speech recognition in normal hearing requires the listener's auditory system to identify

the time-varying configuration of the speaker's vocal tract during speech production. The

vocal tract's transfer function contains essential information for speech-sound discrimination,

such as instantaneous vocal tract formants (Flanagan, 1972; Stevens & House, 1972) and

dynamic formant transitions (Delattre et al., 1955). This phonetic information is accessible in

the time-varying spectral shape of the acoustic speech signal (i.e. the peaks and valleys in the

amplitude spectrum). The normal ear performs a complex mechanical analysis of the acoustic

signal and encodes this essential spectral shape information in the spatio-temporal population

response of auditory nerve fibers (Sachs & Young, 1979; Young & Sachs, 1979).

1.2.2 Conveying Spectral Shape Information by Restoring the Place Code

To extract spectral shape from a sound signal, cochlear implant signal processing

strategies are usually informed by some simplified model of normal peripheral auditory

physiology (Kiang et al., 1979; Eddington, 1980; Wilson et al., 1991; McDermott et al., 1992;

Skinner et al., 1994; Loizou, 1998). One straightforward model for speech coding in the

auditory nerve, which most conventional cochlear implant sound processors adopt, is based on

the place principle, which views the cochlea as a mechanical analyzer that separates

frequencies along its tonotopic axis. This model predicts that each auditory nerve fiber will

respond to low-level speech by increasing its firing rate primarily during times when energy is
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present in the speech signal near the fiber's characteristic frequency (Kiang & Moxon, 1972;

Sachs & Young, 1979)'.

Cochlear implants attempt to encode spectral information along the tonotopic axis

according to the above place principle by producing electric stimulus waveforms derived from

the time-varying spectral shape of the acoustic signal at each spatially separated

(cochleotopic) electrode location (Kiang et al., 1979; Eddington, 1980; Loizou, 1998). Much

of today's cochlear implant research, including the work presented in this thesis, is directed at

modifying cochlear implant stimulus patterns to achieve more precise stimulus coding in the

auditory nerve, and to better represent the spectral shape information essential for speech-

sound discrimination and labeling.

1.2.3 Conventional Sound Processing in Cochlear Implants

The major components in a typical cochlear implant sound processor are illustrated in

Figure 1-2. An acoustic signal is first captured in the listening environment by the externally-

worn microphone. Because the dynamic range for loudness in cochlear implants is much

smaller than the range of sound levels present in everyday listening situations (Shannon,

1983a), the incoming sound signal is compressed using some nonlinear mapping function

(Loizou, 1998). The compression stage is either applied at the front-end (as depicted in Figure

1-2) or at the output stage prior to each current source, or at both the input and output stages.

This first-order approximation ignores many complex features of mechanical processing in the
normal cochlea, including the high sensitivity and frequency selectivity resulting from the "active" non-
linear amplification by outer hair cells, as well as the effects of two-tone suppression, neural responses
to distortion products and efferent inhibition (Robles & Ruggero, 2001). The place model does not
realistically account for the precise temporal discharge patterns found across auditory nerve fibers in
response to speech sounds (Young & Sachs, 1979), nor does it account for neural adaptation (Kiang et
al., 1965), or the stochastic response patterns across fibers (Litvak et al., 2003). Finally, no distinction is
made between populations of auditory nerve fibers which normally differ in spontaneous firing rate,
threshold, and dynamic range (Liberman, 1978). Because all of these aspects of normal physiology are
incompletely understood, and the ability to reproduce them with a small number of scala tympani
electrodes is limited, they will not be considered further. See Kiang & Moxon (1972) and Moore (2003)
for thorough considerations of the major differences between stimulus coding in acoustic and electric
hearing.

17



18
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Figure 1-2: A Cochlear Implant Sound Processor Sound processing in a cochlear
implant involves compressing an acoustic signal into a narrow dynamic range, and
separating the energy in the signal into discrete frequency bands using an array of band-
pass filters. In early Compressed Analog processors, the waveforms at the outputs of the
band-pass filters were presented directly to individual electrodes in the array. In the
Continuous Interleaved Sampling (CIS) processing strategy, the envelopes of the band-
pass signals are used to modulate electric pulse trains, which are temporally interleaved
and sent to the electrodes. Each electrode, E1, E2 , E3 , etc., is positioned to excite local

populations of auditory nerve fibers with a narrow range of characteristic frequencies.

A bank of band-pass filters is employed to separate the signal into distinct frequency

"analysis channels." This spectral analysis mimics normal cochlear function, where frequency

components are mechanically separated along the basilar membrane. The total number of

analysis channels used by a sound processor (16 in today's Advanced Bionics implants)

represents an upper limit for the spectral resolution of the device2. The number of channels

necessary for adequate speech recognition remains an open question, and the degree to which

channel independence is limited during electric stimulation using conventional methods is of

particular interest to this work.

2 In some sound processors, only a subset of available channels (those with the highest energy) is

selected for use during a given "temporal frame" (e.g. McDermott et al., 1992). In such processors, the

number of channels in this subset represents an additional limit on spectral resolution.

Auditory
Nerve

Apex Low
Freq.

HighBase Freq.
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For each frequency channel, an electrode contact is positioned along the tonotopic axis of

the cochlea, as shown on the right side of Figure 1-23. This spatial separation of electrodes

allows for the production of electric stimuli near the cochlear base when high frequency

energy is present in the acoustic signal and for the production of stimuli near the apical nerve

fibers when low frequency energy is present. In the Advanced Bionics HiFocus electrode

array, electrode contacts are regularly spaced 1.1 mm apart, and are numbered El through E16

from apex to base.

Differential stimulation patterns across electrodes are intended to excite discrete

populations of auditory nerve fibers to implement a place code, so that gross spectral shape

information might be encoded as a function of cochleotopic position (Merzenich & White,

1977; Eddington et al., 1978; Clark et al., 1978; Loizou, 1998). Ideally, each electrode would

excite only a spatially local population of auditory nerve fibers to reduce the possibility of

electrodes exciting overlapping neural populations. The spatial overlap of excitation patterns

could impair the ability to encode spectral shape, as will be discussed.

1.2.3.1 Compressed Analog Sound Processors: Simultaneous Stimulation

In early Compressed Analog sound processors, the analog waveforms at the band-pass

filter outputs were presented directly to each electrode in an attempt to preserve all possible

information within each frequency band (Eddington, 1980). As will be discussed, the

simultaneous activation of electrodes in this approach can lead to interactions between

analysis channels due to summation of the potential fields that result from stimulation at the

individual electrode sites (Eddington et al., 1978; Shannon, 1983b; White et al., 1984; B6ex et

al., 2003a; Stickney et al., 2006).

It is now apparent that significant information preserved by Compressed Analog sound

processors is imperceptible in many cochlear implant listeners, who appear unable to detect

rapid temporal fluctuations in electric stimuli within each channel (Wilson et al., 1991). For

example, although pitch increases with the frequency of analog sinusoidal stimulation applied

to a single electrode at low frequencies, it ceases to change as the stimulus frequency is

3 The illustration in Figure 1-2 assumes that a common return electrode is located outside the
cochlea and electric current is sourced through each "monopolar" electrode. In some electrode arrays,
stimulation is accomplished using closely spaced "bipolar" electrode pairs for each analysis channel.

19
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increased beyond 300-400 Hz (Shannon, 1983a), even though phase locking to electric

stimulation in single units occurs well beyond this limit (Dynes & Delgutte, 1992).

Fortunately, studies of speech recognition in normal hearing listeners suggest that speech can

be highly intelligible in quiet without fine-structure information (i.e. the instantaneous phase),

provided that the more slowly varying amplitude cues (i.e. the temporal envelopes) are

preserved within a few broad spectral bands (Shannon et al., 1995; Smith et al., 2002).

The findings that rapid temporal fluctuations are not detectable in cochlear implant

listeners but may be unnecessary for speech recognition in quiet, have led researchers to

discard fine-structure information when convenient in developing today's stimulation

strategies, which avoid the simultaneous activation of electrodes.

1.2.3.2 CIS Sound Processors: Non-Simultaneous Stimulation

In 1991, Wilson et al. introduced the Continuous Interleaved Sampling (CIS) processing

strategy, which implements pulsatile (as opposed to analog) stimulation. The components of a

CIS processor are shown within the dashed box in Figure 1-2. In this scheme, rather than

presenting the waveforms at the band-pass filter outputs directly to the electrodes, the

envelopes are extracted, and fine-structure, which cochlear implant listeners could not

perceive in Compressed Analog waveforms, is discarded. The within-channel envelopes are

used to amplitude modulate trains of temporally-interleaved biphasic pulses (sometimes with

further amplitude compression on each channel). High pulse rates (>800 pulses per second)

are usually employed to track the envelope fluctuations in each frequency band (Wilson et al.,

1991).

The interleaving of pulsatile stimuli across electrodes in CIS provides a key advantage

over Compressed Analog processors. Current pulses are sent to each electrode sequentially, so

no two electrodes are ever activated at the same time. As will be discussed, this temporal-

interleaving of pulses reduces interaction between electrodes (Eddington et al., 1978; White et

al., 1984; Favre & Pelizzone, 1993; Boex et al., 2003a; Crema et al., 2009), and improves

speech recognition scores over simultaneous analog stimulation in most cases (Wilson et al.,

1991; Boex et al., 1996). All of today's commercially available sound processors support

some variant of the CIS processing strategy.
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1.3 Performance With Cochlear Implants Needs Improvement

Figure 1-3 illustrates levels of performance found in a survey of 211 patients with

monolateral implants, on a test of monosyllabic "consonant-nucleus-consonant" (CNC) word

recognition in quiet. Median performance was 50% correct, with individual patients achieving

scores from zero to nearly 100% correct. Substantially lower scores would be expected with

the addition of background noise or reverberation.

40 N = 211
- Date of Activation: -
- 1/1/2004 - 1/14/2010 -

- Days Post-Activation: >60
.2 30 - Median Score: 50% 

a)

b 20

E
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Figure 1-3: Cochlear Implant Patient Performance Distribution of maximum word

scores for monosyllabic word recognition of 211 patients at the Massachusetts Eye and
Ear Infirmary. Data include CNC test results from all patients with monolateral implants

activated from 1/1/2004 to 1/14/2010 with at least 60 days experience with their implant
at the time they were tested. For each patient, the maximum test result was used. The

sample includes all post-lingually and congenitally deafened individuals. (Data provided
by Eddington and Herrmann, 2/2010, personal communication)

Those individuals who score greater than 75% correct on this test tend to recognize simply

connected speech in everyday listening situations, and converse fluently without the aid of lip-

reading. These data demonstrate that for the majority of patients using today's implants,

performance does not meet this level considered necessary for everyday speech

communication.
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1.4 Identifying Limitations on Speech Recognition in Cochlear Implant

Listening

Much of today's research in cochlear implants is aimed at identifying factors that limit

speech reception performance, and at devising methods to overcome those limitations. Here,

potential performance-limiting factors are separated into two categories: 1) factors associated

with the sound processing system, and 2) factors associated with the implantee.

1.4.1 Potential Sound Processor-Related Limitations (Friesen et al., 2001)

It is possible that information necessary for conversational speech recognition, which is

present in the original sound signal, may be discarded, distorted, or sub-optimally presented to

the implantee by the cochlear implant sound-processing strategy. For example, the methods

used by cochlear implants to mimic a place code for spectral shape information are

oversimplified compared to the detailed mechanical processing of the normal cochlea (see

footnote 1 in Section 1.2.2). Moreover, cochlear implants use a relatively small number of

spectral analysis channels (16 in the Advanced Bionics implants) to coarsely encode spectral

shape information (Section 1.2.3). Finally, modern CIS processors preserve within-channel

envelope information, but discard fine-structure. If all the information remaining in the

processed signal of a cochlear implant is received by a poorly-performing listener, then the

only way to improve performance would be to change the sound-processing strategy to

increase the information content.

A study by Friesen et al. (2001) directly addressed questions of sound processor-related

limitations on speech reception. These researchers compared speech reception scores of

cochlear implant users wearing experimental sound processors with scores of normal hearing

individuals listening to speech processed by a cochlear implant "simulator." The simulator

(sometimes called a noise vocoder) was designed to deliver acoustic signals with similar

information as the electric signals presented to a cochlear implant user. In both groups, the

amount of spectral information delivered was varied by changing the number of spectral

analysis channels used to process the speech signals.

The strategy of measuring performance in a group of normal hearing listeners reduces

performance-limiting factors differing across listeners (performance across cochlear implant
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subjects is more variable), and reveals decrements in normal performance (listening to

unprocessed acoustic signals) associated with the sound processing strategy. In addition, a

comparison of performance between the normal hearing and cochlear implant groups provides

insight into the degree to which cochlear implant subjects are able to extract all of the limited

information delivered by their cochlear implant sound processors.

1.4.1.1 Friesen et al. (2001), Methods: Signal Processing for Cochlear Implant Group

In the cochlear implant subjects, spectral information was manipulated by programming

experimental sound processors to select a subset of their available band-pass filters, or to

selectively combine the outputs of adjacent band-pass filters, to effectively adjust the number

of spectral analysis channels. Stimulus waveforms computed for each channel were then

directed to specified subsets of the available electrodes as described by Fishman et al. (1997).

As the number of channels was decreased, the spectral shape information preserved by the

sound processor was reduced, and the spacing between activated electrodes along the array

was made larger.

Friesen et al. (2001) programmed "reduced electrode processors" using Nucleus-22

SPEAK processors (Cochlear Limited, Sydney, Australia) with 2, 4, 7, 10, and 20 channels,

and Clarion processors (Advanced Bionics, Valencia, CA) with 2, 3, 4, 6, 7, and 8 channels.

In each manipulation, the total speech bandwidth was preserved, but the number of channels

used represented an upper limit on spectral resolution, or spectral shape information available

at the sound processor output prior to neural excitation.

1.4.1.2 Friesen et al. (2001), Methods: Signal Processing for Normal Hearing Group -

Acoustic Simulations of Cochlear Implant Sound Processing

In the normal hearing subjects, signal processing techniques devised by previous

researchers were used to mimic cochlear implant sound processing (Shannon et al., 1995;

Dorman et al., 1997). The speech waveform is filtered into a number of relatively broad,

contiguous frequency bands using a bank of digital band-pass filters (the number of band-pass

filters distributed over the speech frequency band is analogous to the number of analysis

channels used in the experimental cochlear implant processors described above). The

envelopes of the resulting band-pass signals are extracted (as in CIS processing, see Figure

23
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1-2), and used to amplitude modulate narrow-band noise carriers centered at the center

frequencies of the band-pass filters (and having the same bandwidths). The signals are finally

recombined and presented acoustically to normal hearing listeners.

The acoustic information delivered to the normal hearing listeners after a sound signal is

processed using these methods closely approximates the information delivered to the cochlear

implant listeners after the same sound signal is analyzed with the experimental cochlear

implant sound processors. In both groups, spectral information in the original signal is

degraded by partitioning the spectrum into a relatively small number of analysis channels, and

removing within-channel spectral shape information. Temporal fine-structure information is

discarded, but envelope fluctuations within each spectral band are preserved by using each

band envelope to modulate: (1) biphasic pulse train carriers with relatively high repetition rate

in the cochlear implant group and (2) band-limited noise carriers in the normal hearing group.

Finally, in both groups, the envelope information from each analysis channel is presented at

distinct cochleotopic locations: (1) in cochlear implants, electric stimuli are presented at

discrete electrode locations, and (2) in the acoustic simulations, energy in each frequency band

is positioned cochletopically according to carrier frequency by the mechanical tuning of the

normal peripheral auditory system.

1.4.1.3 Friesen et al. (2001), Results: Implantees are Unable to Receive Available

Information after Sound Processing

One working hypothesis is that normal hearing listeners are able to extract and use

virtually all of the information present in the cochlear implant-processed speech sounds. This

means that the performance on speech reception tests of the normal hearing listeners listening

to the acoustic simulations 1) illustrates the degree to which information in sound signals is

degraded by cochlear implant sound processing and 2) represents an upper limit of

performance for the cochlear implant listeners. Any differences in performance between the

cochlear implant and normal hearing groups must reflect some difference in the manner in

which the information is sub-optimally presented, encoded in the auditory nerve, or processed

by the central auditory system in cochlear implant listeners.
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Friesen et al. (2001) found that in speech recognition tasks, performance improved

monotonically with the number of electrodes or analysis channels in both the normal hearing

subjects listening to acoustic simulations of cochlear implant-processed speech, and in the

best-performing cochlear implant listeners. Moreover, test scores were usually similar

between the two groups. However, performance plateaued in the cochlear implant listeners as

the number of channels reached approximately 4-7 (for example, see their Figure 1). On

average, cochlear implant listeners received no additional benefit when the number of analysis

channels was increased further. In contrast, normal hearing listeners' performance continued

to increase with the number of channels beyond 7, both in quiet and in moderate background

noise levels4 .

The results from normal hearing listeners demonstrate that useful information for speech

intelligibility at the output of a sound processor increases as the number of analysis channels

increases beyond 7 and up to 20. The relatively high levels of performance seen as the number

of channels reaches 16-20 (approximating the number of channels present in today's cochlear

implants), suggest that the information available from a typical cochlear implant sound

processor, albeit limited, is sufficient to provide better speech reception than currently

exhibited by cochlear implant listeners.

The results from the cochlear implant group indicate that cochlear implant listeners are

impaired in their ability to take advantage of the increasing information present in the sound

processor output as the number of analysis channels is increased beyond 4-7. For these

listeners, there apparently is at least one factor that limits access to this additional information.

One candidate for such a limiting factor is a limitation on spectral resolution associated with

the decreasing distance between neighboring electrodes as the number of spectral channels is

increased. A decrease in electrode spacing increases the likelihood that neighboring

stimulation channels will influence common segments of the auditory nerve, consequently

reducing channel independence and the ability to encode spectral shape.

4 To a first approximation, the addition of background noise resulted in similar performance
decrements in both groups.
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1.4.2 Potential Implantee-Related Limitations (Litvak et al., 2007b)

One additional element to consider in the CNC word score distribution in Figure 1-3, and

in the results of Friesen et al. (2001), is that each cochlear implant listener's ability to access

the information present at the sound processor output varies greatly. One way to analyze

across-subject performance differences is to determine whether a suspected performance-

limiting factor varies across implantees such that it explains a significant amount of across-

subject speech reception variance. Researchers have used multiple regression analysis to

quantify the effects of suspected implantee-related factors such as age at the onset of deafness,

etiology of deafness, and duration of deafness (Blamey et al., 1996). Individual differences in

spiral ganglion cell survival have also been studied (Nadol & Eddington, 2006). However, the

measured association of performance to these factors remains weak.

As mentioned above, one hypothesis suggested by the Friesen et al. (2001) results is that

spectral resolution plays a role in determining performance limits in cochlear implant

listeners. If differences in spectral resolution occur across cochlear implant listeners, one

might expect that individuals with poorer spectral resolution would also demonstrate poorer

speech recognition. Litvak et al. (2007b) investigated the relationship between spectral

resolution and speech-sound identification scores. In their study, the spectral modulation

detection threshold (SMT) (Litvak et al., 2007b; Saoji et al., 2007), a psychophysical measure

of the degree to which subjects can detect just noticeable spectral envelope differences

between broadband signals, was used as an indicator of spectral resolution in individual

cochlear implant subjects.

1.4.2.1 Litvak et al. (2007b), Methods: Measuring Spectral Modulation Detection

Threshold

For measurements of SMT, listeners were required to compare two signals differing only

in spectral shape. A "standard" flat-spectrum broadband noise signal was presented on each

trial, along with a "probe" stimulus with a sinusoidal spectral shape of random phase (Figure

1-4). The probe stimulus was also called a "spectral ripple" due to the shape of its spectral

envelope.
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Figure 1-4: Stimuli for Spectral Modulation Detection Experiment Power spectra of
the Standard (flat spectrum) noise burst and Probe ("spectral ripple") stimulus used by
Litvak et al. (2007b) to measure spectral modulation detection threshold (SMT). The
"ripple frequency" of the probe stimulus was held constant at 0.25 cycles per octave or at
0.5 cycles per octave (as shown, such that two "periods" appear across four octaves). The
"starting phase" which determines the locations of peaks and valleys on the abscissa, was
randomized on each presentation. The spectral "contrast" C (indicated) was adjusted to
the smallest level so that the Standard and Probe stimuli were perceived as different, and
the dB difference between peaks and valleys was taken as SMT.

The standard and probe noise bursts were presented to cochlear implant listeners via their

own sound processors and to normal hearing listeners presented with acoustic simulations of

cochlear implant-processed stimuli. The signal processing techniques for these acoustic

simulations were similar to those used by Friesen et al. (2001) described in Section 1.4.1.2,

except band-pass filter slopes (in dB/Oct) were broadened so that energy from adjacent

analysis channels "overlapped" on the frequency axis, artificially "smearing" spectral shape

information'. Each listener performed a forced-choice discrimination task that tested their

ability to distinguish the two signals using the available differences in spectral shape. The

spectral modulation detection threshold (SMT) was defined as the "smallest detectable

5 This manipulation was necessary in the normal hearing listeners in order to obtain the large range
of performance needed for a comparison with the cochlear implant group (where across-subject
performance is characteristically highly variable). Note that the authors could have used other methods
to reduce spectral resolution in the acoustic simulations. The choice of broad, overlapping band-pass

filters was specifically intended to simulate a situation where broad patterns of neural excitation occur

for each cochlear implant electrode, possibly due to current spread in the ionic fluids of the cochlea.

The hypothesis that current spread in the cochlea is the mechanism responsible for decreased spectral
resolution in cochlear implant listeners will be explored further in the following section.
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spectral contrast in the spectral ripple stimulus" (Litvak et al., 2007b), where contrast is the

peak-to-valley difference in dB indicated by the arrow in Figure 1-4. SMT was measured

using an adaptive procedure, where C was adjusted according to a 3 Down, 1 Up rule such that

reported SMTs for each subject correspond to contrasts that would yield 79.4% correct

discrimination (Levitt, 1971).

1.4.2.2 Litvak et al. (2007b), Results: Spectral Modulation Detection Threshold

Predicts Speech Recognition Scores

Litvak et al. (2007b) found that spectral modulation detection threshold is a strong

predictor of both vowel and consonant recognition scores. In both the cochlear implant and

normal hearing groups, speech recognition scores decreased with decreasing spectral

resolution (increasing SMT). In both groups, a strong correlation was found between SMT and

both vowel (r = -0.84 for cochlear implant listeners) and consonant (r = -0.82 for cochlear

implant listeners) identification scores. For the normal hearing listeners, SMT increased and

speech recognition scores decreased with shallower noise-band slopes (greater overlap across

band-pass filters) as expected.

The strong correlation between spectral resolution and speech sound identification scores

suggests that across cochlear implant-subject variability in spectral resolution is a major factor

in explaining across-subject variance among data discussed earlier, both in the distribution of

CNC word scores measured in clinical patients (Figure 1-3), and in the distribution of

performance across cochlear implant listeners in the Friesen et al. (2001) study. Additionally,

limited spectral resolution (compared to normal hearing subjects) among even the highest-

performing cochlear implant listeners, may account for the 4-7 channel limitation seen in the

Friesen et al. (2001) data.

In summary, the results discussed above suggest that the output signals from a cochlear

implant sound processor contain sufficient information for high levels of speech recognition in

quiet. However, the spectral information received by cochlear implant listeners may be limited

as the number of analysis channels increases beyond 4-7 (as the spacing between electrodes

decreases), despite an increase in spectral information at the sound processor output. Spectral

resolution in cochlear implant listeners may partly explain both the variability in speech
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reception performance across listeners, and the performance limits within better-performing

listeners. Speech intelligibility may therefore be improved by identifying mechanisms

responsible for degrading spectral resolution in cochlear implant listeners, and devising

methods to improve the transfer of spectral information from the sound processor to the

recipient.

1.5 Hypothesis: Poor Spatial Selectivity Limits Spectral Resolution

The following sections discuss one hypothesis to account for the loss of spectral resolution

in cochlear implant listeners: information in the electric stimuli delivered after cochlear

implant sound processing is degraded across the "interface" between the scala tympani

electrode array and the auditory nerve (Merzenich & White, 1977) such that electrically-

elicited neural activity contains a reduced representation of spectral shape as a function of

cochleotopic place. According to this hypothesis, the transfer of spectral information across

the interface is limited by the spatial selectivity of neural excitation, which is impacted by

current spread in the ionic fluids of the cochlea.

Section 1.5.1 describes several lines of evidence suggesting that broad patterns of neural

excitation relative to the spacing of the electrodes occur in cochlear implants due to current

spread. Notably, Section 1.5.2 describes how the resulting interactions between electrodes

along the auditory nerve could limit the encoding of spectral shape, and Section 1.5.2.3

describes some psychophysical evidence of interaction. Section 1.5.3 discusses previous

studies that associate measures of interaction with speech recognition performance.

Note throughout, that one consequence of this "spatial selectivity hypothesis" is a reduced

ability of cochlear implant listeners to optimally take advantage of information from closely

spaced electrodes. This could explain Friesen et al.'s (2001) finding that cochlear implant

listeners experience a plateau in performance as the number of electrodes reaches 4-7. This is

also consistent with Litvak et al.'s finding (2007b) that spectral resolution decreases as

increasing "current spread" is simulated (using broad band-pass filters) in normal hearing

listeners.

29
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1.5.1 Evidence for Broad Excitation Relative to Electrode Spacing

Stimulation at cochlear implant scala tympani electrodes produces a potential field (or

current density field) within the cochlea. Neural excitation strength is related to the field

strength in the vicinity of auditory nerve fibers (Rattay, 1990; Whiten, 2007). Although it is

difficult to perform direct measurements of the field at desired locations along the spiral

ganglion, a number of techniques for inferring excitation strength have been developed, and

these suggest that there is substantial current spread longitudinally (along the tonotopic axis),

in the highly conductive cochlear perilymph.

Previous researchers have quantified the spatial extent, or "spread", of excitation by

describing the "unrolled" cochlea as a transmission line, where excitation strength decays

exponentially with longitudinal distance from a stimulating electrode (von B6kdsy, 1951;

Black & Clark, 1980; Girzon, 1987)6. These transmission line models are described by a

single parameter, the length constant (in mm) of excitation strength:

Ax

n (_X) 1-1

Here t(x1 ) and t(x 2 ) are some measure of excitation strength at two longitudinal

positions (x1 and x2 ) and Ax is the distance between these measurement locations in mm. The

length constant describes the longitudinal distance over which excitation strength decays by a

factor of 1/e ~ 0.37. Estimates of A obtained using various methods are discussed below.

1.5.1.1 Scala Tympani Voltage Measurements are an Indirect Measure of Spread

One technique for determining A is to measure the distribution of electric potential

(voltage) at discrete sites within the cochlea. Although scala tympani voltage is an indirect

indicator of neural excitation strength (Black & Clark, 1980), measurements can be

conveniently obtained in some cochlear implants (including the Advanced Bionics implants).

6 Others have suggested more complex models to obtain better fits to measured data, especially
when describing measurements of excitation strength far from the stimulating electrode or in an
adjacent turn of the anatomically correct cochlea (Girzon, 1987; Frijns et al., 1995; Vanpoucke et al.,
2004a; Whiten, 2007). For the purposes of this work, it is sufficient to recognize that the spatial extent
of excitation is large compared to the electrode spacing, a fact that can be demonstrated using length
constants obtained from a transmission line model.
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In several studies, electric current was applied at one implanted electrode, while the remaining

unstimulated electrodes were used to measure the resulting voltage along the length of the

electrode array (Girzon, 1987; Vanpoucke et al., 2004a; van den Honert & Kelsall, 2007).

Girzon (1987) found length constants for monopolar electrodes (with a return electrode

located outside the cochlea) ranging from 7 to 25 mm near the stimulating electrodes in 5

subjects wearing the INERAID cochlear implant.

Chapter 3 in this thesis describes experiments where the scala tympani voltage resulting

from monopolar stimulation at each electrode was measured at unstimulated electrode

locations in 11 implanted ears using Advanced Bionics cochlear implants. Plots of

transimpedance (estimates of scala tympani voltage normalized by stimulus current) are

shown in Figure 3-15 and Figure 3-16. In these figures, each curve represents the

transimpedance (measured voltage divided by stimulating current) along the electrode array at

15 unstimulated electrode locations (filled circles) when biphasic current pulses were applied

to a single monopolar stimulating electrode. Extrapolated transimpedance values at the

location of each stimulating electrode (open squares) were computed as in van den Honert &

Kelsall (2007)7.

Transimpedance curves tend to decay monotonically with distance from each stimulating

electrode, indicating that scala tympani voltage decays with distance. Length constants were

computed with Equation 1-1 for all 16 stimulating electrodes El through E1 6 in all ears, using

the transimpedance estimates at the two nearest unstimulated electrode locations. Specifically,

for a given stimulating electrode Ek, a length constant was computed using the ratio of

transimpedance at electrode Ek+1 to the transimpedance at electrode Ek+ 2 (except at

electrodes 15 and 16, the two most basal electrodes). A second estimate was obtained using

the ratio of transimpedance at electrode Ek_1 to the transimpedance at electrode Ek- 2 (except

at electrodes 1 and 2, the two most apical electrodes). Where two measures were possible (for

7 For the present purposes of estimating length constants, transimpedance can be thought of as an
indicator that is simply proportional to the scala tympani voltage that is produced when each electrode
is activated monopolarly. Therefore, transimpedances can be exchanged for voltages cI(x1) and c1(x2 )
in Equation 1-1 with no difficulty. Detailed methods for acquiring transimpedance data using custom
software, including the techniques used to extrapolate the transimpedance values at stimulated electrode
locations are described in Chapter 3.
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stimulation at electrodes 3 through 14, in the middle of the array) the maximum of the two

estimates was taken as the length constant for that electrode. Attempts to fit exponentials to all

the data on each side of the stimulating electrodes (as opposed to using the ratio of

transimpedances at the two nearest electrodes) led to poor curve fits, especially near the peaks

of the curves. The chosen method yields more accurate estimates of spread near the

stimulating electrodes, which is of greatest interest as these are the regions where neural

excitation is expected.

Length constants computed across all stimulated electrodes in all implanted ears tested

range from 1.30 mm to 75.7 mm with a median length constant of 4.66 mm. These are large

compared to the electrode spacing of 1.1 mm in the Advanced Bionics HiFocus electrode

array. These data demonstrate that electric potential does not decay rapidly along the length of

the scala tympani, and suggest that monopolar cochlear implant electrodes may excite broad

sectors of the auditory nerve relative to the electrode spacing.

1.5.1.2 Physiological Measures of the Spread of Excitation

Neurophysiologists have estimated the spread of excitation by applying stimulus current

through one or more implanted electrodes, and then "mapping" neural excitation across the

cochleotopic axis. Techniques involve the measurement of a response (e.g. neural threshold)

of an array of primary afferent (auditory nerve) fibers having a broad range of known

characteristic frequencies, and therefore known places of cochlear innervation (van den

Honert & Stypulkowski, 1987; Kral et al., 1998), or by making similar measurements across

single-units in the inferior colliculus 8 (Merzenich & White, 1977; Black & Clark, 1980;

Snyder et al., 2004), or by placing an array of recording electrodes on the cochleotopically

organized auditory cortex (Bierer & Middlebrooks, 2002; Bierer & Middlebrooks, 2004). The

response of the neural population is then plotted against cochleotopic location, resulting in a

"spatial tuning curve" for a given stimulating electrode location. Observations of the

electrically-evoked compound action potential (Brown et al., 1990; Cohen et al., 2003; Abbas

et al., 2004) and auditory brainstem response (Merzenich & White, 1977; O'Leary et al., 1985)

8 In typical inferior colliculus mapping studies, one ear is deafened and stimulated electrically, and
the other is kept intact. For each (binaural) inferior colliculus unit, place of cochlear innervation is
inferred from measurements of characteristic frequency in response to acoustic tones presented to the
contralateral (intact) ear.
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have also been used to indicate the spread of excitation. These physiological studies provide

more direct measures of the extent of neural excitation than do intracochlear voltage

measurement studies, but evoked-response measures are the only measures that can be

performed non-invasively in human cochlear implant listeners.

These studies generally show that when each implanted electrode is configured as a

monopolar current source, broad excitation patterns are produced across the array of auditory

neurons. However, there is typically a large variability in thresholds across electrically

stimulated auditory nerve fibers innervating the same cochlear place (van den Honert &

Stypulkowski, 1987), and this can make it difficult to estimate A. Using bipolar stimulation,

where current from one activated scala tympani electrode is returned to another scala tympani

electrode instead of an extracochlear ground electrode, Merzenich and White (1977) reported

length constants between 0.86 mm and 2.6 mm in cat, using the inferior colliculus mapping

technique. O'Leary et al. (1985) reported a bipolar length constant of 3-4 mm in the cat basal

turn measured using brainstem responses. Kral et al. (1998) reported a length constant of 2.78

mm for monopolar stimulation, 1.03 mm for bipolar stimulation, and 0.41 mm for tripolar

stimulation (where stimulus current is divided between two adjacent scala tympani return

electrodes) using measurements from cat auditory nerve. Differences in species, locations of

the stimulating and measurement electrodes, and measurement procedure probably all

contribute to the differences in measured length constants. In virtually all studies, whether

length constants are provided directly or the extent of excitation can be inferred from the

provided data, estimated spread of excitation is large compared to an electrode spacing of 1.1

mm, consistent with the spatial selectivity hypothesis.

1.5.2 Channel Interactions Reduce Spectral Shape Information

Recall that each cochlear implant electrode in the cochlear implant electrode array delivers

information from one spectral analysis channel used in cochlear implant sound processing

(Figure 1-2). Because broad excitation patterns are produced relative to the spacing of

cochlear implant electrodes under monopolar stimulation, individual electrodes may influence

overlapping populations of auditory nerve fibers. In this situation, "channel interaction" is said

to occur (Shannon, 1983b; White et al., 1984). It is useful to consider interaction under two

conventional stimulation conditions: 1) when electrodes are activated simultaneously, and 2)
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when stimuli are presented non-simultaneously at multiple electrodes (i.e., pulse trains at each

electrode are temporally interleaved). Mechanisms for these two classes of interaction,

described conceptually by Eddington et al. (2004), are considered in the following section.

1.5.2.1 A Conceptual Model for Simultaneous Interaction

If two (or more) electrodes are activated simultaneously, the resulting scala tympani

voltage is determined by the superposition principle: it is the sum of the independent potential

fields that would occur due to the activation of each electrode in isolation. The effective neural

excitation strength profile is some function of this resultant field. If there is substantial overlap

in the loci of excitation along the auditory nerve associated with each stimulating electrode,

scala tympani voltage summation may lead to a degraded spatial representation of spectral

shape in neural responses.

Figure 1-5 builds upon previous work from Eddington et al. (2004) to describe

simultaneous interactions schematically. Each panel shows a section of a cochlear implant

electrode array near the middle four electrodes (numbered 7 through 10), and depicts the

hypothetical response of the auditory nerve in three stimulus configurations from left to right:

1) A monopolar stimulus presented at a level above detection threshold at E8 .

2) A monopolar stimulus presented at a level above detection threshold at E9 .

3) The two stimuli from 1 and 2 presented simultaneously and in phase.

The top of each panel shows the electrode array and a hypothetical neural excitation

strength profile as a function of cochleotopic place in response to each stimulus. Excitation

strength is considered highest at the cochleotopic position of each stimulating electrode, and is

assumed to decay monotonically with longitudinal distance. The top three panels consider the

case of narrow excitation where the length constant A of excitation strength is small compared

to the electrode spacing. The bottom three panels illustrate broad excitation, where the length

constant is larger, and is comparable to the electrode spacing.
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An array of tonotopically-arranged populations of auditory nerve fibers is shown, with the

state of the fibers coded by color, as indicated in the figure legend. Elicited neural activity is

predicted from the excitation strength profiles assuming uniform neural response properties

both within and across populations of auditory nerve fibers. Where excitation strength is

above the neural threshold, indicated by the dashed-horizontal lines, neural populations are

driven to fire action potentials (shown in magenta). Where excitation strength is just below

threshold, populations are partially depolarized but do not fire (green). Excitation strength is

assumed negligible far from each stimulating electrode, and neural populations remain in their

resting states (yellow)'0 .

Note that in Panel 2 (activation of E9 ) compared to Panel 1 (activation of E8 ), the

excitation strength profile is shifted toward the base by a distance equivalent to one electrode

spacing, and a region of auditory nerve fibers adjacent to the excited region in Panel 1

(consisting of fibers with slightly higher characteristic frequencies) is driven to fire action

potentials. Thus, the subject will experience a sound of slightly higher pitch than in the first

stimulus configuration.

In the case of narrow excitation (top panels), the two electrodes excite distinct sectors of

the auditory nerve. When these electrodes are activated simultaneously (Panel 3, top) the

resultant excitation strength profile is assumed to be the sum of the excitation strength profiles

in Panels 1 and 2, and two spatially distinct regions of the auditory nerve show a response

(Panel 3, top). In this situation, it is possible to represent two distinct spectral peaks in a sound

signal using electrodes 8 and 9.

However, when the spread of excitation is broad compared to the electrode spacing

(bottom panels), simultaneous interaction occurs, and two spatially distinct peaks are not

distinguishable in the pattern of neural activity (panel 3, bottom). In this scenario, one

relatively broad region of auditory nerve fibers is driven to fire, and a neural representation of

two spectral peaks using adjacent electrodes would be severely degraded.

9 For simplicity, a homogeneous distribution of surviving nerve fibers in this region of the cochlea
is assumed.

'0 Nerve fibers at locations just beyond the partially depolarized regions can be hyperpolarized in
some conditions. This effect is ignored in this simple model of interaction.
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Figure 1-5: Conceptual Model for Simultaneous Channel Interaction A theoretical comparison of neural responses to stimulation with independent electrodes (top
panels) vs. highly interactive electrodes (bottom panels). Stimulation is shown at I) Ee alone, 2) E9 alone, and 3) E8 and E9 activated simultaneously. Along the top of each

panel, a section of a cochlear implant electrode array is shown unrolled alongside nearby populations of auditory nerve fibers illustrated as vertical bars. For each stimulus
configuration, a hypothetical excitation strength profile is shown as a function of cochleotopic place. Populations of nerve fibers are assumed to either fire action potentials
(magenta), become depolarized relative to their resting membrane potentials without firing (green), or remain at rest (yellow) depending on the local excitation strength
relative to the "neural threshold". When the length constant is small (narrow spread), excitation patterns are narrow compared to the electrode spacing, and electrodes 8 and

9 excite independent sectors of the auditory nerve (panel 3, top) resulting in two spatially distinct peaks in neural activity as a function of cochleotopic place. For broader

spread one broad region nerve fibers fire (panel 3, bottom), and the two peaks are lost. (Modified from Eddington et al., 2004).
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1.5.2.2 A Conceptual Model for Non-Simultaneous Interaction

If electrodes are activated at different times (as in CIS processing where biphasic pulses

are temporally interleaved), instantaneous potential field summation within the scala tympani

does not occur. However, non-simultaneous interactions can occur via other mechanisms

related to the dynamic and non-linear membrane properties of neurons (Eddington, 2004).

For example, consider a population of auditory nerve fibers that fire in response to a

current pulse on one electrode (e.g., those in magenta in Figure 1-5). Those neurons will be

rendered unavailable to fire due to refractoriness if a second pulse is presented after a short

delay. Alternatively, consider a population of auditory nerve fibers that are partially

depolarized in response to a current pulse but they do not fire (e.g., those in green in Figure

1-5). Because of the capacitive properties of cell membranes, these neurons remain sensitized.

A subsequent pulse after a short delay may depolarize these units further, and drive the

membrane potentials beyond threshold. This temporal integration of excitation could cause

these neurons to fire when they otherwise may not have done so. Finally, active ion channel

dynamics (i.e., activation and deactivation due to changes in membrane potential over time)

would affect cell membrane conductances and impact response patterns to non-simultaneous

electric stimulation in ways that are more complex.

Similar to simultaneous interactions, the mechanisms described (refractoriness, temporal

integration, and channel dynamics) will be more likely to contribute to interactions between

neighboring electrodes if the spread of excitation is broad compared to the electrode spacing.

1.5.2.3 Psychophysical Measurements of Interaction

These models for simultaneous and non-simultaneous interaction presented above lead to

several predictions that have been borne out by psychophysical experiments":

" Methods for measuring interaction psychophysically vary considerably across laboratories and
experiments. In some studies, changes in detection threshold for a stimulus presented at one electrode
due to the introduction of stimuli at neighboring electrodes provide an estimate of the degree of
interaction. In other experiments, changes in the loudness of supra-threshold stimuli (as opposed to
changes in the detectability of threshold-level stimuli) are used to quantify interaction. For
measurements of non-simultaneous interaction, changes in gap detection threshold have been used.
More often, aforward-masking paradigm is used, where pulse trains are not interleaved, but are instead
presented sequentially with some delay at the two tested electrodes to mimic acoustic forward masking
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1. While in-phase simultaneous stimulation of two electrodes decreases threshold or

increases loudness, consistent with the effects of constructive potential field

summation, out-of-phase stimulation tends to increase threshold or decreases the

loudness percept, consistent with destructive potential field summation (White et al.,

1984; Boex et al., 2003a; De Balthasar et al., 2003; Stickney et al., 2006).

2. The magnitude of interaction is generally larger (e.g., threshold shifts or changes in

loudness are larger) when stimuli are simultaneous compared to non-simultaneous

(Eddington et al., 1978; White et al., 1984; Favre & Pelizzone, 1993; Boex et al.,

2003a; De Balthasar et al., 2003; Crema et al., 2009), consistent with the idea that

non-simultaneous stimulation eliminates interaction due to potential field summation,

but interaction resulting from nonlinear neuronal dynamics can still occur.

3. Non-simultaneous interaction decreases as the temporal delay between stimuli at

adjacent electrodes is increased (Eddington et al., 1978; White et al., 1984; Chatterjee

& Shannon, 1998; De Balthasar et al., 2003), presumably because neurons have more

time to reset to their resting states.

4. Both simultaneous and non-simultaneous interactions are generally largest for an

adjacent electrode pair, and decrease as the separation between stimulated electrodes

is increased (White et al., 1984; Tong & Clark, 1986; Lim et al., 1989; Favre &

Pelizzone, 1993; Chatterjee & Shannon, 1998; Kwon & van den Honert, 2006;

Landsberger et al., 2012), as expected if excitation strength decays monotonically

with distance from each stimulated electrode.

5. Some studies have found that the "spread" of interaction to distant electrode pairs

decreases with the use of the stimulation strategy designed to reduce current spread

relative to monopolar stimulation (Shannon, 1983b; Boex et al., 2003b; Nelson et al.,

2008), consistent with the idea that current spread increases interaction.

experiments. In spite of these procedural differences, and the impact of these differences on the
experimental results, the overall results are consistent with the conceptual model presented here.
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1.5.3 Effects of Channel Interaction on Speech Reception

Another consistent finding across psychophysical studies is that all measures of channel

interaction are highly variable across subjects. While the causes remain unexplained, variation

may be due to differences in etiology of deafness, differences in physiology (e.g. across-

subject differences in populations of surviving auditory nerve fibers or central auditory

pathways) or differences in electroanatomy (e.g., across-subject differences in electrode array

placement in the scala tympani or differences in the thickness of bone or tissue within the

cochlea that might differentially affect current spread).

Regardless of the sources of across-subject variability, if the hypothesis that poor spatial

selectivity limits performance in cochlear implant listeners is correct, and if channel

interactions limit the ability to encode fine spectral details present in the speech waveform as

spatial patterns of activity along the tonotopic axis, then experiments should reveal

relationships between measures of channel interaction and speech reception.

1.5.3.1 Indirect Measures of Spatial Selectivity and Speech Reception Scores

Studies using indirect measures of spatial selectivity have been used to explore its

association with speech reception with varied results. For instance, Nelson et al. (1995) and

Collins et al. (1997) showed a correlation between performance on an electrode discrimination

task (presumably a "pitch ranking" task that requires spectral cues), and consonant

recognition. However, Zwolan et al. (1997) found no such correlation using a similar task.

Henry et al. (2000) showed a correlation between performance on an electrode discrimination

task and the reception of low frequency speech information, but not higher frequency speech

information.

1.5.3.2 Simultaneous Channel Interaction Affects Speech Reception

Stickney et al. (2006) measured the relationship between simultaneous (electric-field)

interaction and speech reception scores in subjects using both simultaneous analog processors

and non-simultaneous Continuous Interleaved Sampling (CIS) processors. Their measure of

simultaneous interaction accounted for 70% of the variance in speech recognition scores

across subjects using simultaneous analog processors. They found no correlation between their

measure of simultaneous interaction and speech reception scores in subjects using non-
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simultaneous CIS processors. No association between non-simultaneous interaction and

speech reception using CIS processors was directly tested.

Consistent with the strong association between simultaneous channel interaction and

speech reception, improvements in speech reception occur with the elimination of potential

field summation. For example, when listeners with the older Compressed Analog processors

were fit with CIS processors, rapid and substantial improvements in speech reception scores

were found within and across listeners (Wilson et al., 1991; Boex et al., 1996).

1.5.3.3 Non-Simultaneous Interaction Affects Speech Reception

Non-simultaneous channel interaction may also affect performance in subjects wearing

today's CIS processors. Several studies show a significant negative correlation between non-

simultaneous interaction measured with psychophysical forward masking and speech

recognition performance, especially for consonant recognition. Throckmorton & Collins

(1999) found a strong correlation between their measure of non-simultaneous interaction

averaged across electrodes with reception of NU6 phonemes (r2 = 0.89), Iowa medial

consonants (r2 = 0.86), and CID sentences (r2 = 0.86), but the relationship between vowel

perception and interaction was not significant. B6ex et al. (2003b) also showed a significant

association between their measure of non-simultaneous interaction and consonant recognition

scores, although their data explained a smaller proportion of the variance (r2 = 0.36).

Interaction measures using evoked potentials during non-simultaneous stimulation of

multiple electrodes have similar characteristics to interaction measures obtained with

psychophysical measures in some subjects (Cohen et al., 2003; Hughes & Stille, 2008).

However, no association between these physiological measures and speech reception

performance was found. The reason for this discrepancy is not fully understood, but may be

related to the fact that the physiological measures of interaction only account for 30% of the

variance in the psychophysical measures of interaction (Hughes & Stille, 2008), calling these

usefulness of these measures into question.

The demonstrations of an association between interaction measured psychophysically and

degraded speech reception performance under non-simultaneous stimulation suggest that

strategies to reduce non-simultaneous interaction by improving spatial selectivity may
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improve speech reception scores even under non-simultaneous stimulation strategies including

Cis.

1.6 "Current Focusing" Methods to Improve Spatial Selectivity

The preceding section discussed the hypothesis that it is not the spectral resolution of the

cochlear implant sound processor that limits performance, but instead it is the spatial

resolution of stimulus encoding. Current spread from scala tympani electrodes reduces the

spatial resolution of neural excitation, resulting in a degraded neural representation of spectral

shape information. If this "spatial selectivity" hypothesis is correct, ameliorating the impact of

current spread should result in improvements in speech reception performance within and

across cochlear implant listeners.

One class of strategies proposed to reduce current spread uses the simultaneous

stimulation of multiple electrodes to make constructive use of the potential field summation

that occurs in the scala tympani. In these techniques, electric currents from multiple electrodes

are presented simultaneously with "appropriate" stimulus magnitudes and phases on each

electrode, to compensate for current spread, selectively excite sectors of the auditory nerve,

and minimize excitation at undesired locations (Clark et al., 1978). These methods have been

referred to as current "focusing" or current "steering" (Bonham & Litvak, 2008). More

recently, the term "multipolar" has been used to distinguish focused stimulation from

conventional monopolar stimulation (Smith et al., 2013).

1.6.1 Current Focusing: Previous Work

Several multipolar stimulation methods have been suggested and implemented to date. In

bipolar stimulation, one scala tympani electrode is used as a stimulating electrode and another

is used as the return electrode (Merzenich & White, 1977). In various tripolar or quadrupolar

stimulation methods, current is typically returned to two or more intra- or extra-cochlear

electrodes (Litvak et al., 2007a; Jolly et al., 1996). Finally, in full-array or N-polar stimulation

techniques (where N is the number of available electrodes), all electrodes are activated

simultaneously with waveforms of various magnitudes and phases to shape the potential field

with the highest possible specificity (van den Honert & Kelsall, 2007; Smith et al., 2013). The
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N-polar stimulation strategy proposed by van den Honert & Kelsall (2007), termed phased

array stimulation is implemented in this thesis.

Most investigations of multipolar stimulation have focused on the bipolar stimulation

technique. Measurements from single units in the cat auditory nerve demonstrate that bipolar

stimulation produces narrower excitation than monopolar stimulation (Merzenich & White,

1977; van den Honert & Stypulkowski, 1987). Further measurements in the cat auditory nerve,

(Kral et al., 1998), guinea pig inferior colliculus (Snyder et al., 2004), and guinea pig auditory

cortex (Bierer & Middlebrooks, 2002) support these results and demonstrate that tripolar

stimulation reduces excitation spread further still. Bierer & Middlebrooks (2004) showed that

channel interactions, measured using threshold shifts of single units in the auditory cortex, are

reduced under bipolar stimulation (re. monopolar) and are reduced further under tripolar

stimulation (re. bipolar).

Psychophysical investigations of interaction in cochlear implant listeners show mixed

results when comparing monopolar stimulation to bipolar stimulation. Shannon (1983b)

suggested that bipolar stimulation reduces non-simultaneous interaction when compared to

monopolar stimulation. Boex et al., found that simultaneous interaction (2003a) at detection

threshold was reduced in the bipolar configuration (re. monopolar), and non-simultaneous

interaction (2003b) at supra-threshold levels was also reduced. Stickney et al. (2006) found

that simultaneous interaction was reduced in the bipolar configuration. Chatterjee et al. (2006)

found that non-simultaneous interaction increased as the distance between a bipolar electrode

pair was increased, producing more current spread, but monopolar stimulation was not tested

in the same subjects. However, Kwon & van den Honert (2006) and Bingabr et al. (2014)

found no reduction in non-simultaneous interaction between monopolar and bipolar

stimulation. These last authors stressed the importance of measuring interaction using equally

loud supra-threshold stimuli, which may produce similar amounts of interaction even when

near-threshold interaction is different in the two conditions. Landsberger et al. (2012) showed

reduced excitation spread relative to monopolar stimulation in most subjects for equally loud

tripolar stimuli, and suggested that perhaps a subset of cochlear implant patients might benefit

from current focusing. Beyond the differences in sensation level, other procedural differences

across studies may contribute to the varied results (McKay, 2012).
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Berenstein et al. (2008) showed that overall spatial resolution for supra-threshold stimuli

is improved using tripolar stimulation relative to monopolar using a spectral ripple

discrimination task similar to the procedure used by Litvak et al. (2007b), described in Section

1.4.2.1. Performance on this task is an indicator of spectral resolution that has been associated

with measures of psychophysical interaction (Jones et al., 2013).

Despite improvements in the spread of neural excitation under multipolar stimulation, and

some reports of reduced interaction and improved spectral resolution, no significant

improvements in speech reception have been found using bipolar stimulation (Battmer et al.,

1993; Zwolan et al., 1996), or tripolar stimulation (Mens & Berenstein, 2005; Bierer & Litvak,

2016), relative to monopolar stimulation. However, in one study, better speech recognition

was seen using monopolar stimulation relative to bipolar stimulation (Pfingst et al., 1997). In

this study, non-simultaneous stimulation was used, and the degree to which interaction was

present and/or affected by stimulation strategy in these subjects was not measured. The lack of

improvements in speech recognition using multipolar stimulation defies expectations, and the

discrepancies remain unexplained. Bierer & Litvak (2016) note that while they found no

across-subject improvement in speech reception scores using tripolar stimulation (re.

monopolar), tripolar stimulation did improve scores among their poorer performing subjects.

To date there have been few relatively studies that N-polar stimulation. George et al.

(2014) showed a reduction in excitation spread using phased array stimulation in the cat

inferior colliculus. Results from experiments by Marozeau et al. (2015) suggest phased array

stimulation may reduce simultaneous interaction spread, but not non-simultaneous interaction,

for equally loud stimuli. Smith et al. (2013) showed that N-polar stimulation improves spectral

ripple discrimination relative to monopolar stimulation. Theoretically, N-polar approaches

offer the most flexibility for shaping the potential field in the scala tympani, and could

represent optimal methods to reduce current spread and achieve improved spectral resolution

in cochlear implants. The phased array method is one promising strategy that deserves further

study and this thesis focuses on an implementation of the phased array method.

-k- -W6-, - ,, -" -A .1". "- I I -
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1.6.2 Phased Array Stimulation (van den Honert & Kelsall, 2007)

One problem in designing a "focused" stimulus using N-polar stimulation is in

determining "appropriate" stimulating current waveforms at the N electrodes in order to

achieve optimally narrow excitation patterns. Previous attempts to implement N-polar

stimulation involve obtaining measurements to define a "spread function" that predicts neural

excitation patterns resulting from stimulation using each monopolar electrode. Individualized

N-polar (simultaneously applied) currents to produce more desirable excitation patterns are

then computed by "deconvolution' 2" (Van Compernolle, 1985; Townshend & White, 1987;

White & Van Compernolle, 1987; Rodenhiser & Spelman, 1995; van den Honert & Kelsall,

2007). In practice, this involves using the spread functions to construct a system of linear

algebraic equations that is solved to compute the focused stimulation patterns (this procedure

is discussed in detail in the following sections).

Early attempts to implement N-polar stimulation in this way were not realizable, because

extremely broad current spread functions were found (Townshend & White, 1987), resulting

in a system of equations that was either not invertible, or highly susceptible to noise. More

recently, van den Honert and Kelsall (2007) suggested that these problems were mainly due to

inaccuracies in previous measures of current spread because these were inferred from highly

variable psychophysical data. In addition, they suggest, current spread in today's cochlear

implants is possibly reduced due to improvements in electrode design. They showed that

narrower spread functions were obtained in their subjects when a purely electrical measure,

scala tympani voltage, was used to indicate current spread, and argued that these narrower

spread functions make the computational requirements for a phased array stimulation system

more tractable.

The experiments in this thesis test the feasibility of implementing van den Honert and

Kelsall's (2007) N-polar stimulation strategy, which they termed "phased array' 3" stimulation.

12 The term "deconvolution" was chosen by Van Compernolle (1985) because the computational
methods used to determine the electrode currents for N-polar stimulation would reduce to the
deconvolution operation if the "spread function" for each monopolar stimulating electrode were
identical.

13 The term "phased array" was chosen by van den Honert and Kelsall (2007) because their method
of reducing current spread by superposition of positive and negative electrode currents across the
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Computation of the electrode currents used in phased array stimulation require estimates of the

transimpedance matrix that maps a vector of simultaneously applied electrode currents to a

resulting vector of voltages at the electrode positions along the scala tympani for each

implanted ear tested.

In the following sections, the principles underlying phased array stimulation method are

briefly reviewed. In Chapter 3, procedures for measuring scala tympani voltage resulting from

monopolar stimulation using the Advanced Bionics cochlear implant are described.

Measurements of scala tympani voltage at unstimulated electrode positions are used to

construct estimates of transimpedance matrices for 11 implanted ears in 10 cochlear implant

subjects. The degree to which the transimpedance estimates are impacted by measurement

noise, stimulus pulse amplitude, and vary with time is discussed. Each transimpedance matrix

is inverted to define the phased array currents required for focused stimulation at individual

electrode positions in each ear. Finally, the impact of the observed variability in

transimpedance matrices is discussed in terms of its impact on the variability in computed

phased array currents, and the resulting scala tympani voltage predicted under phased array

stimulation.

1.7 Principles of Phased Array Stimulation

The following sections review the theory underlying the computation of N electrode

currents for phased array stimulation given estimates of a transimpedance matrix.

1.7.1 Transimpedance Relates Electrode Currents to Scala Tympani Voltages

When an electrode is activated by an electric current source, a three-dimensional potential

field VST is produced throughout the scala tympani fluid relative to a reference electrode 4 at

"body" potential (Whiten, 2007; Bonham & Litvak, 2008). The potential field can be

approximated as a one-dimensional function that decays with longitudinal distance from the

activated electrode (Black & Clark, 1980; Vanpoucke et al., 2004a). It is further assumed that

electrode array is loosely analogous to methods of directing propagating waves (e.g., radar signals)
using constructive and destructive interference of signals from an array of sources (e.g., antennae).

14 In Advanced Bionics CII/HiRes9Ok implants, the reference for scala tympani potential is the ICS
case (in CII implants), or the "Ring" electrode (in HiRes90k implants). See Figure 2-2. Both of these are
relatively large, far-field electrodes at "body" potential (defined as 0 Volts).
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this one-dimensional potential function approximately represents neural excitation strength as

a function of cochleotopic location, as any surviving auditory nerve fibers innervating

cochlear locations with relatively high scala-tympani potential, will experience relatively large

potential gradients along their axons, and greater likelihood of firing (van den Honert &

Kelsall, 2007).

For an electrode array with N electrodes, let ie [n] be the vector of currents defined at each

electrode n, where n = 1,2,3, ... , N. Let VST [n] be the vector of voltages in the scala tympani

fluid at each longitudinal electrode position. Operator Z maps ie[n] to VST[fn] (see Figure 1-6).

Ie[1] - b V'sT [1]
Scala Tympani

Electrode [2z VST[2] Voltage at

Currents VST[3] Electrode

Positions
ie[N] VST[N]

Figure 1-6: System Representation - Electrode Currents to Scala Tympani Voltages
A vector of electrode currents ie[n], with n = 1,2,3,...,N is transformed to a vector of
scala tympani voltages VST[n] at each electrode position, by a multi-input multi-output
linear system. Operator Z defines the input-output relation vsr[n] = Ztie[n]}.

Assuming the transformation is linear, VST[n] at each electrode position can be computed

for any arbitrary pattern of simultaneously applied electrode currents ie [n] as a weighted sum

of the electrode currents.

N

VST [n] = ZZn,k -ie[k] , n = 1, 2, ... , N. 1-2
k=1

The coefficients Znk have units of impedance (millivolts per microampere = kQ) 5 . In matrix

form,

VST = Z - ie

15 In this thesis, as in most of the cochlear implant literature, electrode currents and scala tympani
voltages are expressed in pA and mV respectively. Most estimates of Zn,k presented in the Results
section of Chapter 3 are smaller than 1 kl, and are presented in Q.
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where Z is the N-by-N transimpedance matrix, and VST and i, are column vectors of length N.

VST[1] -Zi, Z1 ,2 .-- Zl,N le[1] 1
_ vST[ 2 ] _ Z 2 , 1  Z 2 ,2 --- Z2,N . ie [2]

IST - - -. - -

LVsT[N]. LZNl ZN,2 --- ZN,N Lie[N]]

Each coefficient Zlk defines the scala tympani voltage at electrode n resulting from 1 pA

monopolar stimulation at electrode k (i.e., when ie [n] is the discrete "unit-impulse" vector

ie[n] = 5[n - k], which is equal to 1 pA at position n = k and is zero elsewhere). Each

column k of the transimpedance matrix represents the "spread" of voltage along the scala

tympani for this same input vector. According to this interpretation, VST [n] for an arbitrary

ie[n] is a linear combination of the columns of Z, where each column k is scaled by the k0

electrode current (Strang, 2007).

vsT [l rZ1,1  Z1,2 Z1 , 3  -Z1,N
VsT[2] I Z Z

VS _ 2,1 ie [1] + 2,2 ie [2] + Z2 3 ie[ + --+ 2,N

.VST[N] ZN,1] ZN ,2 .ZN,3. .ZN,N-

1.7.2 Computation of Phased Array Currents Using the Transimpedance Matrix

If all elements of the transimpedance matrix were known, the scala tympani voltage at

each electrode position VST [n] resulting from electrode currents ie [n] could be computed

using any of the above forms of Equation 1-2. Moreover, custom patterns of electrode currents

ie [n] could be designed to produce desired patterns of scala tympani voltage and, therefore,

desired patterns of neural excitation, using the inverse transimpedance matrix.

If the inverse matrix Z- 1 exists such that Z- 1 - Z = I, where I is the N-by-N identity

matrix, then the phased array electrode currents to elicit any desired pattern of scala tympani

voltages VsTdesired [n] can be computed using

te = Z-1 - VSTdesired 1-3

IF

----- 1--- 1 dll ,
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1.7.2.1 Phased Array Currents for Excitation at Single Electrode Positions

As discussed by van den Honert and Kelsall (2007), one special case for VSTdesired is the

unit-impulse vector VSTdesired [n] = 6[n - k], i.e., the vector that is 1 mV at electrode

position k and zero (body potential) at all remaining electrode positions. Plugging this

VSTdesired [n] into Equation 1-3,

0
le[1] 0 -(Z- 1),k
te[2] _

i = Z-1 (Z 1 )2,k

ie [N] Z-1)N,k]
0

For this special case, the vector ie is identically the kth column of Z- 1 . This is also the

ideal vector of stimulation current magnitudes and polarities at each electrode that, when

presented simultaneously, will most effectively reduce the effects of current spread, and focus

scala tympani voltage (and therefore neural excitation), at the cochleotopic position of nerve

fibers near electrode k.

Figure 1-7 compares the monopolar and phased array strategies for stimulation at E8 in the left

ear of one example research subject (C191). The top row of panels illustrates monopolar

stimulation. The top-left panel (lA) shows VsTdesired, which is 1 mV at E8 and zero at all

other electrode positions. The top-middle panel (2A) shows ie for monopolar stimulation (EE

is activated and all other electrodes are un-activated). The top-right panel (IC) shows VST, the

pattern of scala tympani voltage predicted using Equation 1-2 for this ie and the best available

estimate of Z for the left ear of subject C191 (obtained using methods described later in

Chapter 3). Under monopolar stimulation, the effects of current spread are seen in the broad

decay of VST relative to the electrode spacing. The bottom row of panels describes phased

array stimulation. The bottom-left panel (1B) again shows VSTdesired. The bottom-middle

panel (2B) shows the phased array pattern of electrode currents computed using Equation 1-3.

For this VsTdesired, the electrode currents are identically the 8 " column of Z-. The bottom-

right panel (IC) shows the predicted VST. Theoretically, under phased array stimulation, the

effects of current spread are reduced relative to monopolar stimulation, and vST = VsTdesired -
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Each column of Z- defines a pattern of phased array currents that will focus stimulation

at each electrode position along the array. It will be seen that each column k typically has a

maximum positive value at the desired position of stimulation (i.e., in row k), with values of

decreasing magnitude, and often with alternating sign, as a function of distance from this

position, similar to the pattern in panel 2B of Figure 1-7.

1.7.2.2 Phased Array Currents for Arbitrary Spatial Excitation Patterns

In addition to defining the currents required to focus stimulation at each individual

electrode position, Equation 1-3 can be used to compute phased array currents to produce

arbitrary, complex patterns of scala tympani voltage across the electrode positions, and in

principle, to elicit neural excitation patterns with desired spatial shapes (i.e., excitation peaks

and valleys along the auditory nerve). Theoretically, any desired scala tympani voltage pattern

could be elicited using electrode currents computed by linear combinations of the columns of

Z-1. Equation 1-3 can be rewritten in the form

ie ' W (-1 -(Z-1)1,-
Ie e[2] I

ie = Z VSTdesired = Z VsTdesired I ] +

Je[N]- - N,1. - N,

Phased array stimulation aims to cancel the effects of current spread by reducing

excitation strength far from desired positions along the auditory nerve. Using phased array

currents defined by Equation 1-3, spatial shape information might be encoded in the auditory

nerve with higher resolution relative to monopolar stimulation.

1.8 Summary

In this chapter, the sound processing and neural stimulation strategies implemented in

today's cochlear implants were discussed. The "spatial selectivity hypothesis" which suggests

that current spread in the cochlea is responsible for broad excitation patterns along the

auditory nerve, resulting in interactions between spectral analysis channels, and ultimately

degrading spectral resolution in cochlear implant listeners was developed.



CHAPTER ].BACKGROUND AND SIGNIFICANCE

Psychophysical and physiological studies of interaction were reviewed. These suggest that

methods aimed at reducing current spread in the cochlea might reduce channel interaction and

improve spectral resolution. The concept of the transimpedance matrix was introduced, and

theoretical considerations underlying its use in phased array stimulation was then described.

This thesis investigates whether the phased array stimulation strategy could be

implemented in patients wearing Advanced Bionics cochlear implants. These implants contain

independent current sources that control waveforms presented at each of 16 electrodes, and so

they are theoretically capable of presenting phased array stimuli (although they are not

normally configured to do so). Because these implants are in common use today, the results of

this study could provide immediate benefit to an existing patient population.

Experiments in the following chapter examine the capabilities of currently used Advanced

Bionics cochlear implants to document the degree to which phased array stimulation might be

implemented. In Chapter 3, measurements of transimpedance matrices in cochlear implant

subjects are presented alongside the predicted phased array currents for stimulation

appropriate for each ear tested.
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2 Advanced Bionics Hardware Characterization

Two models of commercially available cochlear implants manufactured by the Advanced

Bionics Corporation (Valencia, CA) were chosen for use in these investigations: the Clarion

CII (also known as the CII Bionic Ear), and its updated version, the HiRes90k. In this chapter,

the component parts of these devices are described, and the performance characteristics and

limitations of the implanted electronics relevant to the experiments described in the following

chapter are discussed. Specifically, issues critical to the use of these devices for conventional

(monopolar) stimulation, for the measurement of subjects' transimpedance matrices and for

the presentation of phased array stimulation are examined. Data are presented that identify

issues relevant to the use of the built-in current sources for monopolar stimulation, to the

measurement of transimpedance using the built-in differential amplifier and A/D converter,

and to the presentation of phased array currents.

2.1 Rationale for Choice of Advanced Bionics C11 and HiRes90k Devices

The purpose of the experiments described in the following chapter is to implement the

phased array stimulation strategy in an existing patient population. While all of today's

commercially available cochlear implants are capable of implementing the monopolar

stimulation strategy, the Clarion CII and HiRes90k are, in principle, the only devices presently

capable of implementing both stimulation strategies. The ubiquitous monopolar stimulation

strategy requires a system that can perform one essential function:

1. Selectively stimulate each intracochlear electrode with biphasic current pulses of

requested magnitudes, with all stimulating current returned to an extracochlear

ground/return electrode. In monopolar stimulation, current spread is expected to be

deleterious to spatial resolution.

An implementation of the phased array strategy described by van den Honert and Kelsall

(2007) requires additional functionality. Specifically, the system must be able to:

2. Obtain measurements of an implanted ear's transimpedance matrix, which

characterizes the spread of excitation from each intracochlear electrode during
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monopolar stimulation. Transimpedance data are obtained by measuring the

intracochlear voltage elicited at all unstimulated electrode positions (relative to an

extracochlear ground) while each monopolar electrode is stimulated.

3. Deliver biphasic current pulses of specific and independent magnitudes and

polarities 6 (computed by inverting the transimpedance matrix) at all scala tympani

electrode positions simultaneously to take advantage of potential field superposition to

reduce current spread and produce an excitation profile with theoretically improved

spatial resolution compared to monopolar stimulation.

The CII and HiRes90k devices are equipped with implanted electronics that, in principle,

make it possible to satisfy the three implementation requirements above. The implanted

components include:

" A "stimulator" containing 16 independently programmable current sources. Each

current source is dedicated to the activation of one of the 16 implanted electrodes,

and all current is returned to an extracochlear ground. Multiple current sources

can be turned on at the same time to produce independent stimulus waveforms at

each electrode.

" A "telemetry" system containing a differential amplifier that can measure

intracochlear voltage at each scala tympani electrode relative to an extracochlear

ground, an analog-to-digital converter that digitizes the measured voltage, and a

transmitter that sends the obtained data to the external sound processor.

The available circuitry satisfies the three system requirements specified above. Monopolar

stimulation (requirement 1) at each electrode position is achievable using each current source

turned on in isolation (with 15 out of the 16 current sources turned off). A subject's

transimpedance matrix can be measured (requirement 2) using the telemetry system. Finally,

16 During the first phase of a biphasic-pulsatile stimulus, current is passed through a stimulated
electrode in one direction, and during the second phase current is passed in the opposite direction to
recover the delivered charge (Merrill et al., 2005). By definition, "polarity" is a term used to describe
the (positive or negative) sign of the current delivered during the first phase. A biphasic pulse can be
either "cathodic-leading" (i.e., current during the first phase has a negative sign), or "anodic-leading"
(i.e., current during the first phase has a positive sign).
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once the transimpedance matrix is known and phased array currents are computed offline, all

16 current sources can be activated in concert to stimulate all 16 electrodes simultaneously

with pulses of independent amplitudes and polarities (requirement 3).

In commercially available cochlear implants other than the CH and HiRes90k, it is not

presently possible to satisfy all three implementation requirements due to an inability to record

intracochlear potentials and/or an inability to stimulate with independent biphasic pulse

waveforms at multiple electrode positions simultaneously.

In the following sections, the components of the CII and HiRes90k devices are described

in more detail, and measurements made using CH implants on the laboratory bench are

presented to characterize the device's performance in three relevant configurations:

1. Stimulation with a single current source and all other current sources turned off.

2. Stimulation with all current sources turned on simultaneously.

3. Measurement of voltage using the differential amplifier and A/D converter.

2.2 Advanced Bionics C11 and HiRes90k Architecture

2.2.1 External Components

The external components of an Advanced Bionics CII or HiRes90k device receive and

analyze sound signals, and send power and instructions to control intracochlear stimulation

and/or the internal telemetry system. As in all modern cochlear implants, the external

components consist of a microphone, a programmable sound processor, and a headpiece

containing an RF transmitter and receiver (for telemetry). The basic functions of these various

components were described in detail in Section 1.2 and 1.2.3. Today's external components

can be worn behind the ear or on the body as shown in Figure 2-1.
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Behind-the-Ear ("BTE") System Body-Worn System

Body-Worn "Platinun"
"BTE" Sound Headpiece Sound Processor (PSP)
Processor

Microphone Microphone

Earhook

Rechargeable
Battery Rechargeable

Headpiece Battery

Figure 2-1: ClI/HiRes9Ok External Components Advanced Bionics supplies external
hardware that can be worn behind the ear (Left) or clipped onto the patient's body
(Right). The external components receive and process sound (as discussed in Chapter 1),
and send power and instructions to the implanted components. In the clinic or the
laboratory, these components can also be programmed to receive information (e.g.
system status, intracochlear voltage at each electrode position, or neural response data)
back from the implanted components.

2.2.2 Implanted Components

The implanted components of the CII and HiRes90k devices, shown in Figure 2-2, include

two separate parts referred to as the "Implantable Cochlear Stimulator" (ICS) and the

"Electrode Array". The ICS consists of 1) a receiver coil for receiving power and commands

from the external components, 2) a transmitter coil for sending information back to the

external components, and 3) a package of electronics called the stimulator, which contains

circuitry to control the current sources, telemetry system and all other implanted electronics.

The main differences between the CII and HiRes9Ok are in the ICS's package size and

material properties. The lower-profile ICS in the HiRes90k (see Figure 2-2) provides for a less

complicated surgery and improved patient comfort relative to the ICS of the CII. The

electronics housed in both devices are identical (U.S. patents 5603726A and 5938691) except

for differences in the size and/or layout of the components. Unless specifically noted, all ICSs

tested will be considered identical throughout this document and all devices tested will be

referred to collectively as CII/HiRes9Ok devices.
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Clarion CII HiRes90k

Receiver/Transmitter Coils Receiver/Transmitter
and Stimulator Stimulator Coils

Ring Electrode

Retum Electrode Retum Electrode

Electrode Array Electrode Array

Figure 2-2: CII/HiRes90k Implanted Components The implanted portion of the
Clarion CII (Left) and HiRes90k (Right) cochlear implants. During surgery, the

receiver/stimulator package (or "ICS") is placed just below the skin and the electrode
array containing 16 stimulating electrodes is inserted into the cochlea. The electronics in

both devices are identical. In the newer HiRes9Ok, the transmitter/receiver coils are
separated from the stimulator electronics, and a "Ring" electrode is available that can

optionally be used as an additional return electrode for stimulating current.

The CII/HiRes9Ok ICS is connected to 16 intra-cochlear electrodes through a set of wires

leading into the cochlea. During conventional monopolar stimulation, the case of the ICS is

used as a ground (return) electrode. In the HiRes9Ok a second "ring" electrode located near the

case (see Figure 2-2, Right) can be used optionally as a return electrode.

2.2.2.1 CII/HiRes9Ok Implantable Cochlear Stimulator (ICS)

Figure 2-3 contains a schematic diagram of the main components of the CII/HiRes90k

Implantable Cochlear Stimulator (ICS). The only external component shown at the left of the

figure is the headpiece that contains a transmitter/receiver coil used to establish a

radiofrequency (RF) link between an external sound processor and the ICS. The sound

processor (not shown) sends both power and commands through the headpiece to the ICS via

an amplitude-modulated 49 MHz RF carrier signal.

The RF signal is transmitted across the skin to the internal ICS, and some portion of the

power in this signal is stored in an Internal Power Storage block. This power storage block

attempts to maintain both positive and negative power supplies relative to the ICS case at body

potential. The two power rails are used both to supply voltage to run all internal circuitry, and

as "charge reservoirs" from which the current sources draw charge for electrode stimulation.
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Figure 2-3: CIIIHiRes9fk Implantable Cochlear Stimulator The CII/HiRes90k ICS
contains several functional blocks shown above. The implanted device is powered by the
external sound processor (not shown) via energy delivered by an incoming 49 MHz

carrier signal through the radiofrequency link between the external coil in the headpiece,
and the internal coil. An internal power storage block makes this power available to all
other implanted components, and provides a power source for stimulation. All power
supply lines are shown in blue. Instructions that are coded in the carrier signal by the
sound processor are interpreted by a command decoder that controls all other implanted
electronics, and directs stimulation to requested current sources that are capacitively-
coupled to electrodes. All command signal paths and stimulus current paths are shown in
black. A differential amplifier is available for the measurement of voltage across any
electrode pair. Configured as shown, the differential amplifier measures the voltage
between the first scala tympani electrode and the return electrode (ICS case), but
commands can be issued to switch the measurement points to any electrode pair. An
analog-to-digital converter (A/1)) samples the voltage at the output of the differential
amplifier, and the acquired data can be sent back to the sound processor via the RF link.
All signal paths for telemetry are shown in red.

A command decoder receives and interprets the instructions from the sound processor, and

sends requests to the 16 current sources to deliver specific waveforms to their associated

electrodes. The command decoder sends additional requests to the telemetry circuitry to record

intracochlear voltages between any electrode pair of interest. All timing for stimulation and/or

data acquisition is controlled by a 1.1136 MHz clock.

The stimulator portion of the ICS consists of 16 identical current sources in an array (only

four are shown in Figure 2-3), each of which is AC-coupled to an output pin that is in turn

connected to one scala tympani electrode. The "return electrode" for current consists of the
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ICS case (or in the HiRes90k, an additional ring electrode, not shown) at body potential.

Stimulus amplitudes and polarities at each of the 16 independent current sources are defined

by 9-bit (8-bit plus one sign bit) words passed to digital-to-analog (D/A) converters with

adjustable gains (not shown). According to the manufacturer's specifications, each current

source can deliver current pulses with rise times of less than 1 ps to a 10 kQ load, and zero-to-

peak amplitudes up to 255 pA at the lowest D/A gain setting with I pA resolution. A larger

range of current amplitudes can be obtained by increasing the D/A gain setting and sacrificing

the resolution, so that currents up to 510 p A can be requested with 2 pA resolution, currents

up to 1020 pA can be requested with 4 pA resolution, and currents up to 2040 pA can be

requested at the highest D/A gain setting with 8 pA resolution. The manufacturer's design

specification for each current source's compliance voltage (i.e., the maximum possible voltage

between each current source's output pin and ground) is 8 Volts.

The telemetry circuitry in the CIl/HiRes90k ICS consists of a differential amplifier and 9-

bit (8-bit plus one sign bit) analog-to-digital (A/D) converter. When instructed by the

command decoder, these components record the voltage across any electrode pair (including

any of the scala tympani electrodes, the "ring" electrode in the HiRes90k, and/or the ICS case

as shown in the Figure 2-3) and send the recordings back across the RF link to the sound

processor. The gain of the differential amplifier can be selected at 1, 3, 6, 18, 33, 100, 300, or

1000, and the sampling rate of the A/D converter can be set to 9.2803, 27.8409, or 55.6818

kHz.

2.3 CII/HiRes90k ICS Hardware Characterization

The performance characteristics of the CI/HiRes90k ICS schematized in Figure 2-3 were

investigated by taking measurements from ICSs on the laboratory bench, i.e., these ICSs were

mounted on printed circuit boards, giving direct access to the 16 current-source output pins

that normally drive implanted electrode contacts, as well as access to the return electrode

pin(s) at case potential.

The performance of the current sources was first analyzed in the monopolar configuration

(with a single current source turned on and all fifteen remaining current sources set to deliver

zero current), and then in the configuration where all sixteen current sources were turned on
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simultaneously, as required for phased array stimulation. Limitations on the device's ability to

deliver requested currents are discussed in terms of a realistic model consisting of a biphasic

pulse-generating current source, some additional discrete components and with access to finite

power or charge available for stimulation. The current sources are first characterized using

resistive loads and then for electrodes in a saline bath.

The performance of the differential amplifier and A/D converter blocks was then

characterized, as these components are necessary for the measurement of transimpedance.

2.3.1 CII/HiRes9Ok Laboratory Bench Setup: The Clarion Research Interface

Communication with CII/HiRes9Ok ICSs on the laboratory bench was accomplished using

the Clarion Research Interface (CRI) hardware developed by Advanced Bionics. The

experimental setup is shown in Figure 2-4. A link between a desktop computer and a

nominally body-worn Platinum Series Sound Processor (PSP, see also Figure 2-1 Right) was

established via a Clarion Clinician's Programming Interface (CPI). The CPI provided power to

the PSP, and allowed for the transmission of experiment-specific instructions from the desktop

computer to the PSP.

The PSP was connected to a CII/HiRes9Ok Implantable Cochlear Stimulator (ICS, see also

Figure 2-2 Left) through a radiofrequency (RF) link established via a standard Advanced

Bionics headpiece. All power used to run the ICS and to supply stimulation through

customized loads was transmitted across the RF link by a 49 MHz carrier signal from the PSP.

The RF link also allowed for the transmission of experiment-specific instructions from the

PSP to the ICS (e.g. instructions for stimulating output pins with desired currents), and for the

reception of data from the ICS (e.g. voltages recorded at various test points using the internal

differential amplifier and A/D converter).

The ICS was mounted on a load board that allowed for customized loads (e.g., resistors or

electrodes in a saline bath) to be inserted between each of the 16 output pins and ground

(numbered Z1 through Z1 6 ). Four of the 16 outputs were selectable by rotary switches, for the

simultaneous recording of the voltage across their respective loads.
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Figure 2-4: Experimental Setup - The Clarion Research Interface A photograph
(Top) and block diagram (Bottom) of the experimental setup. The system provided for
control of an Implantable Cochlear Stimulator (ICS, see Figure 2-3). The ICS was
controlled by a Clarion Platinum Series Processor (PSP) that sent power and commands
to the ICS, and received data from the ICS through an RF link established with a standard
headpiece. The PSP was itself programmed using a Desktop computer via a link
established using an Advanced Bionics Clinician's Programming Interface (CPI). The
ICS was mounted on a printed circuit board giving direct access to the outputs associated
with its 16 current sources (these are typically connected to the 16 scala tympani
electrodes in patients) and its ground (case). The Load Board allowed for the insertion of
experimenter-specified loads, labeled Z1 through Z16 in the block diagram, between each
of the 16 output pins and ground. Each of four rotary switches could select an output for

the measurement and monitoring of the voltage across up to four loads.
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Custom software installed on the desktop computer to control the PSP was written using

the Advanced Bionics "Bionic Ear Data Collection System" (BEDCS) version 1.18. This

software allowed for the independent specification of waveforms to be delivered to the custom

load by each of the ICS's 16 current sources. Pulse times, phase durations, polarities, and

zero-to-peak amplitudes could be specified for each current source independently. BEDCS

also provided experimental control over the ICS's differential amplifier, with controls to

switch the amplifier on and off, to specify the amplifier's gain, to choose electrode pairs

between which voltage measurements were made, and to control the sampling rate of the A/D

converter.

In all experiments, the BEDCS program was itself controlled through the Microsoft

Component Object Model (COM) using custom software written in MATLAB (The

Mathworks, Natick, MA). The COM interface allowed for the sharing of data between

BEDCS and MATLAB so that values of all BEDCS control variables and commands to

stimulate and/or record could be issued from custom MATLAB functions or from the

MATLAB command window, and all data from BEDCS could be analyzed using MATLAB.

2.3.2 Electric Circuit Models for CII/HiRes90k Current Sources

During monopolar or phased array stimulation, the CII/HiRes9Ok ICS would be instructed

to activate one or more current sources with pulses of specific amplitudes and phase durations.

It was therefore important to characterize the current sources' performance using the ICS on

the laboratory bench configured with one current source turned on in isolation (to emulate

monopolar stimulation), and with all current sources turned on simultaneously (to emulate

phased array stimulation).

In the following sections, an ideal circuit model and a more realistic circuit model of the

ICS current source are presented. Measurements made using the bench ICS are presented to

test the degree to which the stimulator behaves as predicted by these models, and to test the

degree to which the ICS current sources accurately present requested current waveforms.

Important device limitations that impact the measurement of transimpedance and the

presentation of monopolar and phased array stimuli are demonstrated.
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2.3.2.1 The Ideal Current Source Model

Consider the circuit model in Figure 2-5, which represents a single idealized ICS current

source driving an arbitrary load. The simplest complete circuit model for the CII/HiRes90k

stimulator would contain 16 of these identical circuits, with each current source driving a

unique scala tympani electrode, and all sources sharing a common extracochlear return

electrode.

iSource

V vLoad ZL oad

Figure 2-5: Ideal CII/HiRes9Ok Current Source An ideal current source instructed to
deliver waveform 'Requested produces a source current waveform isource = IRequested-
The 'Requested block and dashed arrow pointing to the current source represents all
circuitry necessary to send the instructions to the current source, and the architecture of
this command circuitry is not considered. ZLOad can be any real or complex, linear or
nonlinear impedance between the output pin and the return pin. The voltage across the
current source vo is equal to the voltage between the two output pins VLOad, and this is
adjusted to any arbitrary voltage so that the current delivered through the load impedance

'Load is independent of the load impedance. The delivered current is equal to the
requested stimulus waveform (ILoad = isource = IRequested). In this ideal case, the
current source has infinite compliance voltage (the maximum possible vo or VLoad), and

in principle, infinite power can be delivered to the load.

In this model, the ideal biphasic current pulse generator in Figure 2-5 is instructed to

deliver some requested waveform IRequested with specified phase duration, polarity and zero-

to-peak amplitude. This instruction is indicated by the IRequested block and dashed arrow

pointing toward the current source. The current source responds by delivering an output

current waveform isource that is equal to IRequested. All current flows through the output pin

(represented as an open circle along the top edge of the diagram) and through a load whose

impedance ZLOad is generally complex and nonlinear'. Current is returned along a path

through the ground pin (represented as a second open circle along the bottom edge of the

17 In practice, ZLOad is governed by the electrochemical properties of the interface between the
platinum scala tympani electrode and intracochlear fluid, the series impedance of all fluid and tissue in
the path to the return electrode, and a second metal/fluid interface between the case of the ICS and the
adjacent fluid and tissue.
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diagram). This ideal current source works by adjusting the voltage v 0 across the pulse

generator (or equivalently VLoad between the output and return pins) to the necessary voltage

to ensure that ILoad through the arbitrary load is exactly equal to the requested current

IRequested. A mathematical description of the CII/HiRes90k circuit model is simply

ILoad Requested

2-1

VLoad - V0

2.3.2.2 A Realistic C1/HiRes90k Current Source Model

It is assumed that the actual current sources present in the CII/HiRes9Ok ICS are designed

to emulate the behavior of the ideal current source in Figure 2-5, but that each current source's

actual behavior will be non-ideal due to practical constraints (e.g., finite power available) and

due to the addition of some discrete components into the circuit. A more realistic circuit model

for one ICS current source is shown in Figure 2-6.

iSource CB

+ + + 'Load

IRequested R vo vLoad ZLoad

Figure 2-6: Realistic CII/HiRes90k Current Source As in Figure 2-5, the activated
current source receives a command to deliver 'Requested and delivers 'source- ZLoad is the
impedance between the output pin and return pin, which are represented by open circles.
In this more realistic model, Rp represents a finite, internal resistance across the current
source and CB is a "DC-blocking" capacitor. The voltage VLoad across the load is not
equal to the voltage across the current source vo, and the current ILoad is not equal to

'Requested-

This model differs from the ideal model in Figure 2-5 as follows:

1. A "DC-blocking" capacitor CB is placed in series between the current source and its

associated output pin and load (see also Figure 2-3). This is a safety feature that

ensures that no long-term DC component can be applied to any load to reduce the risk

of damaging nervous tissue (Lilly et al., 1955; Brummer & Turner, 1977; Merrill et
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al., 2005). Unlike the model in Figure 2-5, a voltage drop across the blocking

capacitor results in VLoad # VO-

2. Some non-zero current flows through a parallel resistor Rp to ground, resulting in

'Load # Isource. Rp represents the equivalent combination of the finite internal current

source resistance (which is not a discrete resistor, but is instead a property of the

underlying current source circuitry) and a discrete "bleeder" resistor placed in parallel

with the current source to drain any charge from the DC-blocking capacitor that might

otherwise build up over time. The circuit's behavior may be complicated further

because the internal current source resistance may be non-linear (i.e., the resistance

Rp may vary with Isource or vo).

3. The current source is not supplied by an infinite power source, but all power available

to the ICS is instead supplied by the external sound processor and stored in an internal

power storage element (see Figure 2-3).

Note that while no explicit component or notation is included in the circuit diagram in

Figure 2-6 to model constraint 3, it is understood that in any real current source the voltage vo

(and therefore VLoad) cannot attain an infinitely large value, but is instead limited to a

maximum possible "compliance voltage" determined by the power supply voltage 8 .

Moreover, total current (charge per unit time) that can be delivered to the load is limited by

the available charge stored internally in the internal power storage element schematized in

Figure 2-3.

2.3.2.3 Realistic Current Source Model with Resistive Load

The Appendix contains a detailed mathematical analysis of the realistic ICS current source

circuit model in Figure 2-6 under the following simplifying assumptions:

18 The actual circuitry present in the ICS has separate positive and negative power supplies (relative
to the ICS case) allowing for biphasic stimulation. The negative power supply is used to source cathodic
current and the positive power supply is used to source anodic current through the scala tympani
electrodes. It is expected that for the CIl/HiRes9Ok current sources, vo will be limited to values between
approximately 8 Volts, which is the manufacturer's specified compliance voltage.
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1. The load impedance is linear and resistive (i.e., the reactive component of ZLoad is

zero), and ZLoad = RLoad-

2. The current source delivers biphasic pulsatile stimuli with rise time < 1 ps (this value

is specified by the manufacturer for a 10 ki load).

3. The phase duration, polarity and amplitude of Isource are equal to the requested phase

duration, polarity and amplitude (i.e., Isource = 'Requested)-

4. The phase duration pd is 107.755 ps per phase (the phase duration used in all

experiments).

5. After the rise time, the delivered source current Isource remains steady (i.e., at a

constant level in p A) during the square portion of each requested stimulus phase. The

source current amplitude Isource = I, during phase 1 and Isource = 12 = -, during

phase 2.

6. The parallel resistor Rp is greater than 100 kQ.

7. CB = 0.1 pF (this value is specified by the manufacturer) so that the circuit's time

constant r = (Rp + RLoad) - CB is greater than 10 ms (see Appendix).

8. The voltage across CB is initially zero (i.e., the capacitor is initially uncharged). This

assumption is valid if sufficient time has elapsed under the condition that Isource = 0

pA, because resistor Rp provides a discharge path for current to flow to ground.

2.3.2.3.1 Circuit Theory Describing ILoad in Realistic CI/HiRes90k Current Source

Model with Resistive Load

The equation derived in Appendix describing 'Load for a resistive load when IRequested is

a biphasic current pulse is

y/'i
yI,-1 I t, 0 < t < pd

T

ILoad(t) d -( d 2-2

Pd Y12 -
(2 -

d

Iz1 - (2 - e -r (t - pd ), pd < t < 2 x pd
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where y = Rp and T = (RR + RLoad) ' CB. The expression in the first row of Equation
Rp+RLoad

2-2 (for 0 < t < pd) is the predicted load current during phase 1 of the biphasic pulse, and the

expression in the second row of Equation 2-2 (for pd < t < 2 x pd) is the predicted load

p d )current during phase 2. The expression during phase 2 contains the factor (2 - e T because

of charge buildup on the blocking capacitor CB during phase 1 (see Appendix for details).

Equation 2-2 differs from the ideal (Equation 2-1: ILoad = IRequested) in two ways:

1. Equation 2-2 predicts that a fraction of the requested current (less than 1 at t = 0) will

be delivered through a load resistor at the beginning of each phase (at t = 0 and

t = pd). At the start of phase 1 (at t = 0), the predicted load current is ILoad(t =

0) = Rp - 11. The constant of proportionality y = Rp indicates "current
Rp+RLoad Rp+RLoad

division" between RR and RLoad, the impact of which will be greatest for large load

resistances (on the order of RR). At the start of phase 2 (at t = pd), the load current is

Rp
ILoad(t = pd) = Rp+RLoad ( 2 - e - 2, where the two scale factors in front of '2

arise from current division and the fact that the capacitor voltage is non-zero at

t = pd.

2. Equation 2-2 also predicts that ILoad will vary with time during each stimulus phase.

Specifically, the predicted I oaddecreases (in magnitude) toward zero during phase 1

Rp IS
with slope R o - , and decreases toward zero during phase 2 with slope

Rp+RLoad

-Rp - (2 - e-) - I. The impact of this dynamic behavior will be greatest for
Rp+RLoad \ T

small load resistances that may produce small time constants relative to the phase

duration. It will be shown that for realistic loads and phase durations, this time

dependence is a small effect, and will be neglected.

Note that if RR is large, such that RR >> RLoad, and if pd « r, then both of these potential

complications are minimal, and Equation 2-2 approaches the ideal (see Appendix Section

5.5.1),
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oad (t) = p1, 0 < t< pd
I L11d2, Pd < t < 2 x pd

2.3.2.3.2 Circuit Theory Describing vo in Realistic CII/HiRes90k Current Source Model

with Resistive Load

The total voltage supplied by the current source vO (t) = VLoad (t) + VCB (t) is the voltage

drop across the series combination of the load resistor and the DC-blocking capacitor. This

can be expressed in terms of VLoad (t) as

t VLoad
vOt) = VLoad (t)+f VLoad) dT + CB(to). -3

When 'Requested is a biphasic current pulse, and the capacitor is initially uncharged, the

solution (see Appendix) is

yRp - 11
yRLoad I,+ t, 0 < t < pd

T

V(t) +d Y+ y2Rp (2 - e 2-4

Iy12 IRLoad + Rp (e T - I 1 +- - (t - pd); pd < t < 2pd

Equation 2-4 predicts that v0 will reach an initial value at the start of each stimulus phase

and then increase (in magnitude) linearly throughout each phase. It will be shown that the

increase in magnitude must be taken into account to recognize when an actual ICS current

source is operating within the limits imposed by internal power supply. Note that if Rp is

large, such that Rp >> RLoad, and if pd «r, then Equation 2-4 approaches (see Appendix,

Section 5.5.1),

I,
I1RLoa + - .t, 0 < t < pd

VO t) = CB 2-5

12RLoad - +-- .(t - pd), pd < t < 2pd
CB CR

The following sections describe measurements made using a CII/HiRes90k ICS on the

laboratory bench with the ICS current sources driving various load resistors. The degree to

which Equation 2-2 holds is tested, and the conditions under which the two potential

complications listed in Section 2.3.2.3.1 (current division and time dependence) are present,
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are determined empirically. Practical limits of operation due to power constraints are

determined assuming that vo behaves according to Equation 2-5.

2.3.3 Measurements and Analysis of a Single Current Source in One Device

Preliminary testing of a single current source was accomplished using the experimental

setup in Figure 2-4. Various discrete resistors were inserted into the ICS load board between

output pin 1 (which is connected to the most apical electrode in clinical use) and ground, with

the remaining output pins short-circuited to ground. A block diagram of this single-channel

stimulus configuration is shown in Figure 2-7.

Power and .- i Load Board
Commands Headpiece

Programming From PSP

Cable Selected
Desktop Serial _Ci : . Load

Computer CPl PSP I ' 'ace Voltage 9-Pin 15-Pin Data
(RS-232) From ICS Ial(RS232)Fro ICSR SLoad

Power Trigger RF Link

47 nF

USB vua5600~

T I =A10 
MQ

DS07014A 1NA1 M 47 nF

Oscilloscope 470 pFI

10 MQ

Figure 2-7: Experimental Setup for Measurement of Load Voltage The system of
Figure 2-4 was used to instruct a CII/HiRes90k implantable cochlear stimulator (ICS) to
deliver current through a discrete load resistor R 1 . The voltage across the load resistor
was measured differentially, stored in a DSO7014A Oscilloscope and transferred to the
hard disk on the desktop computer.

In this setup, one of the load board rotary switches was set to monitor the voltage across a

single load resistor labeled R1 to indicate that this RLOad is connected across current source

number 1. To reduce common mode contamination by the 49 MHz carrier signal from the

PSP, the voltage across the resistor (labeled VLoad) was measured using a battery powered,

AC-coupled instrumentation amplifier (INA 111) with unity gain, and then low pass filtered at

600 kHz. This voltage was viewed and sampled at 2 x 109 samples per second using an 8-bit
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Agilent Technologies DS07014 Digital Storage Oscilloscope and transferred to MATLAB

running the Instrument Control Toolbox Version 3.4 through a USB link to the desktop

computer. A trigger pulse sent from the clinician's programming interface (CPI) controlled the

timing of the oscilloscope, allowing for automated acquisition of the load voltage waveform

timed to the start of each requested stimulus pulse.

2.3.3.1 ICS Current Source Performance Across Load Resistors for Fixed 72 PA peak

Current

Five discrete resistors were selected for insertion into the ICS load board and their

resistances were measured using a Fluke 83 multimeter with specified accuracy of 0.4% of the

measured resistance. Rounded resistances were 1 kW, 10 kQ, 33 kW, 50 kW, and 100 kW. The

ICS was instructed to stimulate each resistive load with single cathodic-leading biphasic

current pulses with phase duration 107.551 ps/phase, and a relatively small zero-to-peak

amplitude 72 pA (relative to the maximum allowable requested amplitude of 2040 pA). The 1

kQ and 10 kQ are realistic load resistance magnitudes for implanted electrodes, and the larger

resistors were chosen to challenge the ICS current source with unrealistically large loads.

The requested current waveform is shown in the top panel of Figure 2-8. The middle panel

represents the measured voltage across the five resistors with trace colors indicating load

resistance (see the figure legend). The measured peak voltage increases monotonically with

load resistance. The bottom panel shows the actual current delivered ILoad computed using

Ohm's law, as the measured VLoad (middle panel) divided by each measured (using the Fluke

83 multimeter) load resistance.

Figure 2-8 indicates that for a given requested waveform (top panel) the voltage across the

resistive loads (middle panel) is adjusted by the current source to produce the delivered

current waveform (bottom panel). The delivered current waveforms have a biphasic-pulse

shape, and the durations of both phases delivered are within 0.1% of the specified phase

duration 107.755 ps. However, a larger than expected rise time was found for the larger load

resistors. The measured current through the 1 kM resistor (bottom panel, blue curve) contains

significant measurement noise compared to the other curves because the measured load
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voltage across this resistor is small (middle panel, blue curve), and consequently the signal to

noise ratio is also small.

72
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Figure 2-8: Fixed Amplitude Waveform Delivered to Various Load Resistors A

CII/HiRes90k ICS was instructed to deliver a cathodic-leading biphasic current pulse

IRequested with phase duration 107.755 ps/phase and zero-to-peak amplitude 72 pA.

(Top) The requested wavelOrm is plotted in black with black circles indicating the

requested current amplitude and times at which the current source was sent an amplitude

value. (Middle) VLoad measured across 5 load resistors indicated in the figure legend.

(Bottom) 'Load computed with Ohm's Law.

The recorded waveforms in the bottom panel of Figure 2-8 were analyzed as follows:

I. The rise time of each measured current waveform was computed during phase I and

phase 2 using the built-in RISETIME function in MATLAB. This function computes

the time taken by the stimulus current to change from 5% of its final value to 95% of

its final value.
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2. The larger of the two computed rise times was multiplied by 1.1, and the result was

taken as the amount of time to ignore at the beginning of each phase when computing

parameter estimates for the mathematical model in Equation 2-2.

3. For each stimulus phase, a simple linear regression was performed on all samples of

the recorded current (after 1.1 times the maximum rise time and ignoring

approximately lps at the end of each phase) to obtain estimates of the expected

current at the beginning of each phase (at t = 0 and t = pd in Equation 2-2) and

estimates of the slope of the recorded current waveform during each phase (or the rate

at which current changed linearly with time). Let a^ and 02 be the regression

coefficients indicating the initial currents during phase 1 and 2 respectively, and let fi

and fl2 be the best estimates for the slopes during phases 1 and 2 respectively.

Table 2-1 summarizes the results of the three analysis steps above for the recorded

waveforms in Figure 2-8. Note that the rise times in column 2 of Table 2-1 increase with

increasing load resistance. These increasing rise times were not predicted by the ideal or

realistic circuit models presented in Sections 2.3.2.1 and 2.3.2.2, and their cause is not

understood. However, rise times are no greater than 2.1 ps for the realistic load resistors (1 kM

and 10 kM), and can probably be safely ignored in practice.

For an ideal current source, the initial currents a- and a2 would be -72 PA and +72 pA

respectively. According to the data listed in columns 3 and 6 in Table 2-1, a- and a-2 are

smaller in magnitude than the ideal, reflecting current division between Rp and RLOad as

described for the realistic current source by parameter y Equation 2-2. As expected, a- and -2

decrease with increasing RLOad-

For an ideal current source, the slopes P, and #2 would be zero. While all slopes in

columns 4 and 7 in Table 2-1 are statistically significant, F(1,192162) > 3.89,p < 0.048,

this regression model usually explained a small fraction of the variance with r2 less than 0.1

in all but two cases. For the realistic current source model, the slope parameter fi was

expected to be positive and P 2 was expected to be negative, i.e., the current was expected to

decay in magnitude toward zero during each stimulus phase. However, in all waveforms
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except during phase 1 for current through the 10 kQ load resistor, the opposite behavior was

seen (current increased in magnitude with time during each phase). The reason for the

discrepancy between the measured and expected slopes is unclear, given the limited

information available describing the actual (proprietary) current sources in the CII/HiRes90k

ICS. However, the differences are most likely due to one or more incorrect assumptions made

in 2.3.2.3 (e.g., Assumption 3 or 5), or due to some additional unknown circuitry which acts to

compensate for the expected decay.

Table 2-1: Regression Analysis for Waveforms in Figure 2-8

Phase 1 Phase 2

RLoad Rise 01 [pA] Regression 02 [p A] Regression
Time [nA/p s] [nA/p s]

[kW] (Ideal = -72) [d1 Statistics (fl) (Ideal = 72) [nas Statistics (2)
[p si (Ideal = 0) (Ideal = 0)

t(208326) -7.07 t(208326) 23.5

1 0.31 -71.28 -1.65 <.001 67.87 5.58<.00
r 2<.001 678 5.5 .0027
F(1,208326) 50 F(1,208326) 554

t(202938) 36.5 t(202938) 15.2

10 2.1 -67.13 1.22 67.25 0.515 <.00
r, .0065 6725 0.1 .0011
F(1,202938) 1330 F(1,202938) 231
t(192162) -1.97 t(192162) 106

33 6.5 -61.33 -0.0517 .048 62.82 3.12<.001
r <.001 628 .2.055
F(1,192162) 3.89 F(l,192162) 11200
t(181387) -18.8 t(181387) 142

50 9.9 -58.50 -0.551 <001 60.69 4.49 <.001
r .0019 60.9 .4 .10
F(1,181387) 354 F(1,181387) 20200
t(159836) -78.1 t(159836) 268

100 18 -50.82 -2.20 r <.001 54.50 9.24 3001
r______ .037 __2_.31

F(1,159836) 6100 F(1,159836) 71900

Table 2-1 The first column shows the load resistance RLoad in ko, and the second
column lists the larger of the two rise times for each waveform in Figure 2-8. Columns
3 through 8 are regression statistics for the slope and intercept for each phase I and 2.
The t(N - 2) and F(1, N - 2) statistics are reported for N - 2 degrees of freedom,
where N is the number of voltage samples during each phase.

The slopes were always smaller in magnitude than 10 nA/ps, and the total change in

current from the beginning of each phase to the end was always less than 1 pA (less than 2%

of the initial current). Because the overall change in current was relatively small, and the

73



74

measurement noise was relatively large, the linear fits always explained a small proportion of

the variance (r2 < 0.31 in all cases).

Further analyses on the data were performed as follows:

4. Two estimates of the circuit "time constant" were obtained by rearranging Equation

2-2:

a1 _ a2T, - , -

In the ideal current source, the time constant would be infinite, and the current delivered

to the load resistor would remain steady throughout each stimulus phase. Table 2-2 lists the

estimated time constant parameter T during each phase for each load resistor. These data

suggest that the actual time constant of the circuit is large compared to the phase duration

(107.755 ps). For the realistic load resistors, Ti and T 2 are more than 500 times the phase

duration, consistent with the very small change in peak current measured throughout each

stimulus phase. From this point forward, the slope parameters and time constant governing the

dynamic behavior of the realistic current source will be safely ignored.

Table 2-2: Time Constants for Waveforms in Figure 2-8

RLoad [kW] T [ims] -12 [iMs]

1 -43.2 -12.2
10 55.0 -131

33 -1190 -20.1
50 -107 -13.5
100 -23.1 -5.90

Table 2-2 The first column shows the load resistance RLoad in kW. The second and
third columns show the estimate of the time constant in ms for phase 1 and phase 2
respectively.

5. Two estimates of the "current division" parameter y were computed as

Y1 - 2 -A Y2 pd+7272 AA-2
(+72 IM ).2 -et2)

IFIM"Ipmfmr" Ww-
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In the ideal current source, -1 and -2 would be unity, and all source current would be

delivered to the load resistor. Table 2-3 lists the estimated current division parameter - during

each phase for each load resistor.

Table 2-3: Current Division for Waveforms in Figure 2-8

RLoad [kQ] Y1 Y2

1 0.990 0.9511
10 0.9324 0.9348
33 0.8518 0.8773
50 0.8125 0.8497

100 0.7059 0.7711

Table 2-3 The first column shows the load resistance RLOad in kQ. The second and
third columns show the estimate of the dimensionless current division scale factor for
phase I and 2 respectively.

Note in Table 2-3, some current division is seen for all load resistors as 1 and ?2 are less

than 1 (and the peak currents delivered fall short of the requested 72 pA). The impact of

current division is larger for the larger load resistors as expected from Equation 2-2 where

Y Rp

Rp+RLoad

6. The parallel resistance in the realistic circuit model (Figure 2-6) was computed using

the estimates of fi each measured RLoad as

p RLoad

1 - -Y1

The range of Rp over this range of load resistors is 99.099 kM (when RLoad = 1 kM) to

240.26 kQ (when RLoad = 100 kM). The fact that Rp varies with RLoad (or load voltage)

indicates that it is nonlinear, which is not surprising if the internal current source resistance is

nonlinear. Note that the smallest Rp is approximately 100 kW, producing a time constant of 10

ms (if CB = 0.1 pF), which is 100 times the phase duration, providing further evidence that

the time-constant (or alternatively the slopes of the current waveforms during each stimulus

phase) can be neglected. This suggests that a sufficient approximation for the actual

CII/HiRes90k monopolar current source during either phase is provided by - alone. It will be

shown that circuit loading is a relatively small complication for realistic load resistances.
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2.3.3.2 ICS Current Source Performance Over a Range of Requested Currents for

fixed RLoad

The top panel of Figure 2-9 shows voltage waveforms VLoad measured directly across a

single load resistor RLoad = 4.7 kW for the same 107.755 ps/phase biphasic pulse, with the

requested zero-to-peak current varied from 288 pA up to 2016 pA. Different colored traces

represent voltage waveforms measured for each requested current magnitude as indicated in

the Figure 2-9 legend.

For each measured VLoad waveform, Equation 2-3 was solved numerically in MATLAB

to obtain the theoretical voltage across the current source vo, assuming CB = 0.1 pF and

VCB = 0 at time 0. These theoretical voltage waveforms are plotted in the bottom panel of

Figure 2-9, and represent the total voltage across the load resistor plus the voltage across the

DC-blocking capacitor (labeled vo in the realistic circuit model in Figure 2-6).

The behavior of the ICS current source was relatively straightforward for IRequested

1152 pA. Over this range of currents tested, the current source always produced VLoad

waveforms that were relatively flat throughout each of the two phases, the measured steady

state load voltage increased monotonically with requested current, and VLoad was always less

than 5.2 Volts in magnitude (Figure 2-9, top). The theoretical vo waveforms (Figure 2-9,

bottom) changed rapidly at the beginning and end of each phase, and increased in magnitude

throughout each phase during charge accumulation on the DC-blocking capacitor. Over this

IRequested range, vo never exceeded 6.3 Volts in magnitude, which is well within the

manufacturer's specified compliance voltage limits 8 Volts. A detailed analysis of this

behavior of the ICS current source (when it is operating within voltage compliance limits) will

be presented in the following sections.

For 'Requested = 1440 pA 9 , the current source failed to deliver a square VLOad pulse

during the first stimulus phase, and the measured waveform (Figure 2-9, top, purple trace)

19The notation 'Requested has been used to indicate an arbitrary requested waveform with some
phase duration and amplitude. All waveforms used in this thesis have same phase duration 107.755
ps/phase. For simplicity, the notation is IRequested = x pA and [Load = x VA are used to refer to the
amplitude of the requested waveform and measured load current in the following sections.
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began to ramp from -6.4 Volts toward zero starting approximately 45 ps into the duty cycle.

The associated vo waveform initially increased in magnitude as expected, but reached what

appears to be a maximum possible magnitude at approximately 45 ps. For this requested

current, the source successfully delivered a square VLoad pulse during the second phase.

Voltage Waveforms for Foad 4.7 k Q

I Requeste= 288 pA
Requested 56P

I 576 pA

Requested 864 pA

IRequested 152P
I 1152 pA

1 =1440 PA
Requested

Requested 1728 PA

-- = 2016 pA-SRequested

0 50 100 150 200 250 300 350 400 450

-71

0 50 100 150 200
Time [Vs]

250 300 350 400 450

Figure 2-9: Waveforms Delivered to Fixed Load Resistor as Current Varied Traces
in the top panel represent VLoad measured directly across a 4.7 kQ resistive load as the
peak amplitude of 'Requested was varied from 288 pA to 2016 pA as indicated in the

figure legend. Traces in the bottom panel represent the theoretical voltage waveforms
supplied by the ICS current source vO = VLoad + vCB according to the realistic circuit

model in Figure 2-6 for each VLOd waveform in the top panel.

For the largest requested currents (IRequested = 1728 p A and for 'Requested = 2016 P A),

the current source did not deliver a square pulse VLoad during either stimulus phase, but

instead the measured voltage waveforms immediately began to ramp toward zero near the start

of each phase. The associated vo waveforms reached their maximum magnitudes relatively

quickly. From these two waveforms it appears that outside the approximate range -7.1 <
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vo < 7.1 Volts, the ICS current source does not perform as expected, and fails to deliver

square pulses during one or both stimulus phases. Because 7.1 Volts is on the order of the

specified compliance voltage (with some additional voltage drop of unknown origin), the

limiting behavior of the current source for large load currents is attributed to the device's

voltage compliance limitations.

2.3.3.3 Summary of ICS Current Source Performance Over a Range of RLoad and

'Requested

The data presented in Figure 2-8 and Figure 2-9 show that the ICS current source behaves

qualitatively as an ideal current source as the waveform delivered to the load approximates the

requested current waveform over some range of RLoad and 'Requested. However, these

measurements taken alongside the non-ideal circuit model suggest that the requested

waveform and delivered waveform can differ quantitatively because:

1. Current division between the load resistor RLoad and internal resistance Rp can result

in the delivery of a fraction of requested current to the load. Current division is

expected to be especially large for large load resistors (comparable to the internal

resistance) according to the parameter y = Rp in Equation 2-2. Measurements
Rp +RLoad

reveal some current division for all load resistors (see Table 2-3), and for the largest

load resistor tested (100 ku), only 70 percent of the requested current reaches the

load.

2. The maximum voltage across the load will be limited due to voltage compliance. An

understanding of the functional limits of operation requires accounting for vo, which

includes the voltage across the DC-blocking capacitor in addition to the voltage across

the load.

2.3.3.4 Dynamic Range and the Slope of the ILoad VS- 'Requested Relationship

To explore these issues further over a range of currents and load resistors, the voltage

across 9 resistive loads (rounded resistances RLoad = 1 kil, RLoad = 3.3 kQ, RLoad = 4.7

kQ, RLoad = 6.8 kQ, RLoad = 10 kQ, RLoad = 33 kQ, RLoad = 50 kQ, RLoad = 100 kQ,

and RLoad = 330 kQ) was measured as the requested zero-to-peak current was varied. For the
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seven smallest resistors, the amplitude of IRequested was adjusted between -2040 pA and

+2040 pA (the largest allowable requested currents) in steps of 24 pA. For RLOad = 100 ko,

where VLoad and therefore vo were expected to become large very quickly, the amplitude of

IRequested was adjusted between -128 pA and +128 pA in steps of 2 pA, and for RLOad =

330 kQ, the amplitude of IRequested was adjusted between -72 pA and +72 pA in steps of 1

pA . For each measured voltage waveform, the following statistics were computed:

1) The mean voltage during stimulus phase 1,

N

VLoad = N Yj VLoad G)
i=1

where VLoad () = [VLoad (1), VLoad (2),.,VLoad (N)] are the N voltage samples

acquired during phase 1 after the rise time and ignoring approximately 1 ps at the end

of phase 1. The first phase was analyzed primarily because voltage compliance issues

always manifested during the first stimulus phase before appearing during the second

phase at larger requested currents as in Figure 2-9.

2) A simple linear regression was performed on the voltage samples obtained during the

first stimulus phase to detect any slope as in Section 2.3.3.1.

The top panel of Figure 2-10 shows statistic 1: the average measured steady state voltage

during stimulus phase 1 across each of the nine load resistors tested, as a function of requested

current. The voltage produced across each load resistor by the current source increases

monotonically with the amplitude of IRequested over some resistor dependent (or load current

dependent) range of requested stimulus levels. The bottom panel of Figure 2-10 is the average

current delivered 'Load (computed using Ohm's law and the measured load resistances) as a

function of current requested.
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Figure 2-10: Voltage and Current Delivered as a Function ot 'Requested (Top) The
averageistors measured during the leading phase of the biphasic-

pulse wavelOrm. (Bottom) The current delivered computed using Ohm's Law (ILoad

CLoad /RLoad ).

For all resistors tested except for RLoad = 1 kQ, a minimum (negative) load voltage and

maximum (positive) load voltage is reached. For requested currents beyond these limits, the

load voltage (and corresponding load current) ceases to increase in substantially magnitude as

required to deliver the requested current. The saturation points at which the delivered

waveforms cease increasing in magnitude correspond to the IRequested levels at which the

time waveforms delivered cease to retain the requested square pulse shape as seen earlier in

Figure 2-9 for the 4.7 kQ load for 'Requested > 1440 p A. As in the earlier cases, the largest

possible load voltage magnitudes appear smaller than the specified 8 Volts compliance

voltage because VO > Vtoad and perhaps because some additional voltage is dropped

elsewhere in the internal circuitry.
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CHAPTER 2.HARDWARE CHARACTERIZATION

2.3.3.4.1 Defining the Dynamic Range of the Single ICS Current Source for Each Load

Resistor

The "dynamic range" of the current source is defined as the range of IRequested

amplitudes where the ICS performs within voltage compliance limits. Recall from Figure 2-9

that when the range is exceeded, 1) the measured VLOad waveforms begin to ramp toward zero

during the first stimulus phase, and 2) the theoretical vo waveforms reach approximately 7.1

Volts in magnitude. For RLOad < 10 kM, the first of these observations was used to construct

a practical method for defining the dynamic range quantitatively. For RLoad > 10 ko, the

second of these observations was used as follows.

The trace in the top panel of Figure 2-11 is the #Load VS. 'Requested data for RLoad = 4.7

kQ, reproduced from the top panel of Figure 2-10. The trace in the bottom panel represents the

r2 statistic from the regression analysis of each V'oad time waveform (as performed in

Section 2.3.3.1 for the waveforms in Figure 2-8), plotted as a function of 'Requested. When the

magnitude of IRequested is less than approximately 1300 pA, r2 is relatively small (just as all

r2 statistics in Table 2-1 were small). This is because for these currents, the Vtoad pulses are

relatively square, and any slope during phase 1 is small compared to the measurement noise,

so the regression model explains a very small percentage of the variance. However, for

'Requested levels outside this range, where the slope of the ULoad vs. Requested curve reaches

saturation, the current source fails to deliver the square pulse shape, and the delivered voltage

waveforms begin to ramp toward zero during the first stimulus phase (as seen in the

IRequested = 1440 MA curve in Figure 2-9). For RLoad < 10 kQ, the dynamic range is

conveniently defined as the range of 'Requested levels for which r2 < 0.2. For this 4.7 kM

resistive load, the dynamic range, shown as vertical blue dashed lines and indicated by the

horizontal arrow in Figure 2-11, is -1320 < 'Requested < 1368 pA. The actual currents

delivered within this range are -1250 < 'Load < 1250 pA (smaller due to current division),

and the range of possible load voltages, shown as horizontal red dashed lines and the vertical

red arrow, is -5.91 < VLoad < 5.91 Volts.
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Figure 2-11: I)etermining Current Source t)ynamic Range (Top) The average
measured voltage during the first phase of the requested stimulus as the requested current
is varied. (Bottom) The r 2statistic.Vertical lines on both plots indicate the dynamic range
where r 2 > 0.2, and over which the current source is able to produce a biphasic pulse
shape. The "voltage range" the range of load voltages produced within the dynamic
range.

For RLoad ;> 10 k, the threshold condition r 2 > 0.2 is no longer reliable for defining the

dynamic range. For these resistors, the decay in the VLoad waveforms toward zero is not as

pronounced, and in some cases, r 2 remains below 0.2 even when it is clear from the ILoad Vs.

IRequested characteristic that the current source is saturated and the dynamic range limits have

been exceeded. For RLOad > 10, dynamic range limits are conveniently defined when the

predicted vo from Equation 2-3 exceeds 7.1 Volts in magnitude (a condition that is not always

satisfied for smaller load resistors).
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It can be seen in Figure 2-10 that the dynamic range decreases with increasing load

resistance, and the voltage range appears to become slightly larger, i.e. the curves in the top

panel reach voltage plateaus of slightly higher magnitude with increasing RLoad. The bottom

panel of Figure 2-10 shows that for requested currents within the dynamic range, the measured

current is a monotonically increasing function of IRequested that is visually indistinguishable

from the expected behavior of the ideal current source ('Load = IRequested) at this scale.

Table 2-4 summarizes the data for the single monopolar current source for all load

resistors tested. For each RLoad in column 1, the dynamic range (i.e., the range of 'Requested

for which the circuit operates within the voltage compliance limits) is given in column 2, and

the voltage range is given in column 3.

2.3.3.4.2 Slopes of ILoad VS. 'Requested Curves: Current Division Between Load and

Internal Current Source Resistance

As discussed, the ideal current source would produce the behavior 'Load = 'Requested, and

the slopes of all the curves in the bottom panel of Figure 2-10 would be 1. In the more realistic

circuit model described in Section 2.3.2.3, current is divided between the load resistor and the

internal resistance Rp, and is given by the parameter y in Equation 2-2. For each RLOad, the

proportion of current that is delivered to the load resistor y can be computed using the slopes

of the ILoad vs. 'Requested curves in the bottom panel of Figure 2-10 (within the dynamic

ranges).

Slope - ad R 2-6
'Requested Rp + RLoad

Note that if RLoad < Rp, this slope approaches 1, and as RLOad increases the slope

decreases. Simple linear regressions were applied to all data in the bottom panel of Figure

2-10. The slopes of the regression lines obtained and r2 statistics are given in Column 4 and 5

of Table 2-4. The high r2 values demonstrate that the CII/HiRes90k current source is linear

within its dynamic range for all load resistances tested. Moreover, for the range of load

resistances up to 10 kW, the current source delivers up to 93% of the requested current. It is

expected that using the Advanced Bionics HiFocus electrode array, load impedance
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magnitudes will be within this range, and therefore the current source is expected to deliver

requested currents to implanted electrode arrays with up to 7% error.

Finally, the value of Rp computed for each measured RLoad and y, using Rp = Road is

given in Column 5 of Table 2-4.

Table 2-4: Dynamic Range and Current Division Summary

for Waveforms in Figure 2-10

Dynamic Range [pA] Voltage Range [V]
RLOad [kQ ] y 2R

[min max] [min max]

1 [-2040 2040] [-1.98 1.96] 0.961 1.00 24.96
3.3 [-1752 1776] [-5.47 5.48] 0.956 1.00 69.96
4.7 [-1320 1368] [-5.91 5.91] 0.945 1.00 80.67
6.8 [-960 960] [-6.04 6.09] 0.941 1.00 109.0
10 [-696 696] [-6.42 6.40] 0.930 1.00 133.2
33 [-264 264] [-6.92 6.91] 0.844 1.00 176.95
50 [-168 168] [-6.8 6.9] 0.833 1.00 247.7
100 [-96 92] [-7.05 7.03] 0.754 1.00 307.2
330 [-47 41] [-7.07 7.09] 0.487 1.00 315.8

Table 2-4 The first column shows the load resistance RLoad in kW. The second and
third columns show the estimate of the dynamic range for IRequested and the load
voltage range for each RLoad. The fourth and fifth columns list the slope of the
regression line and r 2 statistic for each ILoad VS. IRequested curve in the bottom panel
of Figure 2-10. The sixth column contains the predicted internal resistance Rp for each
measured slope and RLoad-

2.3.4 Evaluation of 16 Current Sources in One Device

To check for consistent performance characteristics across the 16 current sources in the

bench ICS used in earlier tests, a 2.2 kW load resistor was placed between in sequence

between each of the 16 output pins and ground. This relatively low resistance allowed for the

testing of IRequested over a large dynamic range while remaining within the range of expected

electrode impedance magnitudes. For each current source tested, the ILoad vs. IRequested curve

was measured as above for IRequested between -2040 pA and +2040 pA in steps of 120 pA.

The 16 ILoad vs. 'Requested curves are plotted in the top panel of Figure 2-12. These

curves cannot be distinguished at this scale due to the highly consistent performance across
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current sources. The maximum range (across the 16 current sources) of measured current

delivered was 21.7 pA at IRequested = -1680 pA.

ILoad for RLoad = 2.2 k 2 and Variability Across 16 Current Sources

1000
1000 -

0-
-1000

2)11
)00 -1000 0 1000 20C

-2000 -1000

0 - ---

0

S-2-

:~

-2
-2000 -1000 0

Requested [pA]

Figure 2-12: Current Delivered as a Function of 'Requested Across 16 Sources
(Top) The delivered current 'Load as a function of IRequesred for a 2.2 kQ resistive load

across each of the 16 current soUrces in one laboratory bench ICS. (Middle) Deviations

from lRequesred* (Bottom) The percent error between 'Load and 1
Requested.

To examine the variability across current sources, deviations from 'Requested were

computed for all data as

IDev 'Load - IRequested-

The 16 'Dev curves obtained are plotted in the middle panel of Figure 2-12. When

'Requested is positive, 'Dev tends to be negative, and vice-versa, suggesting that the magnitude

of /tOad tends to be less than the magnitude of IRequested as expected. The deviations from

IRequested increase with IRequested, and the variability across current sources of the current

delivered is a small fraction of the specified current.
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The bottom panel of Figure 2-12 shows the percent error between 'oad and 'Requested

error computed as

IPctErr = 100 x .Dev

IRequested

Percent errors were always negative, again indicating that the magnitude 'Load was always

less than the magnitude of IRequested. The missing data at IRequested = 0 VA is due to

division by zero. The range of percent errors across current sources was -5.91% to -2.75%

with a median percent error -4.83%.

Table 2-5 summarizes each of the ILoad vs. 'Requested curves in the using methods from

the previous section. It is clear from these data that all 16 current sources have similar

properties. All are linear and deliver between 94.8% and 95.6% of the requested current to the

2.2 kQ load resistor. The median value of y is 0.952 which corresponds to the median percent

error of -4.83%, and both of these values are reflective of current division between the load

resistor and internal resistance Rp, whose theoretical value based on these data is shown in

column 6 of Table 2-5.

The small variability in these data suggests that for the purposes of transimpedance

measurement, where each monopolar current source is activated in isolation, the 16 current

sources can be treated as identical.
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Table 2-5: Dynamic Range and Current Division Summary

for Waveforms in Figure 2-12

Current Dynamic Range [pA] Voltage Range [V] 2

Source [min max] [min max]

1 [-2040 2040] [-4.27 4.26] 0.953 1.00 44.5

2 [-2040 2040] [-4.28 4.24] 0.952 1.00 44.0

3 [-2040 2040] [-4.28 4.24] 0.952 1.00 43.7

4 [-2040 2040] [-4.28 4.24] 0.953 1.00 44.4

5 [-2040 2040] [-4.30 4.26] 0.956 1.00 47.6

6 [-2040 2040] [-4.28 4.23] 0.951 1.00 43.02

7 [-2040 2040] [-4.30 4.25] 0.955 1.00 46.96

8 [-2040 2040] [-4.27 4.23] 0.950 1.00 42.10

9 [-2040 2040] [-4.28 4.23] 0.951 1.00 42.67

10 [-2040 2040] [-4.28 4.24] 0.952 1.00 43.56

11 [-2040 2040] [-4.27 4.23] 0.950 1.00 41.89

12 [-2040 2040] [-4.28 4.23] 0.951 1.00 42.78

13 [-2040 2040] [-4.29 4.25] 0.954 1.00 45.78
14 [-2040 2040] [-4.28 4.23] 0.950 1.00 42.23

15 [-2040 2040] [-4.29 4.25] 0.953 1.00 45.00

16 [-2040 2040] [-4.26 4.23] 0.948 1.00 40.19

Table 2-5 The first column shows the ICS current source number from I through 16.
The second and third columns show the estimate of the dynamic range for 'Requested

and the load voltage range for RLoad = 2.2 kQ. The fourth and fifth columns list the
slope of the regression line and r 2 statistic for each 'Load VS. lRequested curve in the
top panel of Figure 2-12. The sixth column contains the predicted internal resistance
Rp for each measured slope and RLoad = 2.2 kW.

2.3.5 Measurements and Analysis of Simultaneous Stimulation (All Sources)

The major difference between the monopolar stimulation strategy used in many of today's

cochlear implants, and the phased-array stimulation strategy proposed by van den Honert and

Kelsall (2007), is that during phased-array stimulation all electrodes are activated

simultaneously. If the phased array stimulation strategy were implemented in the Advanced

Bionics CII/HiRes90k, all 16 current sources would be instructed to supply independent

stimulus current waveforms simultaneously. It is therefore important to characterize device

performance during stimulation with multiple current sources simultaneously, and to define
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the dynamic range over which the CII/HiRes9Ok is capable of presenting requested phased-

array stimuli.

Testing of the CII/HiRes9Ok in a multiple current source stimulation mode was

accomplished using the experimental setup in Figure 2-13. Sixteen discrete resistors of equal

resistance (according to the resistor color codes) were inserted into the ICS load board

between each of the current source output pins 1 and ground. This setup differs from the

configuration used to evaluate the device during single current source stimulation where all

untested current sources were shorted to ground (See Figure 2-7). Using BEDCS, the ICS was

instructed to stimulate all the resistive loads at the same time, with a single cathodic-leading

biphasic current pulse with phase duration 107.755 ps/phase, and the amplitude was varied.

The voltage across the load resistor associated with current source 1 was sampled as described

earlier.

Power and . .i Load Board
Commands Headpiece

Programming From PSP---0,1

Cable Selected
Desktop .O.Load

Computer CP PSP D6VLn Voltage

-- -22 R '6.. R 4R 3 R2 Rv'a

Power Trigger RF Link

47 nF

USB vs560 0 HJIE I V~od IN111 10 MQ

DS07014A 4NA111 MV 47 nF

Oscilloscope 4 p.

10 MQ

Figure 2-13: Setup for Load Voltage Measurement under Simultaneous Stimulation
Experimental setup for the measurement of current delivered to a discrete load resistor R,
with all current sources turned on simultaneously (Compare to Figure 2-7).

The top panel of Figure 2-14 shows the measured steady state voltage during stimulus

phase 1 across each of the five resistor arrays tested, computed with the same methods used

for a single current source with all other current sources turned off in Section 2.3.3.4.1. For
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these data, the criterion r2 < 0.2 was sufficient to define the dynamic range for all load

resistors. As seen earlier (Figure 2-10), the voltage produced across a load resistor increases

monotonically with the amplitude of IRequested over a resistor dependent dynamic range. The

bottom panel of Figure 2-14 shows the computed current delivered to R1 while all 16 current

sources were turned on simultaneously.

8

4-R RLoad1l

-- RLoad 3

..... R =4.7kQ0 Load

RLoad 8
4 RLoad kfl

R Load 33kQ

-8
-2000 -1000 0 1000 2000

'Requested [ tA]

2000

RLoad =kQ
1000 Load

R 68kj

Load

1000 RLoad kQ
RLoad

-2000
-2000 -1000 0 1000 2000

Requested

Figure 2-14: Voltage and Current Delivered Under Simultaneous Stimulation
(Top) The average voltage across load resistors measured during the leading phase of the
hiphasic-pulse waveform. (Bottom) The current delivered computed using Ohm's Law

('Load = VLoad/RLoad). The same current was requested at all 16 current sources
simultaneously and the voltage was measured across one of these. Compare to Figure
2-10.

Simple regression analysis suggests that the ICS current source tested remains linear when

multiple current sources are turned on simultaneously (See Table 2-6). However, a dynamic

range smaller than -2040 < IRrequested < 2040 pA is seen for all load resistors, including
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the smallest load resistor tested, RLOad = 1 kW. In some cases, the voltage range is reduced

relative to the maximum voltage for same resistor chosen under single channel stimulation

(Compare results in Table 2-6 to Table 2-4).

Table 2-6: Dynamic Range and Current Division Summary

for Waveforms in Figure 2-14

Dynamic Range [pA] Voltage Range [V]
Rtoad [ ]y r2 R

[min max] [min max]

1 [-1512 1464] [-1.42 1.37] 0.941 1.00 15.90
3.3 [-1008 1008] [-3.10 3.12] 0.943 1.00 54.31
4.7 [-864 864] [-3.75 3.78] 0.939 1.00 71.46
6.8 [-696 720] [-4.39 4.58] 0.932 1.00 92.57
10 [-552 576] [-5.06 5.28] 0.922 1.00 117.79
33 [-264 240] [-6.63 6.61] 0.842 1.00 174.91

Table 2-6 The first column shows the load resistance RLoad in kW. The second and
third columns show the estimate of the dynamic range for lRequested and the load
voltage range for each RLoad. The fourth and fifth column shows the slope of the
regression line and r 2 statistic for each ILoad VS. IRequested curve in the bottom panel
of Figure 2-14. The sixth column contains the predicted internal resistance Rp for
each measured slope and RLoad-

2.3.6 Comparison of Voltage Compliance for Single vs. All-Source Stimulation

In the top panel of Figure 2-15, blue triangles represent the voltage range as a function of

RLoad for single current source stimulation, with all other current sources shorted to ground

(Column 3 in Table 2-4). Upward-pointing triangles represent VLoad at the upper (positive)

limit of the dynamic range, and downward-pointing triangles represent vLoad at the lower

(negative) limit of the dynamic range for each resistor. Data for RLOad = 1 ko are not plotted

because the voltage compliance limits are never reached for this load resistor. The dynamic

range listed in Table 2-4 for RLoad = 1 k is the maximum allowable current range 2040

pA. Red triangles represent the theoretical vo at the end of phase 1 (the total voltage across the

load and DC-blocking capacitor) for current pulses at the extremes of the dynamic range

computed using VLoad in Equation 2-3 assuming CB= 0.1 pF.

For single source stimulation (top panel), vo is always near 7.1 V (shown as dashed

horizontal lines), and so the compliance voltage can be thought of as a fixed quantity. For

MR, I "I'MIMI-11 I I I I -N MOW I r . .... .. ......... ... . ... ........ l", P ", III P ", " , - ,,, I M I Rol P, I I ...... P "I", 'I OP lip
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RLoad > 33 kQ, relatively small current flows into the load ( 264 p A) and the DC-blocking

capacitor accumulates relatively little charge during the stimulus phase. As a result VLoad

vo at the compliance limit, and the largest possible VLoad magnitudes are near 7.1 Volts. For

RLoad 10 k 2, voltage differences VLoad and vo occur as there is a more substantial voltage

drop across the charged capacitor.

The bottom panel of Figure 2-15 represents the voltage range as a function of RLOad when

all sources are turned on simultaneously (Column 3 in Table 2-6). When RLoad = 33 kQ, the

Voltage Ranges for Single ICS Current Source

Upper Limit for v ... (Measured)

Upper Limit for v0 (Theory)

Lower Limit for v (Measured)

Lower Limit for v. (Theory)

-V V--

1 3.3 4.7 6.8 10 33 50 100 33G
R Load [kQ]

Voltage Ranges for ICS Current Source with
All Other Current Sources Turned On Simultaneously

3.3 4.7 6.8 10 33 50 100 333
RLoad [kQ]

Figure 2-15: ICS Current Source Performance at Compliance Limits The measured
voltage range for 0

Load (blue) at the highest possible 'Requested within the dynamic range

(i.e., at the compliance limit), and the theoretical vo (red) computed from the measured

VLoad using Equation 2-3 plotted as a function of load resistance. Upward-pointing

triangles represent the amplitudes for the highest positive amplitude IRequested in the

dynamic range for each load resistor. Downward-pointing triangles represent the

amplitudes for the highest negative amplitude 'Requested in the dynamic range for each

resistor plotted on a log scale.
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performance of the monitored current source is no different than during single channel use.

However, both VLoad and v0 decrease with decreasing load resistance. In this case, it seems

the compliance voltage itself is not fixed, but is load dependent, resulting in smaller voltage

ranges compared to the single channel configuration.

2.3.6.1 Charge Delivery Limitations Under Multiple Current Source Stimulation

Recall that all power used to run the implanted electronics and to stimulate the electrodes

is drawn from the "Internal Power Storage" element depicted in Figure 2-3. This element can

be thought of as a "charge reservoir" that is continually filled as energy is transferred across

the transcutaneous link via the RF carrier signal. One hypothesis to explain the reduction in

dynamic range under multiple current source stimulation is that this power storage element

does not maintain a sufficient amount of charge for the current sources to deliver IRequested

when the total requested charge becomes large.

When a biphasic pulse is presented through a single current source with a resistive load,

the total charge delivered by the single current source is

QLoad = xLoad x pd
RLoad

where, as before, VLoad is the voltage produced across the resistive RLOad, and pd is the phase

duration. QLoad has units of pC/phase. When the 16 currents sources are activated

simultaneously with identical current pulses through identical load resistors, the total charge

delivered is 16 times the above quantity. Hence, in Figure 2-15, the load resistance determines

the total charge delivered.

The curves in Figure 2-15 are re-plotted as a function of total charge delivered in Figure

2-16. Note that as the total charge delivered increases, the maximum possible vo decreases as

expected. Simple linear regressions explain a large percentage of the variance for the data at

the two extremes of the dynamic range (r2 = .984 and r2 = .994). A linear curve on these

axes is the expected relationship between voltage and charge for a capacitor. Therefore, it is

useful to describe the internal power storage device described earlier as two charged
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capacitors, one for maintaining a negative power supply and for sourcing cathodic current, and

one maintaining a positive power supply and sourcing anodic current.

Voltage Ranges for ICS Current Source with
All Other Current Sources Turned On Simultaneously

A
A

A
A Upper Limit for VL(a

Upper Limit for v. (Theory)

Lower Limit for v (Measured)

Lower Limit for vo (Theory)

7
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V

56p<CO1
--------------------------------------------------------------------------------------------
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QLoad [ptC/Phase]
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Figure 2-16: Performance vs. Total Charge Delivered at Compliance Limits Data

from Figure 2-15 replotted as a function of total charge delivered. Regression lines and

statistics are shown for the vo vs. QLoad data.

When zero charge is delivered to the electrodes, with the current sources are turned off, it

is expected that the ICS will attempt to keep these capacitors charged at approximately -7.27

Volts and +7.57 Volts respectively (y-intercepts from the regression lines) using power from

the RF carrier signal from the external sound processor. The stored charge is used to both run

the ICS and to stimulate the load. However, when the total charge requested is large, for

example when all current sources are turned on simultaneously, the rate at which charge is

delivered to the load exceeds the rate at which charge is coming into the device, and the

capacitor voltages drop, reducing the effective voltage compliance of the current sources.
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2.3.7 Current Source Performance for a Realistic Load (Electrodes in Saline)

To access performance of an ICS current source for a more realistic load, an array of

platinum electrodes was immersed into a saline bath and two electrodes were connected via

copper wires across the load board. A 1 kQ resistor for the monitoring of load current was

connected in series with the two electrodes, referred to as the stimulated electrode and return

electrode. The voltage between the stimulated electrode and return electrode was measured

using the experimental setup in Figure 2-7, where the load resistor was replaced by the

electrode, which can be represented as a complex load.

The top panel of Figure 2-17 shows voltage measured across the load (consisting of the

stimulating electrode, saline bath, return electrode, and series 1 kQ resistor) for requested

stimulus currents from 0 pA to 1080 pA in steps of 120 pA. The voltage waveforms have a

time dependence that is more complex compared to waveforms measured across resistive

loads (e.g., see Figure 2-8). The initial rise to some non-zero voltage at the beginning of each

phase is due to the voltage drop across the 1 kW resistor plus an "access resistance" for each

electrode/saline interface, and the reactive component responsible for the dynamic behavior of

the waveforms throughout each phase is due to a capacitance at each electrode/saline interface

(de Boer & Van Oosterom, 1978).

Traces in the bottom panel of Figure 2-17 represent the voltage measured across the 1 kM

resistor while current was driven through the complex load. This voltage has the requested

biphasic pulse shape, and therefore the current through the resistor, and through the electrode

array (which is in series) also retains the biphasic pulse shape. These data indicate that the

current source is able to produce dynamic voltage waveforms across the complex load in order

to deliver a stimulus current that has the requested biphasic pulse shape.
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Voltage Measured Across Complex Load
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Figure 2-17: Measurements Across an Electrode in Saline The requested stimulus

current was varied 1rom 0 pA to 1080 pA in steps of 120 pA. The top panel represents

the measured voltage across a load consisting of a stimulated platinum electrode and

return electrode in a saline bath, in series with a I k 2 resistor. The bottom panel shows

the measUred voltage across the I kQ resistor.

Figure 2-18 contains a plot of the mean current measured through the I ku resistor during

phase I of the stimulus waveform. The blue circles are the measured data and the dashed

green regression line shows the load current is a linear function of requested current (r2

1.00). The slope of the line is 0.91. indicating that 91% of the requested current is delivered to

the load, which consists of the I kW resistor in series with the stimulated and return electrodes

in saline.
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Figure 2-18: Current Amplitudes Delivered to an Electrode in Saline The blue
circles are the average load current during phase I of the waveforms in the bottom panel
of Figure 2-17as a function of 'Requested current. The dashed green curve was obtained

by linear regression. The dashed black curve represents the response of an ideal current
source.

These data demonstrate that for the complex load, which is generally nonlinear and has a

reactive component, the current source is able to adjust the voltage to the waveforms

necessary to achieve a scaled version of the requested current waveform. As in the case with

resistive loads, the only complication is the phenomenon of current division.

2.3.8 Performance of Telemetry System

In this experiment, current was driven through the stimulated and return electrode in saline

as in the previous section. The voltage across two unstimulated electrodes also in the bath was

measured with the oscilloscope, and simultaneously with the CII/HiRes9Ok telemetry system.
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Data recorded with the telemetry system were sampled at 56 kHz using the onboard

differential amplifier set to a gain of 100 to reduce quantization noise as much as possible. To

compare the data recorded with the oscilloscope with data recorded using the telemetry system

the mean voltage during the two phases was computed for each trace. The mean voltage

during phase 1 computed using the oscilloscope waveform was -3.4683 V, and the mean

voltage computed during phase 2 was 6.3318 V. The mean voltage computed using the ADC

data was -3.5764 during phase I and 5.982 during phase 2. Assuming the scope waveform

represents the true voltage across the electrode, the mean computed during the first phase

Measured Voltage
- I I I I I

12------ ------------------------- - Scope Waveform
- ADC Data

9

6

3
E

) 0

0
> -3-

-6-

-9-

-12--------------------------------
I I I I I I 1

58 108 158 208 258 308 358 408 458 508
Time (pis)

Figure 2-19: Voltage measured Between Electrodes with Scope and Telemetry
The blue curve is the voltage recorded on the oscilloscope using the measurement across
two unstimulated electrodes in the same saline bath as the stimulated and return
electrodes. The voltage was measured simultaneously with the oscilloscope (blue trace)
and with the CII/HiRes9Ok telemetry system.
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using the ADC waveform differs by 3.1 %, and the mean computed during the second phase

differs by 5.5 %.

2.4 Summary

The circuit model and data presented in this chapter illustrate that the CII/HiRes9Ok

current source can be used for both monopolar stimulation, phased-array stimulation, and for

the measurement of electrode voltage. Evidence of current division was seen for stimulation of

resistors using single ICS current sources, and power supply limitations must be avoided

during multiple-electrode stimulation. The telemetry system can give estimates of electrode

voltage.

Numerous limitations of the CII/HiRes9Ok hardware were pointed out in this chapter.

While no attempt will be made in the following chapters to account for non-ideal aspects of

the current sources (i.e., to compensate for current division), and the data from the telemetry

system will be taken as the best possible estimates of intracochlear voltage using the

Advanced Bionics Implants, this chapter calls attention to some possible sources of error that

might be taken into account as the phased-array system is adopted.

2.4.1 Monopolar Stimulation and Transimpedance Estimation

The data presented in Section 2.3.3 show that the CII/HiRes9Ok can deliver a range of

requested monopolar currents up to 2040 pA for relatively small (1 kQ) resistances. When

the load resistance is increased to 10 kM, which is within the range of electrode impedance

magnitudes, the dynamic range is reduced to 696 pA, and the designed voltage compliance

limitations are reached (See Table 2-4). Although the realistic circuit model suggests that the

actual waveforms delivered will have some time dependence, analyses suggest that this effect

can be safely ignored as time constants are much larger than typical phase durations used in

practice (See Table 2-2).

These results suggest that the CII/HiRes9Ok current source can be used for the purposes

of monopolar stimulation during the measurements of scala tympani voltage required to

estimate transimpedance matrices. As will be shown in Chapter 3, transimpedance can be

reliably obtained using zero-to-peak monopolar currents < 250 pA. In 10 subjects tested, 250
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pA currents were always audible, sounds were comfortably loud in 8 subjects, and

uncomfortably loud in 2 subjects. This suggests that the 696 pA dynamic range limitations

(assuming 10 kQ electrode impedance magnitudes) will not be reached during transimpedance

measurement, during monopolar psychophysical experiments, or during everyday speech

listening.

The fact that delivered current pulses are relatively flat during each stimulus phase

facilitates the analysis of recorded voltage data. In Chapter 3, it is assumed that scala tympani

voltage samples acquired throughout each stimulus phase are independent. Measurements

presented in Section 2.3.4 indicate that the 16 current sources can be treated as identical, so

the possibility that differences in transimpedance spread functions seen across stimulating

electrodes can be attributed to differences in current sources can be rejected. Further

experiments with electrodes in saline demonstrated that the CII/HiRes90k ICS is able to

deliver square current pulses waveforms to platinum electrodes immersed in saline.

Current division predicted by Equation 2-2 was observed and, as expected, is greater for

larger resistance loads. It is expected that > 93% of the requested stimulus current will reach a

stimulated electrode in a cochlear implant assuming 10 kQ electrode impedance magnitudes

represent a worst-case. The effect of current division will be ignored during the measurement

of transimpedance because the implanted electrode impedances must be known to accurately

characterize the amount of current division that will occur for each electrode. Because

electrodes can only be accessed through the transcutaneous link in CII/HiRes90k subjects, it is

difficult to obtain an accurate estimate of these impedances in practice. The degree to which

actual currents delivered fall short of the requested currents should be considered one possible

source of error in the estimates of transimpedance presented in Chapter 3, and in presenting

desired monopolar stimuli in more general psychophysical experiments.

2.4.2 Recording Voltage with Telemetry System

Figure 2-19 showed that a voltage waveform measured with the bench implant's telemetry

system was in qualitative agreement with the voltage measured using the oscilloscope.

However, as much as 5.5% error was seen when comparing the mean voltage over a time

window corresponding to 1 phase duration. If this error is representative of the accuracy of the
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implanted telemetry system, then measurements of intracochlear voltage will contain a similar

degree of error. For the purposes of measuring the initial transimpedance data presented in

Chapter 3, this potential source of error was ignored.

2.4.3 Use of the CII/HiRes9Ok for Phased Array Stimulation

When operating within the dynamic range, ILoad is a linear function of IRequested. This is

true both when a single current source is used (with all other current sources turned off), and

when all current sources are activated simultaneously. This suggests that adjusting the

loudness of a sound in a phased array processor may be as simple as scaling the electrode

currents uniformly, as phased array stimuli are linear combinations of electrode currents.

The primary concern in presenting phased array stimuli is that when current sources are

activated simultaneously, this can cause a reduction in dynamic range. Limitations for phased

array stimulation may be imposed by the degree to which charge supplied from the external

sound processor can be stored and replenished in the internal power storage element illustrated

in Figure 2-3. It will be important in psychophysical experiments to recognize how much

charge is requested for a given stimulus, and to check that the requested charge is not high

enough to bring the compliance voltage down below the necessary voltage requested. Note

that actual phased array stimulation does not require all electrodes to be turned on

simultaneously with equal amplitude currents, but generally requires less current, typically

with one center electrode turned on with a relatively large amount of current, and currents of

decreasing amplitude and alternating polarity with distance from the center electrode.
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3 Transimpedance Estimates and Implications for Phased

Array Stimulation

As described in Chapter 2, the Advanced Bionics CII/HiRes90k cochlear implant contains

electronics packaged in an Implantable Cochlear Stimulator (ICS) that allow for the activation

of each electrode with biphasic current pulses, and the measurement of voltage between

various test points using the built-in telemetry system (see Figure 2-3). In this thesis, the

voltage measured differentially between 1) the discrete "DC-blocking" capacitor in series with

a given scala tympani electrode, and 2) the reference electrode (the ICS case or "Ring"

electrode at body potential) is referred to simply as the "measured electrode voltage".

In principle, the CII/HiRes9Ok implant should allow for the measurement of "electrode

voltage" and the estimation of VST[n] resulting from monopolar electrode currents ie[n] =

6[n - k] for all k in research subjects. The following sections describe procedures used in the

laboratory to:

1. Estimate VST[n] resulting from monopolar stimulation using each electrode. The

CII/HiRes90k ICS is instructed to individually activate each electrode k = 1 ... N, and

to simultaneously measure the resulting electrode voltages for n = 1 ... N.

2. Compute estimates of transimpedance matrix elements Zf,k for all n and k, and to

ultimately construct estimates of full transimpedance matrices Z for each ear tested.

Note that in the following procedures, the voltages recorded between all un-activated

electrodes and the reference (i.e., measured under all conditions n # k) reflect the potential in

the scala tympani fluid at the position of the electrode2 0, and measured electrode voltages are

interpreted as direct measurements of VST[n] for all n * k. Transimpedance matrix elements

Zlk for all n # k (i.e., all off-diagonal matrix elements) are computed directly as the

20 An un-activated electrode is at equilibrium with the scala-tympani fluid, the "DC-blocking"
capacitor associated with the electrode (see Figure 2-3) is uncharged (the voltage across the capacitor is
assumed to be zero), and the internal differential amplifier presumably draws no current during a
voltage measurement.
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measured peak-to-peak voltage at electrode n divided by the requested peak-to-peak current

through electrode k.

However, the voltages recorded between activated electrode positions and the reference

(i.e., measured under all conditions n = k) cannot be taken as direct estimates of VST[n] for

two reasons. First, in the CII/HiRes90k ICS, when a current source is used to activate an

electrode, charge accumulates on the DC-blocking capacitor associated with the electrode. The

capacitor voltage becomes non-zero, and the telemetry system reports the sum of the electrode

voltage and capacitor voltage. Second, when current is passed through an electrode, the

electrode becomes polarized (its voltage is perturbed from its equilibrium potential) and, as a

result, measurements of voltage would not accurately reflect the true potential in the fluid

surrounding the stimulated electrode, even if corrected for the non-zero capacitor voltage (de

Boer & Van Oosterom, 1978; Merrill et al., 2005). Because of these issues, measurements of

activated electrode voltage are discarded, and transimpedance matrix elements Zfl,k for all

n = k (i.e., all elements along the diagonal of the matrix) are extrapolated from nearby off-

diagonal matrix elements using the same methods of van den Honert and Kelsall (2007) and

described in Section 3.1.2.4.

3.1 Methods

3.1.1 Research Subjects

Ten post-lingually deafened, adult users of Advanced Bionics cochlear implants (C128,

C138, C191, C215, C223, C278, C282, C299, C348 and C374) participated in this study. All

users' implanted devices consisted of CII/HiRes90k Implantable Cochlear Stimulators (ICSs),

and Clarion HiFocus electrode arrays containing 16 electrodes spaced 1.1 mm apart.

3.1.2 Estimation of Transimpedance Matrices in Cochlear Implant Subjects

Using the experimental setup depicted in Figure 2-4, communication was established with

subjects' CII/HiRes90k ICSs using the Clarion Research Interface. As described in Section

2.3.1, this setup provided control over the implanted ICS current sources and telemetry

system. Instructions were sent from the headpiece directly to each subject's ICS via a radio-
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frequency link using the Advanced Bionics "Bionic Ear Data Collection System" (BEDCS)

version 1.18.

The following methods were used to obtain estimates of VST [n], the scala tympani

potential at each of the 16 electrode positions, during monopolar stimulation at each of the

electrodes, and to ultimately construct an estimate of the full transimpedance matrix for each

implanted ear tested.

3.1.2.1 Measurements of Electrode Voltage During Monopolar Stimulation

Electrode voltages resulting from monopolar stimulation at each electrode were measured

as follows:

1. A "recording" electrode was randomly selected from the 16 available electrodes, and

designated E,.

2. Each of the 16 electrodes was selected in turn as a "stimulating" electrode Ek, from

the most apical electrode El through the most basal electrode E1 6 .

3. For each stimulating electrode, the current source associated with Ek was instructed to

activate Ek with the stimulus waveform IRequested shown in Figure 3-1, and to return

all stimulus current to the extracochlear return electrode (ICS case). The stimulus

waveform consisted of two cathodic-leading biphasic pulses with phase duration

107.755 ps/phase separated by a delay of 3.2327 ms. The total duration of the

stimulus was 3.664 ms. The stimulus waveform was always presented at either an

inaudible (typically Is = 25 pA), or comfortable loudness level (typically Is = 250

pA).
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Current Waveform Used For All Measurements
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Figure 3-1: Monopolar Stimulus Waveform Used During Voltage Measurements
For measurements of voltage at each electrode position during monopolar stimulation,
the requested stimulus waveform at Ek, pictured above, consisted of two charge-
balanced, cathodic-leading biphasic pulses with phase duration 107.755 ps/phase and
zero-to-peak amplitude Is, separated by a delay of 3.2327 ms. Black circles indicate the
requested current amplitudes and times at which the ICS current source associated with
Ek was instructed to change the amplitude. Time 0 was defined as the start time of the
cathodic phase of the first pulse.

4. The voltage between E, (chosen in Step 1) and the reference electrode (the ICS case

in CII subjects and the "Ring" electrode in HiRes90k subjects) was sampled at

55.6818 kHz throughout the duration of the stimulus using the CI/HiRes9Ok

telemetry system. For the 17.9592 ps sample period, 6 voltage samples were recorded

throughout each of the two 107.755 ps cathodic phases, and 6 samples were recorded

during each of the two anodic phases. The first sample time during each stimulus

phase was synchronized to the start time of each phase by the ICS system clock. The

voltage samples recorded between E, and the reference electrode, during stimulation

at Ek were stored to hard disk and labelled Vn,k.

5. Steps 2 through 4 were repeated for all stimulating electrodes Ek = E, ... E16 for the

fixed recording electrode E, chosen in Step 1, providing measurements of vn,,

through V,,1 6 . A delay of 255 ms was introduced between successive stimulate/record

I I I I I I I

sspsp.sp.psgsep.ppszsp.gpsp.g

____ I I I
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commands in BEDCS to allow each stimulated electrode to return to equilibrium and
21

each DC-blocking capacitor voltage to return to zero

6. Steps 2 through 5 were repeated five times, providing five responses to the stimulus

waveform in Figure 3-1, for a total of 60 cathodic-phase samples (30 for each of the

two pulses) and 60 anodic-phase samples of v,, through vn,1 6 for the fixed recording

electrode En chosen in Step 1.

7. Steps 1 through 6 were repeated for all remaining recording electrodes En.

The procedure in steps 1 through 7 above provided 60 cathodic-phase samples and 60

anodic-phase samples of vnk for each of the electrode combinations. These recordings could

be obtained for one implanted ear at one stimulus level in approximately 9-10 minutes. In all

subjects, during most sessions, measurements were obtained at two stimulus levels within 20

minutes. Typically, the first stimulus level was Is = 250 pA, which was clearly audible and

comfortably loud in most subjects. In two subjects (C138 and C282), where a 250 PA stimulus

level was uncomfortably loud, the stimulus amplitude was reduced to 200 pA. The second

stimulus, with Is = 25 p A, was inaudible in all subjects.

3.1.2.2 Preliminary Analysis of Recorded Voltage Waveforms

The procedure described in Section 3.1.2.1 provided measurements of Vnk for all

combinations of stimulating electrodes Ek and recording electrodes En. For each Vn,k, the

recorded voltage samples were pooled into two vectors: 1)

Vn,k = [Vnk (1), Vn,k (2), Vn, (3), Vn, (60)] containing all samples measured during the

cathodic stimulus phases, and 2) Vn+k = [,k (1), Vk (2), Vn+,k (3), ... , Vn+k (60)] containing all

samples measured during the anodic stimulus phases. Two preliminary statistical tests on

these vectors were performed:

2 The choice of a 255 ms delay is conservative. Laboratory bench tests using an electrode array in
saline demonstrate that 255 ms is ample time for the system to return to equilibrium after monopolar
stimulation with the 3.665 ms waveform in Figure 3-1. Moreover, in human subjects, the measured
voltage waveforms are not significantly different when this delay is decreased by a factor of two.
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1) A simple linear regression was performed on each data vector vnk and vt

separately, to detect any time dependence during either stimulus phase. Slopes of the

regression lines were recorded for both the anodic and cathodic stimulus phases.

These slopes were used to predict the total change in voltage (if any) as a percentage

of the median voltage sampled during each 107.755 ps phase. All linear regression

statistics in the results section are reported using the F(N - 2) statistic where

N - 2 = 58 is the number of degrees of freedom. The p value and r2 statistics are

also reported.

2) Two-tailed, independent-samples t-tests were performed to detect differences in

magnitude between the means of Vn-k and n+,k. All results are reported using the

t(N - 2) statistic where N - 2 = 118 is the number of degrees of freedom. The

asymmetry in the recorded waveform (if any) is reported as a Cohen's d statistic,

which is the difference in the magnitudes of the sample means divided by the pooled

standard deviation.

3.1.2.3 Computation of Off-Diagonal Elements in Transimpedance Matrix

For all electrode combinations n # k, it was assumed that vn,k directly reflected the

voltage VST [n] in the scala tympani fluid at the position of recording electrode En, resulting

from stimulation with IRequested at electrode Ek (see Figure 1-6). Thus, the 16 x 15 = 240

off-diagonal elements of the transimpedance matrix Znk (where n # k) could be estimated

directly. For each Vn,k (n * k), the value of element Zn,k for each electrode pair was

computed as

60 60

Zn, = 1 60 - v~k(m . 3-1
M=1 M=1

This is simply the sample mean of the peak-to-peak voltage divided by the requested peak-to-

peak current.

Confidence intervals on each mean for n # k were obtained by resampling. In this

procedure, a pair of bootstrap samples Vnk* and Vnk was generated by drawing 60 random
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samples from the measured Vn,k and n+,k with replacement. A replicate of Zn,k was computed

using Equation 3-1, as

60 60

Zn,k 2 -Is( 60 V+ 60 vn k m))
m=1 m=1

and the resampling procedure was repeated 5000 times to obtain a distribution of 5000

replicates Z,, *(1),Zn,k*(2),2nk*(3),...,Znk*(5000). Finally, a 95% bias-corrected and

accelerated (BCa) bootstrap confidence interval was computed from the resulting distribution

(Efron, 1987).

For each n # k, three statistics were recorded:

1) The sample mean denoted Zn,k (in Q), obtained using Equation 3-1.

2) The 95% confidence interval on the mean denoted [Zn,kLB' ZnkUB] ,where 2 n,k LB and

Znk UB (in Q) are, respectively, the lower and upper bounds on the 95% confidence

interval computed using the resampling procedure.

3) The width of the 95% confidence interval expressed as a percentage of the mean,

2 22
denoted CV(n~g) and referred to as the coefficient of variation.

CV(Znk) = 100 X ZnkUB n,kLB 3-2
Zn,k

Each mean transimpedance estimate Znk was then entered into position (n, k) of an

estimated transimpedance matrix Z. The 5000 replicates of each off-diagonal element

(obtained as a byproduct of the resampling procedure) were entered into the appropriate

positions in 5000 replicates of matrix Z. These replicate transimpedance matrices, with

missing diagonal elements, were labelled Z*(1),Z*(2),Z*(3).*(5000), and stored for

later use.

2 In statistics, the "coefficient of variation" is usually defined as the standard deviation divided by
the mean. The term is used by analogy here, where the confidence interval width is divided by the
mean.
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3.1.2.4 Estimation of Diagonal Elements in Transimpedance Matrix

All waveforms V,,k acquired for n = k were obtained by recording voltages of activated

electrodes. Activation results in charge accumulation on the DC-blocking capacitor, and in

electrode polarization, so Vn,k (n = k) were not accurate estimates of VST at the location of

each stimulating electrode. Thus, Equation 3-1 could not be used to estimate the 16 elements

along the diagonal of the transimpedance matrix. These elements were instead estimated using

van den Honert and Kelsall's (2007) Equation 3,

max (2n+,k - Zn+2,k if n = k = 1,2
2Zn,k+1 - Zn,k+2)

2Zn+1 ,k - Zn+2,k

g I 2 Zfl k- Zfl,
Zn,k = max -l-' - n-2,, if n = k =3,4,...,14 3-3

2 Zn,k+1 - Znk+2
2zn, k-1 - Zn,k-2

max - if n = k =15,16
2Zn~k-1 - Zn,k-2/,

This equation selects the largest23 of 4 estimates of Znk (n = k) obtained by linear

extrapolation of two neighboring matrix elements when n = k = 3,4, ... ,14, or the largest of 2

available estimates when n = k = 1,2,15 or 16. Equation 3-3 was also applied to the 5000

replicates of Z* to estimate the diagonal for each of these matrices as well. The 95%

confidence intervals on each of Zn,k (n = k) were computed using the empirical percentiles

from the bootstrap distribution as (Zn,k* 2.s%' nk 9 7.5 %), where Zn,P * denotes the Pth

percentile of the distribution nk*(1),2n,k*(2),Znk*(3),-,n,*(5000). This procedure

provided usable estimates for these confidence intervals, but because elements Zf,k (n = k)

were computed using extrapolation, these confidence intervals probably underestimate the

uncertainty in the means along the diagonal.

As discussed in van den Honert and Kelsall (2007) Sections II.C and II.F, choosing the larger
estimates along the diagonal of Z produces smaller elements along the diagonal of the inverse matrix.
This results in smaller "on-center" phased array currents at Ek computed using Equation 1-3 with

VSTdesired [n] = 5[n - k]. This choice is practically useful to reduce power consumption. The impact of
this choice on spatial resolution was not investigated.
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3.1.2.5 Obtaining a Symmetric Transimpedance Matrix

The reciprocity theorem for electrical networks states that the voltage measured at E, due

to activation of a current source associated with Ek will be equal to the voltage measured at Ek

if the same current were applied at E,. As a result, the true transimpedance matrix should be

symmetric (Znk = Zkn). Typically, mirror-symmetric (diagonally opposite) elements in Z

differed by less than 2%, and these differences were assumed to be the result of measurement

noise. A symmetric ZSym was constructed by replacing all mirror-symmetric elements by the

average of the two elements using van den Honert and Kelsall's (2007) Equation 4,

Zsy = - (Z + ZT) 3-4ZsYm 3.4

where ZT denotes the transpose of Z.

Equation 3-4 was also applied to the 5000 replicates of Z* to obtain replicates of Z;ym-

Each of these generally different replicates Z-ym(1), 2ym(2), Z.7ym(3),...,Z;ym(5000) was

a symmetric matrix with an estimated diagonal. Matrix ZSym was considered the best estimate

for the true transimpedance matrix Z, and the bootstrap replicates Zsym were considered

independent estimates of Z for the purposes of assessing measurement variability in the later

sections.

3.1.3 The Inverse Transimpedance Matrix and Phased Array Stimulation

The inverse matrix (ZSYm) was computed using MATLAB for all transimpedance

matrices obtained at each stimulus level in all ears tested. Matrix inverses (Zsy were also

computed for each of the 5000 bootstrap replicates Z.ym. The 95% confidence intervals on

each element of (Zsym) were computed using the empirical percentiles from the bootstrap

distribution as ((Zs;Ym) 2 5 %, ($*ym) 9 7 .S%), where (Ziym)P% denotes the pth

percentile of the distribution (Z.Sy m Y(1)' ($ym) (2), (Z'ym) (3)..(ym)'(5000).

For each ear tested, the symmetric transimpedance matrix with estimated diagonal

elements Zsym obtained at the highest comfortable stimulus level (for maximum possible
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signal to noise ratio) was considered the best estimate of the true transimpedance matrix Z.

Similarly, its inverse matrix (Zsym) was assumed the best estimate of the true Z matrix

whose columns, as described in Section 1.7.2.1, define vectors of phased array electrode

currents that will theoretically focus scala tympani voltage at each electrode position. All

phased array currents computed in this chapter were computed using the columns of

(Zsy m )Y.

3.1.4 Assessing the Impact of Variability in Transimpedance Matrices

Given ZSYm, the pattern of phased array currents required to produce an arbitrary

VsTdesired is computed using Equation 1-3 as

ie = (Zsym) * VSTdesired-

If Zsym were known exactly (in the absence of measurement noise), then the computed

electrode currents ie would also be exact. However, if Zsym were perturbed, for example by

the addition of an error matrix E containing random noise, a different vector of currents i'

would be obtained:

' = (Zsym + E VSraesired-

It is therefore important to consider how variability in estimates of Zsym, reflected in the

widths of the 95% confidence intervals [Zk LB' 2 UB on each matrix element, affects

variability in the computed phased array currents in each subject. Perturbations in Zsym on the

order of the confidence intervals were introduced and the errors between the scala tympani

voltage predicted using electrode currents defined by (Zsym) vs. currents computed using

the perturbed matrix inverses were analyzed using the following numerical simulation

procedure.

1) For all n = 1... 16 and all k = 1... 16, random numbers Zns m (superscript Sim

indicates "simulation") were drawn from the continuous uniform distributions with
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lower and upper endpoints specified by Zf,kLB and ZnkUB. These numbers represent

simulated transimpedances for each electrode pair.

2) A 16-by-16 matrix Zsim was constructed by inserting all elements Zn,sim into

positions (n, k) of Zsim. The resulting matrix was generally different from Zsym, but

the value of each entry of Zsim was within the associated 95% confidence interval.

3) The inverse of Zst m was computed: (Zsim) 1 .

4) As described earlier, each column k of (Zsym) represents the pattern of electrode

currents required to focus scala tympani voltage at the position of Ek. The columns of

(Zsimy 1 are therefore simulated patterns of electrode currents that will generally be

different from the columns of (Zsym) 1 . However, both matrices (Zsim)- 1 and

(Zsym) are plausible candidates for phased array current matrices given the

observed measurement variability. Assuming Zsym is the true transimpedance matrix

(the true transformation of electrode currents to scala tympani voltage), the predicted

scala tympani voltage in response to each column of (Zsim)-' was computed as

Vsim = (Zsim)-l -Zsym. The result was typically close to the identity matrix, and

each column was interpreted as the pattern of voltage produced in the scala tympani if

electrode currents in each column of (ZSimy-l were presented simultaneously.

5) The error e = vsim - I was computed, where I is the 16-by-16 identity matrix. Each

of the 16 columns of I represents the target VSTdesired at each of the electrode

positions. Each of the 16 columns of e was considered a vector of error magnitudes

across electrode positions to assess the relative magnitude of the error introduced by

measurement variability

6) Steps 1 through 5 were repeated 5000 times to obtain a distribution of errors and the

range of errors was recorded.

III
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3.2 Results

In the next sections, electrode voltage waveforms on,k measured at a subset of scala-

tympani electrode positions during monopolar stimulation using the methods described in

Section 3.1.2.1 are presented for one representative implanted ear (C223, left ear). The

transimpedance matrix Z for this ear is then computed using the full set of recordings obtained

during one experimental session using the methods described in Sections 3.1.2.3 and 3.1.2.4.

Differences in Z computed using two monopolar stimulus levels (Is = 25 pA and Is = 250

pA) are described. The variability in transimpedance estimates across multiple experimental

sessions over time is shown. Following this detailed description of these single-subject data

(for the left ear of subject C223), transimpedance data are presented for all ears tested, and

across-ear differences are discussed.

3.2.1 Representative Measurements of Vnk in One Ear (C223, Left)

Representative examples of voltage recorded during monopolar stimulation in the left ear

of subject C223, during one experimental session, are presented below. The recorded

waveforms are classified into one of the following three categories based on measurement

configuration and characteristics of the recorded waveform:

1) "Typical" voltage measurements at unstimulated electrode positions

2) "Typical" voltage measurements at stimulated electrode positions

3) "Atypical" voltage measurements at unstimulated electrode positions

3.2.1.1 Typical Voltage Measurements at Unstimulated Electrode Positions

Figure 3-2 shows four representative examples of typical measurements of voltage at

unstimulated electrode positions during monopolar stimulation. The black trace in the top

panel is the requested stimulus waveform through E8 with zero-to-peak current IS = 25 PA.

Only one pulse (of the two pulses in Figure 3-1) is shown to indicate the timing of each

stimulus phase with respect to the voltage traces in the following panels.
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Figure 3-2: Typical Voltage Measurements at Unstimulated Electrodes The top
panel is the first pulse of the requested stimulus waveform from Figure 3-1, presented at
E8 in the left ear of subject C223 with zero-to-peak amplitude Is = 25 PA. Panels 2
through 5 contain 10 overlaid traces of voltage measured at unstimulated electrodes
E2, E7, E9 , and E1 4 by the ICS telemetry system, sampled at 56 kHz. For each of the 10
presentations of the current pulse, 6 voltage samples were obtained per stimulus phase.
These voltage samples are connected by solid black lines for clarity. The 10 traces are not
distinguishable at this scale in any panel.
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Panels 2 through 5 in Figure 3-2 show the voltage measured at E2 , E7 , E9 and E14

respectively during stimulation. In each of these panels, 10 traces are superimposed. Five of

these were recorded during presentations of the first pulse in the Figure 3-1 waveform, and

five were recorded during the second pulse. The 10 traces are not distinguishable at this scale,

suggesting that the potential field resulting from 25 pA stimulation of E8 is highly repeatable

These results are considered "typical" for measurements of voltage at unstimulated

electrode positions for two reasons. First, the form of each vnk in panels 2 through 5 is a

biphasic-pulse-like shape that is similar to the wave shape requested at the stimulating

electrode E8 in panel 1. Simple linear regressions were computed to test whether the voltages

measured within each phase were equal (i.e., the slope [change in voltage over time] equal to

zero). Slopes of the cathodic-phase voltage waveforms were statistically indistinguishable

from zero in these four measurement configurations, F(1,58) < 3.47,p > 0.067, with

r2 < 0.056 (See also Table 3-1). Slopes during the anodic stimulus phases were significant

and positive in all four conditions, F(1,58) > 5.62,p < 0.021, with r2 < 0.31. The largest

slope seen was 27.14 pV/ps in the condition n = 7,k = 8. In this case, the regression line

predicts a total change of 2.92 mV (11% of the median zero-to-peak voltage magnitude) over

the 107.755 ps phase.

Two-tailed, independent-samples t-tests indicated that the voltage was slightly, but

significantly larger in magnitude during the cathodic phase for the conditions n = 2, k = 8,

t(118) = -3.71,p < .001,d = -0.677 and n = 14,k = 8, t(118) = -7.61,p < .001,d =

-1.39, but not for the conditions n = 7,k = 8, t(118) = -0.285,p = 0.78,d = -0.052 or

n = 9,k = 8, t(118) = -0.250,p = 0.80,d = -0.046. The effect size (Cohen's d) across

all 240 unstimulated electrode combinations (n # k) ranged from -1.97 to 0.59 with a

median value of -0.71. A negative value indicates a larger magnitude during the cathodic

phase, and a positive value indicates a larger magnitude during the anodic phase.

A second "typical" characteristic of these data is that the voltages measured at electrode

locations nearest to the stimulating electrode (at E7 and E9 ), are larger in magnitude than the

voltages measured at more remote electrodes (E2 and E14 ). This suggests that voltage decays

monotonically with longitudinal distance from the stimulating electrode in the scala tympani.
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Table 3-1 summarizes analyses of the data in Figure 3-2. Columns 1 and 2 show the

recording and stimulating electrodes E, and Ek respectively in each of the four measurement

configurations. Column 3 lists the mean and standard deviation of the 60 voltage samples

recorded, and the regression statistics for samples during the cathodic and anodic stimulus

phases respectively. Column 4 displays the results of the independent-samples t-test on the

difference between the means during the cathodic and anodic stimulus phases. Column 5 lists

the mean transimpedance for each electrode pair given by Equation 3-1 and 95% BCa

confidence intervals computed as described in Section 3.1.2.3.
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Table 3-1: Analyzed Typical Voltage Measurements at Unstimulated Electrodes from Figure 3-2

Sample and Regression Statistics
t-Test On Transimpedance

En Ek Cathodic Anodic H: Vr, - IVmkI Zk nkLBZn,k UB

Vn,k Vn,k

2 8 Mean [mV] -14.12* 13.22* t(118) -3.71 547 [537, 556]
SD [mV] 1.30 1.38 p <.001
Slope [pV/ps] 9.960 13.26 d -.677
t(58) 1.86 2.37

p .067 .021
r2 .056 .088
F(1,58) 3.47 5.62

7 8 Mean [mV] -26.44 26.36 t(118) -.285 1056 [1045, 1066]
SD [mV] 1.51 1.50 p .78
Slope [pV/ps] 0.4980 27.14 d -.052
t(58) .078 5.13

p .94 <.001
r2 <.001 .31

F(1,58) .0061 26.3
9 8 Mean [mV] -28.19 28.13 t(118) -.250 1126 [1116, 1136]

SD [mV] 1.32 1.54 p .80
Slope [pV/ps] 3.050 19.23 d -.046

t(58) .546 3.20

p .59 .0022
r2 .0051 .15
F(1,58) .298 10.3

14 8 Mean [mV] -13.45* 11.70* t(118) -7.61 503 [494, 512]
SD [mV] 1.21 1.31 p <.001
Slope [pV/ps] -4.046 14.94 d -1.39
t(58) -.789 2.87

p .43 .0057
r2 .011 .12

F(1,58) .623 8.24

Table 3-1 The first two columns show the recording (En) and stimulating electrodes
(Ek). Columns 3 through 5 contain the mean and standard deviation of the 60 voltage
samples recorded during the cathodic and anodic stimulus phases, followed by the
regression statistics for each phase. Asterisks on the mean voltages indicate that the
magnitude during the cathodic phase was significantly higher than during the anodic
phase. Columns 6 and 7 show the results of the independent-samples t-tests used to test
for differences in the means. Column 8 contains mean transimpedance Zl,k and 95%

confidence intervals [2,ZkLB' 2nkUBl for each electrode pair, computed using methods

described in Section 3.1.2.3.
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3.2.1.2 Typical Voltage Measurements at a Stimulated Electrode Position

Figure 3-3 represents measurements of the voltage at a stimulated electrode position Ek

during monopolar stimulation at E, with n = k = 8 using the current waveform in Figure 3-1.

As in Figure 3-2, the black trace in the top panel is the requested stimulus waveform with

zero-to-peak current Is = 25 pA. Panel 2 in Figure 3-3 shows the voltage measured at E8

during stimulation at the same E8 . As in Figure 3-2, a total of 10 traces are plotted

representing data acquired during both pulses in all two-pulse stimuli. Again, the 10 traces are

not distinguishable at this scale, suggesting that the measurements are highly repeatable.
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Figure 3-3: Typical Voltage Measurements at a Stimulated Electrode The top panel
is the first pulse of the requested stimulus waveform from Figure 3-1, presented at ES8 in
the left ear of subject C223 with zero-to-peak amplitude Is = 25 pA. Panel 2 contains 10
overlaid traces of voltage reported at the same (stimulated) electrode EB by the ICS
telemetry system, sampled at 56 kHz. For each of the 10 presentations of the current
pulse, 6 voltage samples were obtained per stimulus phase. These voltage samples are
connected by solid black lines for clarity. The 10 traces are not distinguishable at this
scale.

These results are "typical" for measurements of voltage at a stimulated electrode position

as there is a clear time dependence evident during both stimulus phases (regression statistics in

Table 3-2). This time dependence is due a combination of 1) charge accumulation on the DC-

blocking capacitor associated with E8 and 2) polarization of E8 due to the passage of electric

=L
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current. A two-tailed, independent-samples t-test indicated that the magnitude of the voltage

was significantly larger during the cathodic phase t(118) = -15.2,p < .001, d = -2.77.

These data differ from voltage recorded across typical unstimulated electrodes in several

ways. Most notably, the voltage samples increase in magnitude with relatively large slopes

during both stimulus phases. The peak-to-peak voltage and the asymmetry between the

cathodic and anodic phase samples are also much larger than those seen for typical

unstimulated electrodes (for the same stimulus current amplitude). These differences are

attributed to the combined effects of charge accumulation on the DC-blocking capacitor, and

electrode polarization.

For this typical stimulated electrode, the measured voltages do not accurately reflect the

voltage in the scala tympani fluid surrounding the electrode contact, so that the computed

transimpedance value listed in Table 3-2 (6383 Q) is likely much larger than the true

transimpedance. For this ear, the estimate of Z8 ,8 computed by extrapolation of nearby matrix

elements using Equation 3-3 is 1457 i, and the 95% confidence interval computed using

methods in Section 3.1.2.4 is [1445, 1482] 2.
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Table 3-2: Analyzed Typical Voltage Measurement at a Stimulated Electrode from Figure 3-3

Sample and Regression Statistics t-Test On Transimpedance

En Ek Cathodic Anodic H + [

^+ Ho:v9, = ,k Zn,k [2n,kLB, n,kUBI Q
Vn,k Vn,k

8 8 Mean [mV] -233.2* 85.94* t(118) -15.2 6383 [5986, 6762]
SD [mV] 44.9 60.2 p <.001

Slope [pV/ps] -1443 1940 d -2.77

t(58) -69.4 103

p <.001 <.001

r2 .99 .99
F(1,58) 4810 10,600

Table 3-2 The first two columns show the recording (En) and stimulating electrodes
(Ek). Columns 3 through 5 contain the mean and standard deviation of the 60 voltage
samples recorded during the cathodic and anodic stimulus phases, followed by the
regression statistics for each phase. Asterisks on the mean voltages indicate that the
magnitude during the cathodic phase was significantly higher than during the anodic
phase. Columns 6 and 7 show the results of the independent-samples t-tests used to test
for differences in means. Column 8 contains mean transimpedance 2 ,k and 95%

confidence intervals [2nkLB 2n,kUB], computed using methods described in Section

3.1.2.3.

3.2.1.3 Atypical Voltage Measurements at Unstimulated Electrode Positions

In some implanted ears, including the left ear of subject C223, a subset of measurements

at unstimulated electrode positions did not have the typical characteristics described in 3.2.1.1.

Figure 3-4 shows a voltage trace for the condition n = 8, k = 13. The voltage at the

unstimulated electrode shows a noticeable time dependence during both stimulus phases, and

not the relatively flat biphasic-pulse wave shape that was expected based on results for most

unstimulated electrodes, exemplified by the data in Figure 3-2.

Simple linear regression calculations show a significant slope during both the cathodic

F(1,58) = 21.6,p < .001, with r2 = 0.27 and anodic phases F(1,58) = 107, p < .001, with

r2 = 0.65. The voltages recorded during the two phases were significantly different,

t(118) = -10.5,p < .001,d = -1.92 (See Table 3-3 for complete results).
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Figure 3-4: Atypical Voltage Measurements made at an Unstimulated Electrode
The top panel is the first pulse of the requested stimulus waveform from Figure 3-1,
presented at E8 in the left ear of subject C223 with zero-to-peak amplitude Is = 25 pA.
Panel 2 contains 10 overlaid traces of voltage reported at the unstimulated electrode E1 3
by the ICS telemetry system, sampled at 56 kHz. For each of the 10 presentations of the
current pulse, 6 voltage samples were obtained per stimulus phase. These voltage
samples are connected by solid black lines for clarity.

Note that although the "atypical" voltage waveform in Figure 3-4 was obtained for an

unstimulated electrode, it shares some of the characteristics of the stimulated electrode voltage

waveform in Figure 3-3. Specifically, the voltage samples increase in magnitude during both

stimulus phases. The slopes of the regression lines are larger in magnitude than for the typical

unstimulated electrode voltage waveforms, but smaller in magnitude than for the typical

stimulated electrode voltage waveforms.

These common characteristics suggest that an unintended path for current flow between

E8 and E1 3 results in some unintended stimulation of the recording electrode (E 13 ), perhaps

with some fraction of the requested stimulus current intended for E8 , during the measurements

of v 1 3,8 . This results in charge accumulation on the blocking capacitor associated with E1 3 ,

and a degree of polarization of the recording electrode.
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Table 3-3: Analyzed Atypical Voltage Measurement at an

Unstimulated Electrode from Figure 3-4

Sample and Regression Statistics t-Test On Transimpedance

En Ek Cathodic Anodic [nk
H ): I 

- J 2~g n,k [n,kLB> n~U B
0n~ Vnk Vn

Vn,k Un,k 1

13 8 Mean [mV] -18.90* 15.43* t(118) -10.5 687 [673, 699]

SD [mV] 1.34 2.19 p <.001

Slope [pV/ps] -22.47 57.02 d -1.92

t(58) -4.64 10.3

p <.001 <.001

r2 .27 .65

F(1,58) 21.6 107

Table 3-3 The first two columns show the recording (En) and stimulating electrodes
(Ek). Columns 3 through 5 contain the mean and standard deviation of the 60 voltage
samples recorded during the cathodic and anodic stimulus phases, followed by the
regression statistics for each phase. Asterisks on the mean voltages indicate that the
magnitude during the cathodic phase was significantly higher than during the anodic
phase. Columns 6 and 7 show the results of the independent-samples t-tests used to
test for differences in means. Column 8 contains mean transimpedance Znk and 95%

confidence intervals [2n~kLB, 2n,kUBI for each recording, computed using methods

described in Section 3.1.2.3.

3.2.2 Transimpedance Matrix for Subject C223 Left Ear Measured at 25 pA

The top panel of Figure 3-5 shows Z computed from all voltage measurements obtained

during one recording session using 25-pA stimulation in the left ear of subject C223. Each

colored curve represents the transimpedance for each stimulating electrode as a function of

recording electrode number. For example, the dark blue curve that peaks at E1 represents

transimpedance computed from voltages measured across the electrode array while E1 was

stimulated. Equivalently, this dark blue curve represents first column of 2. The dark brown

curve that peaks at E1 6 represents transimpedance across the array while E1 6 was stimulated.

These data represent the last column of Z. For each stimulating electrode, a characteristic

profile was found, where transimpedance is maximal at the location of the stimulated

electrode, and decays with distance along the electrode array. Note the if Zsym (computed

using Equation 3-4) were plotted on top of Z (which is not a symmetric matrix due to

measurement noise), the two sets of curves would be visually indistinguishable.
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Solid lines in Figure 3-5 connect points corresponding to off-diagonal transimpedance

matrix elements computed using Equation 3-1. Extrapolated values computed using Equation

3-3 are shown using square markers connected by dashed lines. These correspond to diagonal

elements of Z (where voltages could not be measured accurately at stimulated electrodes).
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Figure 3-5: Transimpedance Computed Using a Low Stimulus Level for C223 (Left)

(Top) Each colored trace represents transimpedance Z plotted as a function of recording

electrode position for a given stimulating electrode, computed using measurements from

the left ear of subject C223 obtained during one session with stimulus amplitude 25 pA.

Trace colors indicate stimulating electrode (or matrix column) from E1 (blue) through

E 16 (brown). Error bars are 95% confidence intervals [2,kLB' n,k UB . Transimpedances

computed directly from measured voltages using Equation 3-1 are connected by solid

lines. Extrapolated data points computed using Equation 3-3 are connected by dashed

lines. The four circled data points correspond to atypical measurements at unstimulated

electrodes. (Bottom) A scatter plot of all 95% confidence interval widths ZnkUB -
Znk LB vs. mean transimpedance 2n,k excluding extrapolated data. Simple linear

regression statistics and the dashed regression line are shown. The four data points with
confidence intervals larger than 25 Q correspond to the four circled data points in the top
panel.
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Error bars represent 95% confidence intervals on each mean transimpedance [ZnkLBO Zn,kUB]

computed using resampled distributions of the recorded voltage as described in Sections

3.1.2.3 and 3.1.2.4.

The bottom panel of Figure 3-5 contains a scatter plot of the 95% confidence interval

width Zn,k UB - Zn,k LB as a function of mean transimpedance Zn,k (ignoring extrapolated

elements, Zn,k where n = k which generally had larger confidence interval widths). A weak,

but statistically significant correlation was found between the means and confidence interval

widths F(1,238) = 52.013, p < .001, with r 2 = 0.179.

The range of mean transimpedances Znk in Figure 3-5, not including extrapolated

elements, is 288.9 Q to 1192 0 with a median Znk of 551.6 0. The range of the 95%

confidence interval widths is 13.96 Q to 26.08 Q with a median confidence interval width of

18.26 Q. Four data points seen in the bottom panel of Figure 3-5 have confidence interval

widths greater than 25 Q. These four data points correspond to the electrode combinations

shown in Table 3-4 and the four circled points in the top panel of Figure 3-5. For these four

conditions in Table 3-4, the measured electrode voltages had the characteristics of "atypical"

unstimulated electrode voltages described in Section 3.2.1.3. Specifically, the voltage samples

increased in magnitude throughout each stimulus phase (raw voltage data recorded at E13

under stimulation at E8 was previously shown in Figure 3-4). In all four cases, the slopes of

the regression lines computed for both the anodic and cathodic stimulus phases were greater in

magnitude than 20.4 pV/ps.
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Table 3-4. "Atypical" Electrode Combinations for Subject C223 (Left)

Recording Stimulating Mean 95% Confidence Interval Width
Electrode Electrode

Ek Transimpedance Znk [L] Z-Zn -,kZ [Q

8 13 683.9 25.04

13 8 686.7 26.08

13 14 1133 25.29

14 13 1137 25.68

Table 3-4 The first two columns list the recording and stimulating electrodes
combinations with 95% confidence interval widths Z ZfkUB n,kLB across data in

Figure 3-5 are larger than 25 Q. Column 3 contains mean transimpedance Znfk and
column 4 contains 95% confidence interval width in Q.

These data suggest that unintended paths for current flow between E8 and E1 3 and

between E1 3 and E1 4 result in unintended stimulation of the recording electrodes during the

measurements of Vn,k for the electrode configurations listed in Table 3-4. In these four

conditions, charge accumulation on the DC-blocking capacitors associated with Ek, and

polarization of Ek, may cause a slight overestimation of the scala tympani voltage at the

recording electrode locations. Moreover, the mean transimpedances, Z8 ,1 3 , Z 1 3,8 , Z 13,1 4 , and

Z14,13, circled in the top panel of Figure 3-5, may slightly overestimate the true

transimpedances.

For all other electrode pairs En # Ek, voltage recordings at unstimulated electrodes had

more typical characteristics (recorded voltage traces were relatively flat during at least one

phase of the biphasic pulse). The confidence interval widths Znk UB n,kLB for these typical

unstimulated electrode pairs were always smaller than 22 Q.
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3.2.2.1 Variability Across Zk for Subject C223 Left Ear Measured at 25 PA

Figure 3-6 shows the distribution of the "coefficients of variation" (the confidence interval

widths expressed as a percentage of the means) computed using Equation 3-2 for data in

Figure 3-5 excluding extrapolated data (but including the four atypical data points). The

confidence interval width was never greater than 6.64% of the estimated transimpedance.
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Figure 3-6: Coefficients of Variation for Z Measured at a Low Stimulus Level (C223)
Histogram of all coefficients of variation for the non-extrapolated data in Figure 3-5. The
coefhcients of variation were computed using Equation 3-2 as the confidence interval
widths expressed as a percentage of the associated means.
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3.2.3 Transimpedance Matrix for Subject C223 Left Ear Measured at 250 pA

Figure 3-7 displays transimpedance data for the left ear of subject C223 obtained during

the same experimental session using a higher stimulus level Is = 250 PA. The format of this

figure is identical to the format of Figure 3-5. Mean transimpedances Z,,k are qualitatively

similar to those seen with Is = 25 pA, but in this case, the 95% confidence interval widths

Znk UB - ZnkLB are smaller than those seen for the 25 p A stimulus, presumably due to

increased signal to noise ratio. Once again, a weak, but statistically significant correlation was

found between the means and confidence intervals. F(1,238) = 80.783,p < .001, with

r 2 = 0.253.

Subj: C223 (Left) 2012-11-07, Is = 250 pA

-- 1600 _@+ Measured
- B - Extrapolated

1400- Atypical Voltage Waveform -

1200
Q) 1000 Ab

800

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Apex Recording Electrode Number Base

0 y = 0.00459*x + 1.96 *

15- t 238) = 8.99, p < .001
0.253, F(1,238) =80.783

10 -

300 400 500 600 700 800 900 1000 1100 1200

Mean Transimpedance Znj [Q]

Figure 3-7: Transimpedance Computed Using a High Stimulus Level for C223 (Left)
Same as Figure 3-5 with stimulus amplitude Is = 250 pA.

In this case, the range of 95% confidence interval widths (ignoring extrapolated data) is

2.22 Q to 18.22 Q with a median confidence interval width of 4.23 Q. Four measurement
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configurations, corresponding to the same four "atypical" electrode combinations in Table 3-4,

yielded confidence interval widths greater than 15.9 0. The largest typical confidence interval

width (ignoring these four points) is 9.34 Q. Compared to the transimpedance estimates using

Is = 25 pA, the 95% confidence interval widths associated with the atypical electrode pairs

are a larger proportion of the median confidence interval width. This can be seen by

comparing the distances of the four atypical data points to the regression lines in the bottom

panels of Figure 3-5 and Figure 3-7.

The relatively large confidence interval widths for the four atypical electrode

configurations are once again the result of an increase in magnitude of the associated

measured electrode voltage samples throughout each stimulus phase. For Is = 250 pA, the

slopes of the regression lines computed for both the anodic and cathodic stimulus phases are

greater in magnitude than 267 pV/ps (compared to > 20.4 pV/ps for 25 pA stimulation). The

increase in voltage waveform slopes with stimulus current is consistent with the effects of

unintended stimulus current through the recording electrodes.

3.2.3.1 Variability Across Znk for Subject C223 Left Ear Measured at 250 pA

While the largest coefficient of variation seen across unstimulated electrodes (including

the atypical electrode pairs) in the Is = 25 pA case is approximately 6.63%, the confidence

interval widths are all smaller than 2.60% of their respective means when Is = 250 pA (see

Figure 3-8). The smaller confidence interval widths and smaller coefficients of variation for

the larger Is reflect an increase in signal to noise ratio with Is.

In all ears tested, smaller coefficients of variation were seen for Z measured at the higher

stimulus level (250 pA in most ears) relative to Z measured at the lower stimulus level (25

pA). For all experiments in subsequent chapters, a symmetric transimpedance Zsym was

obtained by applying Equation 3-4 to each Z measured at the highest stimulus level tested

(typically Is = 250 pA), and this Zsym was assumed to represent the best available estimate

of the true transimpedance matrix Z for the associated ear tested.

127



128

Subj: C223 (Left) 2012-11-07, Is = 250 tA
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Figure 3-8: Coefficients of Variation for Z Measured at a High Stimulus Level (C223)
Histogram of all coefficients of variation for the non-extrapolated data in Figure 3-7.

3.2.4 Effect of Stimulus Level on Transimpedance Matrix for C223 Left Ear

Figure 3-9 is a plot of the percent difference between the mean transimpedances Znk

obtained using Is 250 pA (top panel of Figure 3-7) and those obtained during the same

experimental session using Is = 25 pA (top panel of Figure 3-5) across all electrode pairs in

the left ear of subject C223. As in Figure 3-5 and Figure 3-7, trace colors distinguish

stimulating electrodes from E1 (dark blue) through E1 6 (brown). Percent differences for

extrapolated data points are connected by dashed lines. The mean percent difference in the

sample of extrapolated data points is not statistically different from the mean percent

difference across the measured data points. t(254) = .857,p = .392,d = 0.221.
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Subj: C223 (Left) 2012-11-07 - Percent Difference Between

Transimpedance Obtained at = 250 gA and Is= 25 pA
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Figure 3-9: Transimpedance Measured Across Two Levels for C223 (Left) Traces
indicate the percent difference between Z measured with a stimulus level Is = 250 pA
(Figure 3-7 data) and Z measured with a stimulus level Is = 25 pA (Figure 3-5 data).
The percent difference is plotted as a function recording electrode position for each
stimulated electrode (distinguished by color). This plot includes percent differences
computed from extrapolated transimpedance data connected by dashed lines.

If transimpedance were linear, each transimpedance matrix element would be independent

of the stimulus level Is used during measurements of intracochlear voltage, and the percent

differences in Figure 3-9 would be near zero. However, for the same electrode pairs,

transimpedance estimates obtained using the higher stimulus current tend to be larger. The

average increase in transimpedance across electrode combinations is 2.48%, indicating a non-

linearity. For the left ear of C223, the nonlinearity is expansive, meaning that transimpedance

estimates increase with increasing stimulus level.
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3.2.5 Variability in Transimpedance Matrix Over Time for C223 Left Ear

The left panel of Figure 3-10 is a plot of each of the transimpedance values Z,.k across 6

measurement sessions for all n # k (i.e., excluding extrapolated data points, but including

atypical transimpedances), measured using Is = 250 pA tracked over time for the left ear of

subject C223. The transimpedance estimates are relatively stable throughout the six

experimental sessions spanning five months. A simple linear regression indicated that only

four out of these 240 curves have slopes that are significantly different from zero. These

curves correspond to electrode pairs (En, Ek) = (E 2 , E3 ), (E 3 , E2 ), (E 10 , E11 ) and (E11, E10 ).

Note that these do not correspond to the four atypical electrode configurations identified in

Table 3-4.

Subj: C223 (Left) Transimpedance
Estimates over Time, = 250 pA Coeff. of Variation (N = 240)
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Figure 3-10: Transimpedance Variability over Time for C223 (Left) The 240 traces

in the left panel track the value of each 7k over six experimental sessions spanning live

months. Trace colors serve to distinguish data points. The right panel is a histogram of

the standard deviation expressed as a percentage of the mean for all 256 curves.
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A coefficient of variation over time was computed for each of the 240 curves as the

24standard deviation of the six samples in each curve divided by the mean transimpedance .

The right panel of Figure 3-10 is a histogram of these coefficients of variation. The maximum

coefficient of variation is 2.38%. The extrapolated data points (not shown) tended to have

larger variability over time, with the maximum coefficient of variation equal to 4.2%.

Variability in the Z,.k over time for the four atypical electrode combinations in Table 3-4

was not obviously larger than variability for typical electrode pairs, with the largest coefficient

of variation for these four atypical combinations equal to 0.82%.

3.2.6 Inverse Transimpedance Matrix for Subject C223 (Left)

For the left ear of subject C223, a symmetric transimpedance matrix Zsym was computed

for the transimpedance data obtained at the higher stimulus level (Is = 250 PA) (see Figure

3-7) using Equation 3-4. Its inverse matrix (Zsym) was then computed using MATLAB.

Panels in Figure 3-11 show of each column of this inverse matrix. Bar plots represent the

vectors of simultaneously applied phased array electrode currents ie, plotted as a function of

electrode number, that will theoretically produce 1 mV at each electrode position from 1

through 16 and zero mV elsewhere, as described in Section 1.7.2.1. Error bars represent the

95% confidence intervals on each element of (Zsym) 1 computed using the distribution of

bootstrap replicates ((Ziym ,2 5%' (Zsym) 1) computed as described in Section 3.1.3.

24 This statistic is a true coefficient of variation (sample mean divided by sample standard
deviation), that summarizes variability over time.
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Subj: C223 (Left): Phased Array Currents To Focus Stimulation
at Each Electrode Position
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Figure 3-11: Phased Array Currents for Focusing at Each Electrode (C223, Left)
Each bar plot represents the vector of phased array electrode currents (from the columns

of (ZSym) ), that will theoretically produce I mV at each of the 16 electrode positions

respectively, and 0 mV elsewhere when all electrode currents are applied simultaneously
in the left ear of Subject C223. Error bars are 95% confidence intervals

((Zym
1

2 .,, (Zym)
1

9 7 .%) computed as described in Section 3.1.3.
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For each phased array pattern of currents, there is typically a large, positive current

required at the desired position of excitation (referred to as the "on-center" current), with

smaller, negative currents at adjacent electrode(s). The required currents become small relative

to the on-center electrode current as the distance from the desired position of excitation

increases. The inverse matrix (Sym) 1 , represented as the vectors of simultaneously-applied

current displayed in Figure 3-11 is assumed the best estimate of the true Z- 1 matrix.

3.2.6.1 Impact of Within Session Measurement Variability on Computed Phased Array

Currents for Subject C223 (Left)

Numerical simulations described in Section 3.1.4 were performed to determine the impact

of measurement variability on predicted scala tympani voltage using data for the left ear of

subject C223. Here, (ZSym) 1 computed using transimpedance data obtained with Is = 250

p A (Figure 3-7) was assumed to be equal to the true transimpedance matrix. Predicted scala

tympani voltages resulting from perturbed vectors of phased array currents (obtained by

inverting simulated Z matrices) were computed and the extent to which scala tympani voltage

differed from ideal (1mV at the desired position of excitation and 0 mV elsewhere) was

recorded.

Figure 3-12 illustrates the results of one of the 5000 perturbations of (Zsym) The top-

left panel shows the phased array currents given by the second column of (Zsym) , and the

bottom left panel shows the predicted pattern of scala tympani voltage as a function of

electrode position. Under the assumption that Zsym is the true transimpedance matrix, this

pattern is identically 1 mV at E2 and 0 mV elsewhere. The top-right panel shows the phased

array currents computed using the "worst-case" perturbation of Zsym (in the sense that it

produces the largest error in scala tympani voltage across all perturbations tested). The

bottom-right panel shows the predicted scala tympani voltage under the assumption that Zsym

is the true transimpedance matrix. In this simulation, the voltage at electrode position 2 is

1.004 mV, and the largest magnitude off-center voltage is 39.6 pV, at electrode position 5,

which is still 40 dB below ImV.
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Subj: C223 (Left): Worst-Case
Across 5000
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Figure 3-12: Worst-Case Impact ot Measurement Variability (C223, Left) The
bars in the top-left panel illustrate the pattern of phased array currents to focus excitation
at E2 , and the trace in the bottom-left panel is the predicted scala tympani voltage ( I niV
at E2 and 0 mV elsewhere) when these currents are simultaneously applied across the
electrode array. Bars in the top-right panel illustrate the worst-case simulated pattern of
electrode currents, and the bottom-right panel is the predicted scala-tyrmpani voltage.

A "maximum total error" was computed for each of the 5000 simulations performed as the

sum of the absolute errors across all 16 electrode positions. Figure 3-13 is a histogram of the

5000 total errors.
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Maximum Error From 5000 Simulations - C223 (Left)
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Figure 3-13: Simulated Distribution of Error in Voltage C223 (Left) The maximum

error across all electrode positions for 5000 simulations of scala tympani voltage.

3.2.6.2 Impact of Stimulus Level on Computed Phased Array Currents for C223 (Left)

Figure 3-14 compares the pattern of phased array currents for focusing excitation at

electrode position 8 in the left ear of subject C223 computed using transimpedance data

obtained using Is = 250 pA (Figure 3-14 Top, also Figure 3-11 Panel 8) and 25 PA (Figure

3-14, Bottom). Error bars represent 95% confidence intervals on each electrode current.

135

MENNEIREMENNEENK ------- j



Subj: C223 (Left): Phased Array Currents
from Transimpedance Measured at = 250 pA and Is = 25 pA
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Figure 3-14: Impact of Stimulus Level on Phased Array Currents The top panel
shows phased array currents for focusing excitation at electrode position 8 in the left ear
of Subject C223 using transimpedance data obtained using Is = 250 p A (Figure 3-7).
The bottom panel shows the vector of phased array currents computed for data obtained
at Is = 25 pA (Figure 3-9).

As for Z, the confidence intervals for the currents computed using transimpedance data

obtained with Is = 250 pA are smaller, suggesting that the increase in signal to

(measurement) noise described earlier translates into higher confidence in the inverse matrix.

However, while the pattern of mean currents are qualitatively similar, the currents computed

for Is = 25 pA is not identical to the pattern of currents computed for Is = 250 pA,

suggesting that the non-linearity observed earlier has an impact on the computed phased array

currents.
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3.2.7 Transimpedance Data Across Subjects

Figure 3-15 and Figure 3-16 display Z obtained using measurements taken at the higher of

two stimulus levels for all ears tested. For most curves, transimpedance decays monotonically

with distance from the stimulating electrode. However, some gross differences in

transimpedance are seen across ears tested. In some ears, peaks are smaller at the apical

(lower-numbered) stimulating electrodes and larger at the basal (higher numbered) electrodes

(e.g., C128 Left and Right, C191 Left, C223 Left, and C299 Right). In other ears, peaks are

larger in the center of the electrode array (C138 Left). In most ears, the transimpedance curves

are more complex, with peaks and troughs in the data as a function of position.

The gross across-subject differences that are observed among transimpedance matrices for

each ear (Figure 3-15 and Figure 3-16) are not surprising. These can probably be attributed to

individual differences in electroanatomy or differences in electrode array placement across

ears, which have been shown be a major factor in determining the overall potential field

distribution in the scala tympani (Whiten, 2007).

These gross differences in Zsym suggest that the inverse transimpedance matrices

(Zsym) 1 for each ear will also be different. This means that for the same desired pattern of

scala tympani voltage, the currents computed for phased array stimulation using Equation 1-3

could be quite different across subjects.

Table 3-5 lists the range of transimpedances determined for each subject, as well as the

coefficient of variation for the data point with the largest within-session variability. Atypical

electrode pairs listed in Table 3-5 were identified using criteria described in the following

section.

137



3500

3000

Subj: C128 (Left)

2500 F

2000 -

1500

1000

500

1 2 3 4 5 6 7 8 9 1011 1213141516

3500

3000

Subj: C128 (Right)

2500

2000

1500

1000

500

1 2 3 4 5 6 7 8 9 1011 1213141516

Subj: C138 (Left) Sub: C191 (Left)
3500

3000

2500

2000

1500

5001

1 2 3 4 5 6 7 8 9 10 11 12 13 1415 16

Sub: C215 (Right)
3500

3000

2500 -

2000

1500 2

1000

500'-

1 2 3 4 5 6 7 8 9 10 1112 13141516

Subj: C223 (Left)
3500

3000

2500

2000

1500

1000

500

1 2 3 4 5 6 7 8 9 1011 1213141516

Recording Electrode Number

Figure 3-15: Transimpedance Data for All Subjects Measured at High Level
Abscissae are recording electrode numbers from I through 16 and ordinates are
transimpedance in 2. In all panels, trace colors, line styles (solid or dashed) and symbols
are as in the top panels of Figure 3-5 and Figure 3-7. Subject numbers and ears tested are
indicated above each panel. Additional transimpedance matrices are shown in Figure
3-16.
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Figure 3-16: Transimpedance Data for All Subjects Measured at High Level
Abscissae are recording electrode numbers from I through 16 and ordinates are
transimpedance in Q. In all panels, trace colors, line styles (solid or dashed) and symbols
are as in the top panels ot Figure 3-5 and Figure 3-7. Subject numbers and ears tested are
indicated above each panel. Additional transimpedance matrices are shown in Figure
3-15.
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3.2.7.1 Atypical Electrode Pairs across Subjects

In many ears, a number of atypical voltage waveforms exemplified by the waveform in

Figure 3-4 were observed when one electrode of the atypical pair was the stimulating

electrode and the other was the recording electrode. Waveforms were classified as atypical if

each of the following criteria were met.

1) Slopes of the regressions lines computed for both the cathodic and anodic stimulus

phases (V,,k and Vn4 k) exceed 120 pV/ps in magnitude

2) The measured voltage increased in magnitude during each stimulus phase (i.e., slopes

were negative during the cathodic stimulus phase and positive during the anodic

stimulus phase).

3) Conditions 1 and 2 remained satisfied when the stimulating and recording electrodes

were interchanged.

Only waveforms measured at the highest stimulus level were considered as the signal to noise

ratio was larger in this case, making atypical waveforms are more clearly distinguishable from

typical unstimulated electrode waveforms. The threshold slope in condition 1 was chosen

arbitrarily after examining all waveforms visually.

If a relatively low impedance path exists between atypical electrode pairs as hypothesized,

and a fraction of the stimulus current were to flow through the recording electrode, Condition

1 would be satisfied because of (1) charge accumulation on the DC-blocking capacitor

associated with the recording electrode and (2) polarization of the recording electrode.

Condition 2 would hold because these effects would occur during both stimulus phases.

Condition 3 would be satisfied due to reciprocity. Conditions 2 and 3 were enforced to reduce

the number of "false alarms" (i.e., situations where Condition 1 was satisfied presumably due

to measurement noise and not a true low-impedance path). Table 3-5 lists all atypical electrode

pairs identified across subjects and ears tested.
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CHAPTER 3. TRANSIMPEDANCE ESTIMATION

Table 3-5. Transimpedance Data - Across Subjects Summary

Stimulus Maximum Atypical Electrode Pairs

Sbet(a) Level [pA] Range of Z [Q] CV [%] (n, k)

C128 (Left) 250 pA [373, 1519] 0.7 None

C128 (Right) 250 pA [416, 2199] 3.75 [14,16], [2,4], [12,14],

[4,6], [10,12], [12,16],

[10,14]

C138 (Left) 200 pA [192 2040] 2.67 [1,2], [10,12], [13,15],

[7,10], [12,15], [7,121

[2,7], [2,12]

C191 (Left) 250 pA [260,2249] 2.94 [1, 2]

C215 (Right) 250 pA [261, 3472] 2.64 [1,11],[14,15],[7,8],

[9,10], [4,7], [3,5],

[4,8], [7,15]

C223 (Left) 250 pA [296, 1682] 2.59 [8, 13], [13, 14]

C278 (Left) 250 pA [545, 1908] 1.43 [1,2], [2,3], [3,4],

[4,5]

C282 (Right) 200 pA [485, 2222] 4.4 [7,8], [1,2], [1,7],

[7,11], [2,7], [1,8],

[8,11], [3,7], [1,11],

[2,8], [11,15], [2,11],

[8,14], [3,11]

C299 (Right) 250 pA [354, 2702] 1.14 none

C348 (Left) 250 pA [323, 1569] 1.21 [5,6]

C374 (Left) 250 pA [261, 1315] 1.47 none

Table 3-5 The first column lists the subject number and ear tested. The second
column lists the stimulus level used for transimpedance measurement. Column 3
displays the range of transimpedance in 0, and Column 4 is the maximum coefficient
of variation for all off-diagonal Z elements.Column 5 contains atypical electrode pairs
identified according to criteria described in Section 3.2.7.1 for each ear.
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In Table 3-5 the first column lists all subjects and ears tested. Column 2 displays the

highest stimulus level used for measurements of electrode voltage. In most ears, a stimulus

level of 250 pA was used, except in C138 Left, and C282 Right, where the highest stimulus

level used was 200 pA due to loudness constraints. Columns 3 and 4 list the range of all

elements of Z, and the maximum coefficient of variation for all off-diagonal elements of Z

respectively. Column 5 lists the atypical electrode pairs identified.

3.2.7.2 Variability over Time for Each Subject

Table 3-6 summarizes the variability in transimpedance estimates over time for each

subject. The first column displays the subject number and ear tested. The second column

displays the stimulus level used during measurement of voltage. The third and fourth columns

list the number of experimental sessions performed and the time span between the first and

last experimental session respectively. The fifth column lists the number of electrode

combinations out of 240, where the computed linear regression slope of mean transimpedance

vs. time (as in the left panel of Figure 3-10) was significantly different from zero. The sixth

column shows the coefficient of variation over time for the most variable electrode pair. This

is the standard deviation in the estimates of transimpedance from each session, divided by the

grand mean.
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Table 3-6. Transimpedance Variability over Time For Each Subject

Subject (Ear) Stimulus Number of Time Span Number of Electrode Maximum CV

Level [pA] Experimental Combinations with over Time [%]

Sessions Significant Slopes

C128 (Left) 250 pA 3 1 month 0 1.01

C128 (Right) 250 pA 1 -- -- --

C138 (Left) 200 pA 6 14 months 54 13.9

C191 (Left) 200 pA 1 -- -- --

C215 (Right) 250 pA 4 5 months 16 18.7

C223 (Left) 250 pA 6 4.5 months 4 2.38

C278 (Left) 250 pA 8 17 months 66 2.84

C282 (Right) 200 pA 2 1 month 0 6.04

C299 (Right) 250 pA 2 1 month 0 7.65

C348 (Left) 250 pA 1 -- -- --

C374 (Left) 250 pA 6 13 months 168 10.26

Table 3-6 The first column lists the subject number and ear tested. The second
column lists the stimulus level used for transimpedance measurement. Columns 3 and
4 list the number of measurement sessions and the time elapsed between the first and
last measurement session respectively. Column five lists the number of electrode pairs
whose estimated transimpedance is correlated with time. Column 6 lists the maximum
coefficient of variations computed across 240 electrode pairs.

Numerical simulations similar to those described in Section 3.1.4 were performed to

analyze the impact of transimpedance variability over time. For each transimpedance matrix

obtained, the theoretical scala tympani voltage was computed using Equation 3-1. Figure 3-17

shows the worst-case scala tympani voltage predicted for subject C138. The top panel shows

the predicted scala tympani voltage which ideally would be 1 mV at electrode position 8 and

zero elsewhere. The bottom panel shows the error introduced by stimulating with a vector of

currents computed on an earlier test date, when the transimpedance matrix had changed over

time.
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Figure 3-17: Impact of Variability Over Time The top panel shows the worst-case
prediction for phased array stimulation at electrode 8 in subject C128 if a transimpedance

matrix measured on a different test date is used to compute phased array currents. The
bottom panel shows the error (difference between the intended and actual voltage

profiles).

The largest magnitude error is 28.7 p.V, at electrode position 9, which is -30.8 dB re InV.

This simulation shows that even if the Z matrix measured in one session is used to compute

phased array currents on a different test date, there is still a large reduction in current spread

144

0

c=
0)

cz

0

-o
-
_0

0.8-

0.6-

0.4 -

0.2-

0

Apex

30

Base

(D
0)
0)

0

0

wU

25 -

20-

15 -

10-

5-

0-

-5 -

_10-



CHAPTER 3. TRANSIMPEDANCE ESTIMATION

for single position stimulation. Preliminary results examining the error introduced in

attempting to present more spectrally complex signals with off-test date transimpedance data

could lead to difficulties, and this matter needs further exploration.

3.2.8 Impact of Across Subject Variability on Phased Array Stimuli

Figure 3-18 and Figure 3-19 show the phased array current vector ie from the 8t' column

of (Zsym) for each subject's transimpedance data (see Figure 3-15 and Figure 3-16). For

most subjects, the electrode currents required to produce Vd have a maximum positive current

at E8 and relatively large negative currents at E7 and E9 . In subject C282, where the largest

number of atypical electrode pairs were identified and large peaks are seen in the

transimpedance data toward the center of the electrode array in Figure 3-16, the current pattern

is more complex.

As shown for phased array stimulation at E8 , across-subject differences in the inverse

transimpedance matrices ( 2 sym) _ produce unique patterns of phased array currents at all

electrode positions. This across subject variability in (Zsym) 1 is potentially a strength of the

phased array stimulation strategy, as the individualized patterns of simultaneous electrode

currents may compensate for individual differences in electroanatomy or electrode placement.

Most other multipolar stimulation strategies are not tailored for individual subjects, and so the

phased array stimulation strategy could be more effective at reducing current spread across

listeners.
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Figure 3-18: Phased Array Currents for Focusing At Electrode 8 Across Subjects
Electrode currents in pA required to produce I mV at electrode position 8 and 0 mV at
all other electrode position for each subject. Continued in Figure 3-19.

146

00

0
4-

C
0

Cl)

0
UL

0

C/)

C

r-

a_



CHAPTER 3.TRANSIMPEDANCE ESTIMATION

Subj: C278 (Left)

1 2 3 4 5 6 7 8 9 1011 1213141516

Subj: C299 (Right)
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Subj: C374 (Left)
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Subj: C282 (Right)
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Figure 3-19: Phased Array Currents for Focusing At Electrode 8 Across Subjects
Electrode currents in pA required to produce I mV at electrode position 8 and 01 mV at
all other electrode position for each subject. Continued from Figure 3-18.
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3.3 Discussion

The data presented in this chapter show that electrode voltages can be measured during

monopolar stimulation using the commercially available Advance Bionics CI/HiRes90k

cochlear implant. These data were used to compute estimates of the transimpedance matrices

Z, which can be used to predict VST[n], the pattern of voltages at each electrode position

resulting from arbitrary patterns of electrode current using Equation 1-2. The inverse matrix

Z-1 was used to compute phased array currents necessary to produce desired patterns of

stimulation necessary for implementing phased array stimulation.

3.3.1 Measurements of Electrode Voltages During Monopolar Stimulation

Of the 2640 off-diagonal electrode pairs (240 pairs for each of 11 subjects) measured,

96.6% showed typical biphasic voltage waveforms. This indicates that the vast majority of the

electrode pairs examined across the 11 subjects showed little electrode polarization and

presented a real (resistive) transimpedance. Of the 3.4% of pairs exhibiting polarization, the

effect was ignored, and the transimpedance computed using the mean voltage during each

phase.

For many measurements, an asymmetry was detected between the voltage measured

during the anodic and cathodic phases. However, the percent difference between the two

phases was typically small and the transimpedance was computed from the average voltage.

3.3.2 Atypical Electrode Pairs

For many subjects, a small number (<4%) of atypical electrode voltage waveforms were

identified (exhibiting a time dependence greater than 120 pV/ps within both the cathodic and

anodic pulse phases). One interpretation of these data is that unanticipated current leakage

from the stimulating electrode through the recording electrode results in the recording

electrode being stimulated and polarized in addition to the desired stimulated electrode. In

most subjects, the effect was small as indicated by nearly monotonic decays in transimpedance

along the length of the array. In subject C282, however, the effect was large with peaks

appearing in transimpedance curves far from stimulated electrode positions. For example, in

C282, there is a noticeable peak in the transimpedance spread function for electrode 11, at the

location of electrode 7. This means that current passed through electrode 7 can stimulate at the

11, 1 -W-
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position of electrode 11 and vice-versa. This could result in neural stimulation at unintended

locations, could adversely impact spectral resolution.

This finding may complicate the feasibility of implementing the phased array strategy in

CII/HiRes9Ok subjects. It is probably also the case that this current leakage impacts

conventional (monopolar) stimulation. The transimpedance estimation technique presented in

this chapter could therefore be used to identify atypical electrode pairs in underperforming

patients. For example, one might consider eliminating the atypical electrode pairs form the

patient's sound processor program. It is recommended that a technique such as the one

described in this chapter to characterize atypical electrodes be performed in any research

subject where precise control of electrode currents is required.

It is possible that the phased array strategy might partially compensate for the issue of

unintended stimulation at atypical electrode pairs, by reducing the stimulating voltage with

compensatory electrode currents from adjacent electrodes. This idea should be explored

further.

3.3.3 Transimpedance Matrices

Transimpedance matrices were found to be markedly different across subjects as would be

expected based on the data for three subjects presented in van den Honert and Kelsall (2007).

These differences in transimpedance suggest that during every day listening using

conventional stimulation, the voltage produced in the scala tympani will be different across

subjects for the same sound signal (assuming subjects' sound processors are programmed

identically). Moreover, the phased array currents required to cancel current spread and

produce desired patterns of scala tympani voltage in each cochlea will necessarily be unique in

each subject.

Within a subject, two types of variation were considered. First, the confidence interval on

each element in the transimpedance matrix was used as an indicator of measurement

variability within a 10 minute measurement session. The measurement variability is such that

the computed phased array currents are not substantially affected. Variation over time periods

up to 17 months was also examined. The degree to which variability over time impacts design

of future experiments will be discussed below.
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3.3.4 Transimpedance is a Nonlinear Function of Stimulus Amplitude

It was found that transimpedance estimates were generally larger for larger monopolar

currents. It was not possible to compute transimpedance matrices for stimulus levels greater

than 250 pA in any subject because of higher-level stimuli eliciting uncomfortably loud

sensations. Our data suggest that the transimpedance will continue to increase for larger

stimulus levels. This is a potential problem for a phased array system as the currents required

during phased array stimulation can be much larger than 250 pA, sometimes exceeding 1 mA.

If the transimpedance matrix for these larger currents is very different from the

transimpedance matrix at 250 pA, the computed currents may imperfectly cancel voltage at

undesirable locations.

A mechanism explaining this nonlinearity is elusive. If the actual monopolar currents

presented are some fraction less than 1 of the requested monopolar currents (as would be

expected from current division), then one would expect to record smaller voltages than if the

true current were delivered. Moreover, since the measured voltages are divided by the

requested current (which is a larger number than the delivered current), then one would expect

to underestimate the transimpedance as current is increased. The opposite effect is seen and

may be related to unexamined nonlinear properties of the electrode/fluid interface.

This effect would be minimal if the transimpedance matrix measured at different levels

were simply scaled by a constant. In this case, the inverse matrix, and computed electrode

currents would also be scaled by a constant, and the relative weights of the phased array

currents would be unchanged.

Note that in phased array stimulation, the currents required are generally much larger than

the currents required for monopolar stimulation. When all electrodes are employed in a

complex phase pattern, some electrodes are often activated with currents of 1 mA or larger. It

was not possible to measure the transimpedance using monopolar currents of this magnitude

because they would produce uncomfortably loud sensations, or possibly even exceed the

threshold of pain.
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3.3.5 Variability With Time and Phased Array System Implementation

Within a single measurement session, estimates of transimpedance are reliable. Across all

subjects and electrode pairs, the width of the confidence interval is never larger than 3.75% of

the mean transimpedance for a stimulus current of 250 pA. It is not surprising, therefore, that

the simulations of the impact of transimpedance, within-session variability on scala tympani

voltage at locations where stimulation is not desired is always near zero.
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4 Summary and Recommendations for Future Work

In this thesis, measurements were obtained using a CII/HiRes90k implant on a laboratory

bench to determine if the system might be useful for measurement of the transimpedance

matrix and presentation of phased array stimuli. The current sources in the CII/HiRes9Ok

stimulator approach the behavior of ideal current sources, and the load current delivered is a

linear function of the load current requested. Using resistive loads on the order of the

anticipated electrode impedances in cochlear implants, it was found that the current sources

requested currents with no more than 7% error, making them suitable for monopolar

stimulation during psychophysical experiments and during the measurement of

transimpedance.

The transimpedance matrices presented in Chapter 3 can be measured in less than 10

minutes. Measurement noise was always a small percentage of the transimpedance estimates,

and had little impact on the inverse transimpedance matrix required for phased array

stimulation. This suggests that the phased array currents computed will be appropriate for

phased array stimulation.

It is important to note that while small changes were seen in Transimpedance matrices

over time, these could potentially translate to large difference in the scala tympani voltage

produced if the phased array currents are not updated to reflect these changes. Therefore, it is

recommended that in future testing of phased array stimulation, the transimpedance matrix

should be re-measured on each test date, and phased array currents should be recomputed

accordingly.

One surprising finding was that in most subjects, a small number of atypical electrode

pairs was detected during the measurements of scala tympani voltage required for the

computation of the transimpedance matrix. These were interpreted as low-impedance paths

between electrodes, and would result in stimulation of unintended electrodes. In most subjects,

the degree of unintended stimulation would be small, but this effect was particularly large in

one subject (C282), whose transimpedance between atypical electrode pairs were

extraordinarily large. This situation would likely affect both monopolar stimulation
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experiments as well as phased array experiments. It recommended that subjects with atypical

electrode pairs with especially low impedance paths be dismissed from all psychophysical

studies the require both monopolar and/or multipolar stimulation.

Finally, it was shown that the finite power available to the internal circuitry in the

Advanced Bionics implant could be a limiting factor in the implementation of phased array

stimuli. Preliminary psychophysical experiments suggest that in order to achieve sufficient

loudness using phased array stimuli, a large amount of current must be delivered. Informal

psychophysical testing suggests that this is not problematic for near-threshold stimulation in

any subject tested, but 2 out of 7 subjects tested experienced unexpected spectral changes as

the loudness of sounds approached their most comfortable listening levels. Researchers should

take note of subjects with particularly large detection thresholds, or who require more than

typical current levels for comfortable loudness sensations, as there is a possibility that phased

array stimulation will drive the Advanced Bionics stimulator's currents sources to voltage

compliance limits.
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APPENDIX. ANALYSIS OF CII/HIRES90K CURRENT SOURCE

5 Appendix: Analysis of CIL/HiRes9Ok ICS Current Source

with Resistive Load

The circuit model in Figure 2-6 is used to describe any one of the sixteen independent

current sources present in the CII/HiRes9Ok Implantable Cochlear Stimulator (ICS). The

model consists of an ideal current source that generates waveform Isource' which is typically a

train of amplitude-modulated, charge-balanced 2
' biphasic current pulses. In this study, all

stimuli were biphasic pulses or trains of biphasic pulses with phase durations of 107.755 Ps

per phase. The generalized impedance ZLoad in Figure 2-6 represents the total impedance
26

along the path of current flow between the ICS's stimulated output pin and return pin

The remaining lumped elements in Figure 2-6 are:

1. A "DC-blocking" capacitor CB in series between the current source and the load, that

ensures that no long-term DC component can be applied to any load.

2. An internal resistor Rp in parallel with the current source.

CB represents a discrete electronic components in the CII/HiRes90k ICS. According to the

manufacturer's specifications, CB is a 0. 1 pF capacitor. RP represents the parallel combination

of the internal current source resistance, and either one discrete resistor or a pair of discrete

"bleeder" resistors that can be connected across the current source by programmable switches.

The internal source resistance does not represent a discrete resistor, but instead represents an

intrinsic property of the underlying current source circuitry. The value of Rp is unknown, but

based on all measurements described in Chapter 2 and correspondence with Advanced

Bionics, Rp is safely assumed greater than 100 kW.

2 The net charge delivered by a "charge-balanced" stimulus is zero. In the ICS current source,
charge-balance is achieved using "biphasic pulse" stimuli consisting of two opposite-polarity current
pulses with the same magnitude and duration. During monopolar stimulation, biphasic pulses are
typically "cathodic-leading", meaning the current delivered during the first "phase" has a negative sign,
and the current delivered during the second "phase" has a positive sign.

26 During current source testing on the laboratory bench as described in Chapter 2, ZLOad represents
any discrete electronic component(s) inserted into the ICS load board (see Figure 2-4). In patients,
where stimulating current flows through a scala tympani electrode and returns to the implanted ICS
case, ZLoad represents all electrochemical and biological impedance along the path.
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The quantities Iboad(t) and vo(t) in Figure 2-6 have particular importance throughout this

document. For a given Isource(t), Ihoad(t) is the predicted current delivered through the load

(e.g., through a discrete component inserted into the ICS load board on the laboratory bench,

or through a scala tympani electrode in cochlear implant listeners). And, vo(t) is the predicted

voltage across the internal current source which 1) is a voltage that can be recorded by the

ICS's internal telemetry circuitry (see Figure 2-3) and 2) is typically the largest magnitude

voltage across all nodes in the circuit model, and, as such, its maximum achievable value in

practice determines the circuit's linear operating range27 .

The purpose of this appendix is to describe the dynamics of lLoad(t) and vo(t) in the

circuit's linear operating range for a resistive load (ZLoad = RLoad), and to derive the

theoretical equations that are compared with measured data in Chapter 2. In the following

sections, it is demonstrated that for realistic stimulus parameters, realistic values of the circuit

components, and given an initially uncharged blocking capacitor, the model predictions for

'Load (t) and vo (t) during the first stimulus phase of a biphasic pulse are

y'I
SLoad W Y1 (t ~ ) <t<t2

T

vo (t) ' y RLoad ' 11 + y ' -I( - tj) ; t<t<t2,
T

where y Rp T = [Rp + RLoad] - CB, I is the constant source current amplitude (with
Rp+RLoad'

sign) during phase 1, t1 is the start time of phase 1, and t 2 is the end time of phase 1 (and start

time of phase 2). The derivations that follow also show that expressions for the second

stimulus phase of a charge-balanced biphasic pulse are

pd( _Y 2 2 -e pd)

ILoadMt) Y1* (2-2 t2 < ( < t3,

27 In practice, since no voltage can exceed the internal power supply voltage (in magnitude), when
vo reaches its maximum possible magnitude, isource ceases to increase with requested current, and a
mathematical description of the circuit model with linear systems theory becomes invalid.
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vO(t) ~ Y2 [ RLoad + Rp - e ~ -
Y12 - Rp - 2 - e 

1) + - (t - t2) ; t2 < t < t.

where I2 is the constant source current amplitude during phase 2 (with sign), phase duration

pd = t2 - t1 , and end time t3 = t 2 + pd.

5.1 Simplified Circuit Model with Resistive Load

Isource(t) C

I _ + +

R VO a RVLadP :Load

ILoad(t)

Figure A5-1: Model of Realistic CI/HiRes90k Current Source with Resistive Load
This circuit model is a special case of the model in Figure 2-6 with a resistive load. A
current source delivers Isource(t) with a specified wave shape. Rp represents the parallel
combination of the internal current source resistance and the "bleeder" resistor(s). CB is a
"DC-blocking" capacitor that ensures charge-balanced stimulation. RLoad is a discrete
load resistor inserted between the output and return pins (represented by open circles) of
the bench ICS (see Figure 2-8). In this model, the load current ILoad(t) is not equal to the
source current isource(t) because Ip is non-zero. The voltage across the load VLoad is not
equal to the voltage across the current source vo, because vcis non-zero.

Figure A5-1 is a simplified version of Figure 2-6 with generalized load impedance ZLoad

replaced by a load resistor RLoad. As the purpose of this appendix is to describe ILoad(t) and

vo(t) in response to an input waveform Isource(t), the 'Requested block in Figure 2-6 is not

reproduced in Figure A5-1.

In the following sections, the differential equation governing DC-blocking capacitor

voltage VC (t) is derived using linear circuit theory. This equation is then solved when

Isource(t) is a current step (i.e., the source current is zero before t = 0 and constant after

t = 0). The quantities ILoad(t) and v0(t) are computed from the solution for vcB(t) as

dVcB (t)
ILoad(t) = CB dt and v0 (W = vCB W + Load(t)RLoad -

The general properties of VcB t), Load(t) and vo(t) are discussed for the current step input.

Then, approximations to these functions are determined during the first 107.755 ps of the
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current step. Finally, approximate expressions for, ILoad(t) and vo(t) are obtained for

Isource (t) equal to a charge-balanced, cathodic-leading biphasic pulse waveform with phase

duration 107.755 ps/phase.

5.2 Derivation of State Differential Equation for vc, (t)

It is clear from the circuit diagram in Figure A5-1 that the source current is divided

between two branches, and according to Kirchhoff's current law

Isource(t) = IP(t) + ILoad(t-

Here, Ip(t) is the current through Rp, and 'Load(t) is the current through DC-blocking

capacitor CB in series with load resistor RLOad. Using Ohm's Law, Ip(t) can be written in

terms of vo(t), and using Kirchoff's voltage law, vo(t) can be written in terms of Ioad(t)

and vcB(t):

19( t) = vcB(t) + VLoad(t) _ VCB(t) + ILoad(t)RLoad
Ip(t) =- _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _

Rp Rp Rp

Using this expression for Ip (t) in Kirchoff's current law,

Isource(t) = vcB(0 + + ILoad (0-
R RL

dvcB (t)
Now, taking Itoad = CB dt , and multiplying both sides of the above equation by Rp, a

first-order differential equation governing VCB (t) with input Isource (t) is obtained:

(Rp + RLoad)CB dvcB(t) + vCB(t) = Isource(t)Rp.

Substituting r = (Rp + RLoad)CB,

Td B (t ) = Isource (t) Rp. A5-1

Equation A5-1 is the "state differential equation" for the circuit. Its solution can be written

as the sum of the "zero-state response" (the response of the circuit to an input Isource(t) with

MIRMW" k"WW" 011"IRR ""M - -__T"RrWIVRM
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no initial charge on the blocking capacitor) and the "zero-input response" (the response of the

circuit given an initially charged capacitor but Isource (t) = 0).

5.3 Expressions for C (t), ILoad (t) and vo (t) for a Current Step Input

Prior to considering the solution to Equation A5-1 for a biphasic pulse input, it is useful to

consider the step response of the circuit, where

Isource(t) Is - U(t).

Is is the constant amplitude source current and u(t) is the unit step function (see Figure A5-2).

Isource(t)

t=

Figure A5-2: Input Current Isure(t) Equal to a Step Waveform Isource(t)
prior to t = 0 and has the constant value Is after t = 0.

is zero

The solution to Equation A5-1, written as the sum of the zero-state response and zero-

input response is

vcB (t) = IsRp - I - e ] + vcB (0) - e r ; t > 0

where VCB (t) is the capacitor voltage as a function of time, and vcB(0) is the initial capacitor

voltage (at t = 0). Alternatively, this equation can be written in the general form

t

v(t) = v.+[vi - v.] - e-- ; t > 0

where vi is the initial voltage at t = 0, and v,, is the voltage that is approached as t -* 0028.

The general form of Equation A5-2 is

28 c,, can be considered the voltage approached after a long period of time relative to the time
constant (e.g., when t > 5T).

A5-2
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-t

VCB(t) = IsRp + [vcB(0) - IsRpI - e T ; t > 0. A5-3

Inspection of Equation A5-3 reveals that initially, vi = VCB (0), and if the current step is left

on for a long period of time (this is not done in practice), then VCB (t) approaches the value

VC0 = IsRp exponentially, with time constant r = (Rp + RLoad)CB-

The solution for ILoad(t) is found by differentiation (ILoad(t) = CB dt and can be

written as the product of a constant (the initial current at t = 0) and an exponential decay

[IsRp - vcB
,Load(t) = e T ; t > 0. A5-4

[Rp + RLOad

Note that the load current decays to zero after a long period of time relative to the time

constant T = (Rp + RLoad)CB-

Finally, vo(t) = VcB(t) + ILoad (t)RLoad, which simplifies to

Rp
v 0 (t) = Is Rp 1R-R (VC (0) - IsRp)] - e ; t > 0. A5-5

Re+ RLoad

Or, in general form,

v 0 (t) = IsRp + Ro - (IsRLoad + VCB (0)) - IsRp] e ; t> 0. A5-6
R + RLoad

Inspection of Equation A5-6 reveals that initially, vo(0) = Rp (ISRoad + vcB (0))' and
Rp+RLoad

if the current step is left on for a long period of time, vo(t) asymptotically approaches the

value vo, = lsRp exponentially (as VCB(t) approaches IsRp, and ILoad(t) approaches zero),

with time constant r = (Rp + RLoad)CB-

5.3.1 Step Response with Initially Uncharged Capacitor

If the DC-blocking capacitor is initially uncharged (i.e., vcB (0) = 0), Equations A5-3,

A5-4 and A5-6 for vcB(t), ILoad(t) and v0 (t) respectively simplify to

VCB (t) = ISR- 1 - e T] ; t > 0 ; if VcB(0) = 0 A5-7
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ILoad(t) = e t> 0; CB (0) = 0 A5-8
Rp + RLoad

ISRLoad Rp 1
v0 (t) = Is Rp + Rs + RLoad IsRp e ;t > 0 ; if vcB (0) = 0 A5-9

where -r = (Rp + RLoad)CB-

5.3.2 Short-Time Approximations of ve,(t), ILoad(t) and vo(t) for a Step Input

The exponential function e 7 that defines the time dependence in the expressions for

VCB W, ILoad(t) and v0 (t) can be represented as an infinite series

_tt t 2 / t/
e r= 1--+ +--, -c<x<oo

T 2! 3!

where r = (Rp + RLoad)CB. Recall, in the CII/HiRes90k ICS, CB = 0.1 pF, and under the

(conservative) assumption RP = Ro 11 RB > 10 kM, the quantity Rp + RLoad is always greater

than 10 kM. Therefore, time constant r = (Rp + RLoad)CB is greater than 1 ms.

In a short time window after the start of the current step (i.e., when t r), the first-order

approximations 29 to Equations A5-3, A5-4 and A5-6 are

VCB (t) - vcB (0) + (IsRp - VCB())t t>0; if t <K A-10

Ihoad(t) IsRp-VCB(0) lsRp - vc(0) t ; t > 0 ; if t «1 A5-11
Rp + RLoad (Rp + RLoad) -

V(t) Rp (IsRLoad + CB ( 0 )) + R (IsRp - vcB8 (0) t; t> 0; if t « 1 A5-12
Rp + RLoad (Rp + RLoad)-T

Each of these equations is expressed as the sum of a constant term (the value of the

function at t = 0) plus a linear increase, or decrease, with time30 . Note that in addition to

being approximations of VCB (t) Load(t) and v0 (t) at the start of a current step input, these

expressions will later (in Section 5.4.2) be used in approximate expressions for VcB

29 t
Using e5 ~ 1 - - and neglecting the higher-order terms

T
30 The initial value of each function and the slope of the linear ramp can be read directly off each

equation.
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'Load(t) and vo(t) throughout each phase of a biphasic current pulse input of short duration

(<< Ims).

5.3.3 Short-Time Approximation of Step Response with Uncharged Capacitor

If the DC-blocking capacitor is initially uncharged (i.e., VCB (0) = 0), Equations A5-10,

A5-11 and A5-12 for vcB(t), ILoad(t) and v0 (t) respectively simplify to

Is Rp t _s_ _R_ t_>5
ocB(t) ~- - = I R t ; > 0; if VCB(0) = 0 t r A5-13

Rp + RLoad (Rp + RLoad) T T

VO(0)~ IsRpRLoad IsRpRp -t ; t >0 ; ifVCB(0)=0,t < A5-15
Rp + RLnad (Rp + RLoad) ' t
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5.3.4 Plots of Exact Solutions and Short-Time Approximations

Figure A5-3 shows plots of Isource(t), 1CB (t), ILoad(t) and vo(t), computed for the first

50 ms of a current step input with amplitude Is = 100 pA, which is realistic for typical

biphasic pulse stimulation with the CII/HiRes90k. The parameter value Rp = 100 kQ is

assumed realistic, and C = 0.1 pF is specified by the manufacturer. The initial condition

Circuit Step Response for 3 Load Resistors

Is = 100 pA, R = 100 kQ, C = 0.1 pF, vCB(0) = 0 V
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Figure A5-3: Step Response of Realistic Current Source with Resistive Loads The

black trace in the top panel is the first 50 ns of a step input isource(t) with amplitude

Is = 100 pA. Solid traces in the second panel represent exact solutions for vcB(t)

computed using Equation A5-7, and dashed traces are first-order, short-time

approximations to vcB(t) computed using Equation A5-13. Solid traces in the third panel

represent exact solutions for ILoad(t) computed using Equation A5-8, and dashed traces

are irst-order, short-time approximations computed using Equation A5-14. Solid traces in

the bottom panel represent exact solutions for vo(t) computed using Equation A5-9, and

dashed traces are first-order, short-time approximations computed using Equation A5-15.

Trace colors blue, green and red represent responses for RLoad = 1 k2, RLoad = 50 kW,

and RLoad = 100 kW respectively.
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vCB(0) = 0 is realistic in practice if Isource(t) = 0 for longer than 5' before t = 0. Biphasic

pulse durations typically used in cochlear implant stimulation are much shorter than 50 ms in

duration, but it is instructive to observe the response of this circuit for this longer duration.

The black trace in the top panel of Figure A5-3 represents the step input Isource(t), which

is turned on at t = 0 and remains constant for t > 0. The traces in the remaining panels

represent VCB (t) (second panel), Load(t) (third panel), and VO(t) (bottom panel) for load

resistances RLoad = 1 kQ (blue curves), Rboad = 50 kW (green curves) and RLoad = 100 kQ

(red curves). The solid curves are plotted using exact equations A5-7, A5-8 and A5-9. The

dashed curves are plotted using first-order approximations to these equations A5-13, A5-14,

and A5-15. Only the 1 kQ resistor represents a realistic load in implanted cochleae. Results for

the larger load resistors are shown to demonstrate the effect of RLOad on the time constant and

on the initial values of 'Load (t) and vo (t) just after the source current is turned on at t = 0.

The exact behavior of vCB (t), 'Load (t) and vo (t) over the 50 ms duration is summarized

as follows. The capacitor voltage VCB(t) (solid curves in panel 2 and Equation A5-7) has the

initial value VCB (0) = 0 V (at t = 0), and approaches IsRp = 10 V exponentially, with an

RLoad-dependent time constant T = (Rp + RLoad)CB. Load current Ihoad(t) (solid curves in

panel 3 and Equation A5-8) instantaneously jumps to an RLoad-dependent initial value

Itoad (0) = ISRp (which decreases with increasing RLoad) 3 ' and decays to zero
Rp+RLoad

exponentially with the same time constant (as charge accumulates on the capacitor). Finally,

vo(t) (solid curves in panel 4 and Equation A5-9) is the sum of the capacitor voltage and load

voltage. It has the initial value vo(0) = ISRLoadRp (wich increases with increasing RLoad), and
Rp+RLoad

approaches IsRp = 10 V exponentially, also with the same time constant (as the capacitor

becomes charged and load current approaches zero). Note that if Rp >> RLoad (e.g. for the

RLoad = 1 ki case), the initial values of lhoad(t) and vo(t) are 'Load(0) ~ Is = 100 pA and

vo (0) = IsRLoad, which are the values that would be predicted for an ideal current source.

31 This same value ILoad = would be predicted by current division for all t > 0 in the
Rp+RLoad

absence of CB.
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The dashed curves in Figure A5-3, which represent the short-time approximations, show

that the initial values of VCB (t) (dashed curves in panel 2 and Equation A5-13), ILoad(t)

(dashed curves in panel 3 and Equation A5-14), and vo(t) (dashed curves in panel 4 and

Equation and A5-15), are identical to their initial values in the exact equations. However, the

exponential time dependence is replaced by linear time dependence, and the error between the

exact solutions and approximate solutions increases with time.

5.3.5 Validity of Short-Time Approximations of vcB(t), ILoad(t) and vo(t)

During characterization of the current sources in Chapter 2, the exponential time

dependence of ILoad(t) and vo(t) is neglected and the first-order approximations A5-14 and

A5-15 are used to model the realistic CII/HiRes90k current source during the first phase of a

biphasic pulse input with phase duration 107.755 ps. The errors introduced by the first-order

approximations increase as the linear approximations diverge from the exact solutions, and

these errors reach a maximum value at the end of the first phase. The following quantifies the

error in the approximations of VcB (t), Of ILoad(t) and vo(t) at time t = 107.755 gs.

From Equation A5-7, the exact solution for VCB is lSRp [1 - e T and from Equation

A5-13, the approximate solution is sRp - t. Defining the percent error as

x(Approximate) - x(Exact)
% Error [x(t)] = 100 X xEat

x(Exact)

the percent error in the first-order approximation of VCB (t) is

% Error [vcB(t)] = 100 x T t - . A5-16
(I - e__

Similarly, the percent error in the first-order approximation of I6oad(t) is obtained using

Equations A5-8 and A5-14.

% Error [ILoad(t)] = 100 x t - 1). A5-17
(e -
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And, the percent error in the first-order approximation of vo(t) is obtained using Equations

A5-9 and A5-15

t t
-- 1 + e x

% Error [vo(t)] = 100 x T t A5-18
+ RLoad e --

R p

Table Al-I is an analysis summary of the expected error in the approximations of vcB (t),

Ihoad(t) and vo(t) at time t = 107.755 ps for several load resistors assuming

(conservatively) Rp = 10 kQ and (realistically) CB = 0.1 VF. The first column contains load

resistance in kM, for one unrealistically small resistance RLOad = 100 0, two realistic values

(RLoad = 1 kQ, and RLoad = 10 kM) and two unrealistically large values (RLoad = 50 ko and

Rboad = 100 kM). Columns 2 and 3 contain Rp and CB respectively. Column 4 contains the

predicted time constant r = (Rp + RLOad)CB. The percent errors in the approximations at

t = 107.755 ps, computed using Equations A5-16, A5-17 and A5-18, are shown in columns

5, 6 and 7 respectively.

RLoad (kM) Rp (kM) C (pF) r (ms) % Error vcB % Error ILoad % Error vo

0.1 10 0.1 1.01 5.429 -0.6113 4.941
1 10 0.1 1.1 4.978 -0.5123 2.403

10 10 0.1 2 2.718 -0.1505 0.135
50 10 0.1 6 0.901 -0.0163 0.003
100 10 0.1 11 0.491 -0.0048 <0.001

Table Al-1: Analysis of Error in 1"s Order Approximations (Conservative Rp)
This table summarizes the percent error in the first-order approximations of vcBt),

ILoad(t) and vo(t) after 107.755 ps. Columns 1 through 3 contain parameter values for
RLoad, Rp(= Ro I RB), and CB respectively. Column 4 contains the time constant
T = (Rp + RLoad)CB. Columns 5, 6 and 7 contain the percent error in vcB(t), ILoad(t),

and vo(t) respectively at t = 107.755 ps computed using Equations A5-16, A5-17, and
A5-18.

The percent error at 107.755 ps is always positive when approximating VCB (t) and vo(t),

indicating that these approximations overestimate the voltages, consistent with Figure A5-3.

The percent error is always negative for 'Load(t) indicating that the approximation

underestimates the load current. The magnitude of the percent error is always largest when the

load resistance is smallest RLOad = 0.1 kQ, because the time constant is smallest in this case.

As RLoad increases (and r consequently increases), the condition t « r is more strongly
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satisfied, and the percent error decreases for all approximations. For each RLOad, the largest

magnitude percent error at 107.755 ps is always seen in vcBt), and is at most 5.492 %. The

error in Ihoad(t) is always less than 1 %.

Table Al-2 contains the same data for a more realistic R, = 100 kM (based on

measurements in Chapter 2 and correspondence with Advanced Bionics).

RLoad (kM) Rp (kW) CB (p F) r (ms) % Error vCR % Error 'Load % Error vo

0.1 100 0.1 10.01 0.539 -0.0058 0.493
1 100 0.1 10.1 0.534 -0.0057 0.275

10 100 0.1 11 0.491 -0.0048 0.044
50 100 0.1 15 0.360 -0.0026 0.005
100 100 0.1 20 0.270 -0.0015 0.001

Table A1-2: Analysis of Error in 1st Order Approximations (Realistic Rp) Same as
Table A I -l with larger Rp.

For the larger Rp, r is larger in Table Al-2 (compared to Table Al-i) by approximately one

order of magnitude for each load resistor, and is never less than 10 ms. The error is never

greater than 0.6 % in any of the approximations of vcB(t), ILoad(t) and vo(t). Both Table

Al-i and Table Al-2 demonstrate that the approximation of Itoad(t) is especially robust. In

Table A 1-2, the error in Ioad(t) at t = 107.755 ps is always less than 1 part in 10,000 for all

load resistors simulated.

These data justify the use of Equations A5-13, A5-14, and A5-15 to approximate vcB(t),

Ihoad(t) and vo(t) for current step inputs when t < 107.755 ps. For the most realistic circuit

parameters to describe the CII/HiRes90k ICS (RLoad = 1 kQ and RLoad = 10 kW in Table

A 1-2), the error in vcB(t) and vo(t) is less than 0.6 %, and the error in ILoad(t), is less than

0.006 %. These results for the first 107.755 ps of a current step input suggest that a similar

analytical treatment of the circuit model can be applied to describe the circuit's response to

each phase of a 107.755 ps biphasic pulse. The following sections present exact and

approximate equations that describe the circuit's response to a biphasic pulse. The accuracy of

the approximate equations for ILoad(t) and vo(t), the two quantities used extensively in

Chapter 2, are described quantitatively.
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5.4 Expressions for VC 8 (t), ILoad(t) and vo(t) for a Biphasic Pulse Input

In Section 5.2, the state differential equation (Equation A5-1) for the circuit in Figure

A5-1 was derived. In Section 5.3 the step response was analyzed and plotted (see Figure A5-3)

and approximate expressions for the step response (Equations A5-13, A5-14, and A5-15) were

presented and justified for realistic circuit parameters and t < 107.755 ps.

The analysis and equations describing the step response can be extended to predict VcB (t),

'Load(t) and v 0 (t) for ISource(t) equal to a biphasic pulse waveform, by treating the biphasic

pulse waveform as two short-duration current pulse waveforms in sequence. Let the source

current during phase 1 of the biphasic pulse be the constant I1, and the source current during

phase 2 be the constant 12. Let tj be the start time of phase 1, let t2 be the end time of phase 1

and the start time of phase 2, and let t3 be the end time of phase 2, so

11, t1 < t < t2

Isource(t) = 12, t2 < t < t3.

0, otherwise

For a charge-balanced pulse, I1 = -2 and the phase duration pd = t2- t = t 3 - t 2 (see

Figure A5-4).

Isource(t)

- t

ti t2  t3

Figure A5-4: Input Current Isource(t) Equal to a Biphasic Pulse isource(t) is zero
prior to t = ti, has the constant value 11 between t = tj and t = t2 , has the constant
value I2 between t = t 2 and t = t3 , and is zero for t > t 3. For a typical "charge-
balanced" pulse, I, = -12 and phase duration pd = t2 - ti = t3 - t2-

Let i be an index indicating the phase (i = 1 or 2). Using this notation, t represents the

start time of phase i and Ii is the amplitude of the source current (with sign) during phase i.

Let VcB(tli) be the capacitor voltage, Ioad(tji) be the load current, and vo(tli) be the
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voltage across the current source, all during phase i. Because Ii is constant during each phase,

the solution to Equation A5-1 for VCB (t I i) during either phase is equivalent to the solution

already seen for a current step in Equation A5-2,

vcB(tli) = IiR- 1 - e~ r + vcB(ti)e t ; i = 1,2 , t < t < tjij A5-19

where VCB (ti) is the capacitor voltage at time ti, or the "initial" capacitor voltage at the

beginning of each phase. As above, Ioad(tli) can be found by differentiation (Ihoad(tli) =

dvcB (tli)
CB dtB , and as in Equation A5-4, the solution during either phase is the product of a

constant (the initial current at t = t1) times an exponential time dependence

[ I1Re - vc

Ioad(tI) = I e T ; i = 1,2 , tj < t < tie. A5-20
Rp + RLoad

Finally, vo(tli) = vcB(tli + Load(tli)RLoad, and as in Equation A5-5,

SRp (VC (ti) - i R p) t-ti

v(tIi) = Ii Rp + Rp RBtiad I-) e r ; i = 1,2 ,tj < t < tie. A5-21

In the following section, equations A5-19, A5-20 and A5-21 are solved for each phase of

a charge-balanced biphasic pulse stimulus assuming VCB (t1 ) = 0.

5.4.1 Cathodic-Leading Biphasic Pulse Response with Uncharged Capacitor

For a charge-balanced, cathodic-leading biphasic pulse (i.e. the source current during the

first phase is negative), let I = -Is, an 12 = Is. Let ti = 0, t2 = pd, (the phase duration) and

t3 = 2 x pd. If the capacitor is initially uncharged (vcB(tj) = 0), the expression for vcB(t)

during the first phase of the stimulus simplifies (compare to Equation A5-7 for a positive

current step):

vcB(tli = 1) = IsRp-1-e ; <t<pd ; if VcB () 0

Note that charge will build up on the DC-blocking capacitor during this first stimulus

phase, and at the end of the first phase (at t = pd), there will be a finite, negative voltage
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across the capacitor that must be taken into account when computing the expressions for

VCB (), 'Load (t) and vo (t) during phase 2. The voltage across CB at the end of phase 1 is

i d
VcB (t = pd) = -IsR p 11 - eAI ; if vcB(0) = 0,

and using this expression in Equation A5-19, the response during the second stimulus phase is

F t-pd t 1
vcB(ti=2)=IsRp- 1-2e +e ;pd<t<2xpd); ifvcB(0)=0'

Similarly, after the second stimulus phase (for t > 2 x pd)

r t-2xpd t-pd t

VcB(tt > 2 x pd)=IsRp e T -2e T +e ] ; t> (2 x pd) ; ifvcB(0)=0.

In summary, the cathodic-leading biphasic pulse response VcB(t) given zero initial charge

on the capacitor and perfect charge-balance, with all expressions written in the general form is

t

-IsRp+IsRpe-, 0<t< pd

i /pd \t-pd

VCB (t) = IsR + IsRp - (e - 1) - IsRp]- e , pd < t < 2pd A5-22
/ pd 2xpd t-2xpd

IsR- -2eT + e , t>2pd.

The first and second rows of Equation A5-22 are expressions for capacitor voltage during the

first (cathodic) and second (anodic) stimulus phases respectively. The third row is the

expression for VcB(t) after the biphasic pulse is complete, and describes how the voltage

decays to zero as remaining charge is drained off CB.

The exact expression for ILoad(t) is

Is Rp .
Rp - e r, 0 < t < pd
Rp + R Load

IsRp pd) t-pd

ILoadt) = R (2-e T -e , pd < t < 2pd A5-23
R L + RLoad

IsR- pd 2xp \ t-2xpd

R 2e T -e -r - e , t > 2 x pd.

Finally, the exact expression for vo(t) is

-III 1 11 1 111111 1 , 11 RI 11 11 1 I'M 111 11 1 KIM 11, 1, 1, " I 1 11 . , I
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r IsRpRLoad + 1-
I Rp + RLoad

isRp (RLoad + Rp e p - 1)) t-pd[ (0 s+Rp + RLoad sRie

Rp pd 2xpd\ t-2xp

-IsRp - er1-2e T +e T e r
Rp + R~ /
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0 < t <pd

pd < t < 2pdA5-24

t> 2 x pd.

5.4.2 Plots of Exact Solutions for vc,(t), ILoad(t) and vo(t)

Figure A5-5 shows plots of Isource(t), VcB(t), ILoad(t) and vo(t), computed using

Equations A5-22, A5-23 and A5-24, for a 107.755 ps/phase biphasic pulse input with

amplitude Is = 100 pA. All other model parameters were identical to those used for the

simulation in Figure A5-3.
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As in Figure A5-3, the black trace in the top panel of Figure A5-5 represents the input

Isource(t), which in this case is a catholic-leading, charged-balanced biphasic pulse turned on

at t = 107.755 ps. The traces in the remaining panels represent vcB(t) (second panel),

IUad(t) (third panel), and vo(t) (bottom panel) computed for load resistances RLoad =1 kQ

(blue curves), RLoad = 50 kQ (green curves) and RLoad = 100 kQ (red curves).

Biphasic Pulse Response for 3 Load Resistors

IS = 100 [A, R = 100

100 - I

0
- 00 -1002-
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Figure A5-5: Biphasic Pulse Response of Current Source
as Figure A5-3 for Biphasic Pulse Input. The black trace in
charge-halanced biphasic pulse input with amplitude Is
pd = 107.755 ps/phase. All traces in the second, third and
solutions for VcB(t) (panel 2, computed using Equation

with Resistive Loads Same
the top panel is Isource(t), a
100 pA and phase duration
fourth panels represent exact
A5-22), Jtoad(t) (panel 3,

computed using Equation A5-23), and v0(t) (panel 4, computed using Equation A5-24)
In this figure, approximate solutions (dashed lines in Figure A5-3) are not shown, as these
cannot be distinguished from the exact solutions (solid lines) at this scale. Trace colors
blue, green and red represent responses [Or RLOad = 1 kQ, RLoad = 50 kQ, and Rioa =

100 kQ respectively.
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Unlike Figure A5-3, all curves in Figure A5-5 are plotted using exact equations. Traces

representing first-order approximations (derived explicitly in the following section) are not

shown, as these are not distinguishable from the exact curves on the scales of these axes.

Small differences between the exact and approximate curves are consistent with the small

percentage errors found during the first 107.755 ps of the current step input in Section 5.3.5.

The behavior of VCB(t), Load(t) and vo(t) over the two phases of the biphasic pulse is

summarized as follows. During phase 1, the capacitor voltage vcB (t) (panel 2) has the initial

value VCB (0) = 0 V (at t = 0), and decreases approximately linearly with a negative slope

(due to cathodic current). During phase 2, the capacitor voltage (approximately) ramps back to

a value near zero32 . At the end of phase 2, beginning at t = t3 = 2 x pd, the capacitor voltage

returns to zero after 5,.

Load current ILoad (t) (panel 3) instantaneously jumps to an RLoad -dependent initial value

ILoad( 0 ) = ISRp - (which decreases with increasing RLoad) and decays toward zero
Rp+RLoad

during each phase. The decay is too small to be seen, and the traces appear approximately

constant during each phase at this scale.

Finally, vo(t) (panel 4) is the sum of the capacitor voltage and load voltage. It has the

initial value vo(tj) = IsRLoadRp (wich increases in magnitude with increasing RLoad). As the
Rp+RLoad

capacitor charges, there is a slight slope (again indistinguishable) where the magnitude of

vo (t) increases slightly during each phase.

5.4.3 Short-Time Approximation of Biphasic Pulse Response

In Sections 5.3.2 through 5.3.5, approximate expressions for vcB(t), ILoad(t) and v(t) at

t

the beginning of a current step input starting at time t = 0 were obtained using e (at t =

0) 1 --. In the present section, analogous approximate equations for these quantities for

short-duration biphasic current pulses are obtained during phase 1 (beginning at t = 0) and

32 pdT e 2 . Fr
The exact value of the residual voltage on the capacitor is IsRp - (1 - 2e T + e T . For a

(worst-case) r = 1 ins, this voltage is 0.0104 X IsRp, and for a (realistic) r = 10 ns, this voltage is
0.00011S x IsRp.
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phase 2 (beginning at t = pd)33 . The first-order approximation to an exponential decay at time

t = tj is

t- ti
e '(at t = ti )

ti t
T1+ -

The short-time approximation to Equation A5-22 during phase 1 and phase 2 is

VC (t) ISRp

-e T

ISRp

Td
IsR p 2 - e P)

- 1) + (t - pd),

0 < t < pd

A5-25
pd < t < 2pd

The short-time approximation to Equation A5-23 is

ISRp + I-R,

Rp + RLoad (Rp + RLoad)-T

ILoad(t) pd( e )IsRp- 2-e - IsR - 2-e (t-Pd),
Rp + RLoad (Rp + RLoad) T

And, the short-time approximation to Equation A5-24 is

v0 t)

IsRpRLoad IsRpRp

Rp + RLoad (Rp + RLoad) T T
pd

Is Rp (RLoad + Rp (e T

Rp + RLoad

0 < t < pd

A5-26

pd < t < 2pd

t; 0 < t < pd
A5-27

5.4.4 Validity of Short-Time Approximations of Ioad(t) and vo(t)

Equations A5-26 and A5-27 are the approximate equations for Load(t) and vo(t) that

are used in Chapter 2 in characterizing the ICS current sources. For each stimulus phase, the

approximate equations are written as the sum of a constant term (the value of the function at

3 Approximate equations are not provided after phase 2 of the stimulus, as these approximate
equations give little insight into the circuit's behavior after the biphasic input is complete. The "short-
time" behavior of the circuit after t = 2 x pd is not relevant, and it is more appropriate to use the exact
equations for t > (2 x pd) when necessary to describe how vcBt), ILoad(t) and vo(t) all return to
zero after 5T.

I -1 Is R pRp (2 - e- pd
+ -sRaR ) ( - ) (t - pd); pd < t < 2pd

(Re + RLoad)'17
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the start of the phase) plus a linear increase, or decrease with time. To compare these

approximate equations with the exact equations for ILoad(t) and vo(t) (Equations A5-23 and

A5-24 respectively), the percent error between the exact solutions and first order

approximations was computed numerically using realistic circuit parameters as

x(Approximate) - x(Exact)
%Error [x~t)] = 100 x(xat

x(Exact)

Figure A5-6 contains plots of the percent error for ILoad(t) and vo(t) as a function of

time. As seen for the current step input, the percent error monotonically increases for both

I'oad(t) and vo(t) throughout each stimulus phase, as the linear approximations diverge from

the actual exponential curves. The approximations slightly underestimate the magnitude of

'Load(t) and slightly overestimate the magnitude of vo(t) as indicated by the sign of the

percent error. The maximum magnitude error is always less than 1 in 1000 for ILoad(t) and is

less than 1% for vo(t). The percent error decreases with increasing RLoad (for a fixed Rp), as

the condtion t « T is strengthened. This decrease in error with increasing RLoad was also seen

for the current step input (see Table A 1-2).
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Percent Error Between Exact and 1 st-Order Approximations for 4 Load Resistors

is = 100 A, RP = 100 k2, CB = 0.1 LF, vCB(0) = 0 V
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Figure A5-6: Error in Ist Order Approximations for Biphasic Pulse Response The

black trace in the top panel is the biphasic pulse input Isource(t) with amplitude Is = 100

pA. Solid traces in the second and third panels are the percent error in the first order

approximation computed numerically for ILoad(t) and v0 (t) respectively. Trace colors

blue, green, red and cyan represent responses for RLoad = 1.1 kW2, RLaod = 5 kW2,

RLoad = 10 kW2, and RLoad = 50 kW2 respectively, as indicated in the Figure legends.

5.5 Summary

Equations A5-26 and A5-27 are approximate mathematical expressions describing

ILoad(t) and vo(t) for a short-duration, charge-balanced, cathodic-leading biphasic pulse

stimulus, obtained using the realistic circuit model for the CII/HiRes90k current source with a

resistive load in Figure A5-l. The small percentage errors in these first-order linear

approximations (Figure A5-6) suggest that the approximations can be used to predict ILoad(t)

and vo(t) with a high degree of accuracy during both stimulus phases of a biphasic pulse input

with phase duration 107.755 ps.
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Using the linear approximations, Ihoad(t) and vo(t) are described by two parameters

during each phase: their initial values, and slopes. This two model parameters are used

extensively in Chapter 2 during characterization of the ICS current sources. Table Al-3

summarizes the expected initial values and slopes during each stimulus phase according to

Equations A5-26 and A5-27.

Variable Phase (i) Initial Value (at t = ti ) Slope

Ihoad(t 11) 1 -y's

ILoad(tI2) 2 YIs - (2 - e ) _ys 2e

v0 t1l) 1 -yRLoadIS y(RB 11 RO) Is
T

vo(t|2) 2 Y's (RLoad + (RB 11 RO) - (e - 1 y's (RB 11 RO) J 2 - e T

'I' T

Table A1-3: Expected Initial Values and Slopes of ILoad(t) and vo(t) The model
predications for the starting values and approximate slopes of ILoad(t) and vo(t) for each
stimulus phase of a charge-balanced cathodic-leading biphasic pulse waveform. These
predictions are used in Chapter 2 to analyze data taken from the laboratory-bench ICS.

In the expressions in Table Al-3, Rp has been expanded to Rp = RB 11 R 0 , and a "current

division" scale factor y has been defined as y _= p - RaliR0  By comparing
Rp+RLoad RB |RI+RLoad

measurements of lLoad(t) taken from the laboratory-bench ICS with this theory, a detailed

characterization of the actual ICS current sources is performed in Chapter 2.

5.5.1 Note on the Ideal Current Source Model

In an ideal current source, RB 11 R0 is large, and (RB 11 RO) >> RLOad. If RB 11 Ro

approaches infinity, then time constant T also approaches infinity, and several additional

parameters in Table A1-3 simplify. Specifically,

RB 11 Ro pd
y= -+1 ; e -1

RB 11 Ro + RLoad

177



1 1

1 (RB 11 RO + RLoad) - CB
-40

RRI RO _ RB 1RO 1
T (RB 11 RO +RLoad) - CB CB

(pd (- Pd/ )n

(RB 11 RO)- - = RB 11 RO - -> n

n=1

In this situation, Equations A5-26 and A5-27 become

ILoad(t) =

RB 11 RO -pd
(RB 11 Ro + RLoad) - CB

0 <t <pd
pd < t < 2pd

-IsRLoad -
v0 (t) = I*d I CB

VO M is -pd IS C

IIsRLoad ~ - + ' (t - pd
CB CB

Although these ideal equations produce poorer fits to data presented in Chapter 2,

especially as current division is clearly evident in the measured ILoad(t) data (i.e., y # 1),

these are a useful check on the derivation in this Appendix, as these identical equations would

have been obtained directly if the internal source resistance and bleeder resistor were

neglected (assumed infinite) from the start.
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991 P111 19 -WROMIRMI. I I I . - I- - I - . , , 11 . - ,- - - I I I



179

References

Abbas, P. J., Hughes, M. L., Brown, C. J., Miller, C. A. & South, H. (2004). Channel

interaction in cochlear implant users evaluated using the electrically evoked

compound action potential. Audiol Neurootol, 9(4), 203-13.

Adunka, 0. & Kiefer, J. (2006). Impact of electrode insertion depth on intracochlear trauma.

Otolaryngol Head Neck Surg, 135(3), 374-382.

Battmer, R. D., Gnadeberg, D., von Wallenberg, E., Lehnhardt, E. & Allum, D. J. (1993). A

study of monopolar and bipolar stimulation modes with a modified Nucleus Mini-22

cochlear implant. Adv Otorhinolaryngol, 48, 9-16.

Berenstein, C. K., Mens, L. H., Mulder, J. J. & Vanpoucke, F. J. (2008). Current steering and

current focusing in cochlear implants: comparison of monopolar, tripolar, and virtual

channel electrode configurations. Ear Hear, 29(2), 250-260.

Bierer, J. A. & Litvak, L. (2016). Reducing Channel Interaction Through Cochlear Implant

Programming May Improve Speech Perception Current Focusing and Channel

Deactivation. Trends Hear, 20, 1-12.

Bierer, J. A. & Middlebrooks, J. C. (2002). Auditory cortical images of cochlear-implant

stimuli: dependence on electrode configuration. J Neurophysiol, 87(1), 478-92.

Bierer, J. A. & Middlebrooks, J. C. (2004). Cortical responses to cochlear implant stimulation:

channel interactions. J Assoc Res Otolaryngol, 5(1), 32-48.

Bingabr, M., Espinoza-Varas, B. & Sigdel, S. (2014). Measurements of monopolar and bipolar

current spreads using forward-masking with a fixed probe. Cochlear implants

international, 15(3), 166-172.

Black, R. & Clark, G. (1980). Differential electrical excitation of the auditory nerve. J Acoust

Soc Am, 67(3), 868-874.



180

Blarney, P., Arndt, P., Bergeron, F., Brimacombe, J., Facer, G., Larky, J., Lindstrom, B.,

Nedzelski, J., Peterson, A., Shipp, D., et al. (1996). Factors affecting auditory

performance of postlinguistically deaf adults using cochlear implants. Audiol

Neurootol, 1(5), 293-306.

Boex, C., de Balthasar, C., K6s, M. I. & Pelizzone, M. (2003a). Electrical field interactions in

different cochlear implant systems. JAcoust Soc Am, 114(4 Pt 1), 2049-57.

Boex, C., K6s, M. I. & Pelizzone, M. (2003b). Forward masking in different cochlear implant

systems. J Acoust Soc Am, 114(4 Pt 1), 2058-65.

Boex, C., Pelizzone, M. & Montandon, P. (1996). Speech recognition with a CIS strategy for

the Ineraid multichannel cochlear implant. Am J Otol, 17(1), 61-8.

Bonham, B. H. & Litvak, L. M. (2008). Current focusing and steering: Modeling, physiology,

and psychophysics. Hear Res, 242(1-2), 141-53.

Brown, C. J., Abbas, P. J. & Gantz, B. (1990). Electrically evoked whole-nerve action

potentials: Data from human cochlear implant users. J Acoust Soc Am, 88(3), 1385-91.

Brummer, S. B. & Turner, M. J. (1977). Electrochemical considerations for safe electrical

stimulation of the nervous system with platinum electrodes. IEEE Trans Biomed

Eng(l), 59-63.

Chatterjee, M. & Shannon, R. V. (1998). Forward masked excitation patterns in multielectrode

electrical stimulation. J Acoust Soc Am, 103(5), 2565-2572.

Chatterjee, M., Galvin III, J. J., Fu, Q. J. & Shannon, R. V. (2006). Effects of stimulation

mode, level and location on forward-masked excitation patterns in cochlear implant

patients. J Assoc Res Otolaryngol, 7(1), 15-25.

Clark, G. M., Black, R., Forster, I. C., Patrick, J. F. & Tong, Y. C. (1978, Feb). Design criteria

of a multiple-electrode cochlear implant hearing prosthesis. J Acoust Soc Am, 63(2),

631-3.



181

Clark, G. M., Blarney, P. J., Brown, A. M., Gusby, P. A., Dowell, R. C., Franz, B. K., Pyman,

B. C., Shepherd, R. K., Tong, Y. C. & Webb, R. L. (1987). The University of

Melbourne--nucleus multi-electrode cochlear implant. Adv Otorhinolaryngol, 138, V-

IX, 1-181.

Cohen, L. T., Richardson, L. M., Saunders, E. & Cowan, R. S. (2003). Spatial spread of neural

excitation in cochlear implant recipients: comparison of improved ECAP method and

psychophysical forward masking. Hear Res, 179(1-2), 72-87.

Collins, L. M., Zwolan, T. A. & Wakefield, G. H. (1997). Comparison of electrode

discrimination, pitch ranking, and pitch scaling data in postlingually deafened adult

cochlear implant subjects. J Acoust Soc Am, 101(1), 440-55.

Crema, M. V., Noel, V. & Eddington, D. K. (2009). Psychophysical evidence for reduced

channel interactions in cochlear implants using focused electric stimulation. Assoc Res

Otolryngol Abstracts. ARO.

De Balthasar, C., Boex, C., Cosendai, G., Valentini, G., Sigrist, A. & Pelizzone, M. (2003).

Channel interactions with high-rate biphasic electrical stimulation in cochlear implant

subjects. Hear Res, 182(1), 77-87.

de Boer, R. W. & Van Oosterom, A. (1978). Electrical properties of platinum electrodes:

impedance measurements and time-domain analysis. Medical and Biological

Engineering and Computing, 16(1), 1-10.

Delattre, P. C., Liberman, A. M. & Cooper, F. S. (1955). Acoustic loci and transitional cues

for consonants. J Acoust Soc Am, 27, 769-73.

Dorman, M. F., Loizou, P. C. & Rainey, D. (1997). Speech intelligibility as a function of the

number of channels of stimulation for signal processors using sine-wave and noise-

band outputs. J Acoust Soc Am, 102(5), 2403-11.

Dynes, S. B. & Delgutte, B. (1992). Phase-locking of auditory-nerve discharges to sinusoidal

electric stimulation of the cochlea. Hear Res, 58(1), 79-90.



182

Eddington, D. K. (1980). Speech discrimination in deaf subjects with cochlear implants. J

Acoust Soc Am, 68(3), 885-89 1.

Eddington, D. K. (2004). Speech Processors for Auditory Prostheses, Ninth Quarterly

Progress Report. NIH Contract NO]-DC-2-1001.

Eddington, D. K., Dobelle, W. H., Brackmann, D. E., Mladevosky, M. G. & Parkin, J. L.

(1978). Auditory prostheses research with multiple channel intracochlear stimulation

in man. Ann Otol Rhinol Laryngol, 87(6 Pt 2), 1-39.

Efron, B. (1987). Better Bootstrap Confidence Intervals. Journal of the American Statistical

Association, 82(397), 171-185.

Favre, E. & Pelizzone, M. (1993). Channel interactions in patients using the Ineraid

multichannel cochlear implant. Hear Res, 66(2), 150-156.

Fishman, K. E., Shannon, R. V. & Slattery, W. H. (1997). Speech recognition as a function of

the number of electrodes used in the SPEAK cochlear implant speech processor. J

Speech Lang Hear Res, 40(5), 1201-15.

Flanagan, J. L. (1972). Speech analysis, synthesis, and perception (2nd ed.). Berlin, Germany:

Springer-Verlag.

Friesen, L. M., Shannon, R. V., Baskent, D. & Wang, X. (2001). Speech recognition in noise

as a function of the number of spectral channels: comparison of acoustic hearing and

cochlear implants. J Acoust Soc Am, 110(2), 1150-63.

Frijns, J. H., De Snoo, S. L. & Schoonhoven, R. (1995). Potential distributions and neural

excitation patterns in a rotationally symmetric model of the electrically stimulated

cochlea. Hear Res, 87(1-2), 170-186.

George, S. S., Wise, A. K., Shivdasani, M. N., Shepherd, R. K. & Fallon, J. B. (2014).

Evaluation of focused multipolar stimulation for cochlear implants in acutely

deafened cats. J Neural Eng, 11(6), 065003.



183

Girzon, G. (1987). Investigation of current flow in the inner ear during electrical stimulation

of intracochlear electrodes. Massachusetts Institute of Technology.

Greenwood, D. G. (1990). A cochlear frequency-position function for several species--29

years later. J Acoust Soc Am, 87(6), 2592-2605.

Henry, B. A., McKay, C. M., McDermott, H. J. & Clark, G. M. (2000). The relationship

between speech perception and electrode discrimination in cochlear implantees. J

Acoust Soc Am, 108(3), 1269-1280.

Hughes, M. L. & Stille, L. J. (2008). Psychophysical versus physiological spatial forward

masking and the relation to speech perception in cochlear implants. Ear Hear, 29(3),

435-52.

Jolly, C. N., Spelman, F. A. & Clopton, B. M. (1996, Aug). Quadrupolar stimulation for

cochlear prostheses: modeling andexperimental data. IEEE Trans Biomed Eng, 43(8),

857-865.

Jones, G., Won, J. H., Drennan, W. R. & Rubinstein, J. T. (2013). Relationship between

channel interaction and spectral-ripple discrimination in cochlear implant users. J

Acoust Soc Am, 133(1), 425-433.

Kiang, N. S., Eddington, D. K. & Delgutte, B. (1979). Fundamental considerations in

designing auditory implants. Acta Otolaryngol, 87(3-4), 204-18.

Kiang, N. S., Watanabe, T., Thomas, E. C. & Clark, L. F. (1965). Discharge patterns of single

fibers in the cat's auditory nerve. Research Monograph No. 35.

Kiang, N. Y. & Moxon, E. C. (1972). Physiological considerations in artificial stimulation of

the inner ear. Ann Otol Rhinol Laryngol, 81(5), 714-30.

Kral, A., Hartmann, R., Mortazavi, D. & Klinke, R. (1998). Spatial resolution of cochlear

implants: the electrical field and excitation of auditory afferents. Hear Res, 121(1-2),

11-28.



184

Kwon, B. J. & van den Honert, C. (2006). Effect of electrode configuration on psychophysical

forward masking in cochlear implant listeners. J Acoust Soc Am, 119(5), 2994-3002.

Landsberger, D. M., Padilla, M. & Srinivasan, A. G. (2012). Reducing current spread using

current focusing in cochlear implant users. Hear Res, 284(1), 16-24.

Levitt, H. (1971). Transformed up-down methods in psychoacoustics. J Acoust Soc Am, 49(2),

467-77.

Liberman, M. C. (1978). Auditory-nerve response from cats raised in a low-noise chamber. J

Acoust Soc Am, 63(2), 442-55.

Liberman, M. C. (1982). The cochlear frequency map for the cat: Labeling auditory-nerve

fibers of known characteristic frequency. J Acoust Soc Am, 72(5), 1441-1449.

Lilly, J. C., Hughes, J. R., Alvord, E. C. & Galkin, T. W. (1955). Brief, noninjurious electric

waveform for stimulation of the brain. Science, 121(3144), 468-469.

Lim, H. H., Tong, Y. C. & Clark, G. M. (1989). Forward masking patterns produced by

intracochlear electrical stimulation of one and two electrode pairs in the human

cochlea. J Acoust Soc Am, 86(3), 971-980.

Litvak, L. M., Delgutte, B. & Eddington, D. K. (2003). Improved temporal coding of

sinusoids in electric stimulation of the auditory nerve using desynchronizing pulse

trains. J Acoust Soc Am, 114(4 Pt 1), 2079-98.

Litvak, L. M., Spahr, A. J. & Emadi, G. (2007a). Loudness growth observed under partially

tripolar stimulation: Model and data from cochlear implant listeners. J Acoust Soc Am,

122, 967.

Litvak, L. M., Spahr, A. J., Saoji, A. A. & Fridman, G. Y. (2007b). Relationship between

perception of spectral ripple and speech recognition in cochlear implant and vocoder

listeners. J Acoust Soc Am, 122(2), 982.

Loizou, P. C. (1998). Mimicking the human ear. IEEE Signal Process Mag, 15(5), 101-130.

"Nom"R"Rx" I RPRO I- N__ __



185

Marozeau, J., McDermott, H. J., Swanson, B. A. & McKay, C. M. (2015). Perceptual

interactions between electrodes using focused and monopolar cochlear stimulation.

JARO, 16(3), 401-412.

McDermott, H. J., McKay, C. M. & Vandali, A. E. (1992). A new portable sound processor

for the University of Melbourne/Nucleus Limited multielectrode cochlear implant. J

Acoust Soc Am, 91(6), 3367-71.

McKay, C. M. (2012). Forward masking as a method of measuring place specificity of neural

excitation in cochlear implants: a review of methods and interpretation. J Acoust Soc

Am, 131(3), 2209-2224.

Mens, L. H. & Berenstein, C. K. (2005). Speech perception with mono-and quadrupolar

electrode configurations: a crossover study. Otol Neurotol, 26(5), 957-964.

Merrill, D. R., Bikson, M. & Jefferys, J. G. (2005). Electrical stimulation of excitable tissue:

design of efficacious and safe protocols. J Neurosci Methods, 141(2), 171-198.

Merzenich, M. M. & White, M. W. (1977). Cochlear Implant: The interface problem. In J.

Resnick, & T. Hambrecht, Functional Electrical Stimulation (pp. 321-340). New

York: Marcel Dekker, Inc.

Moore, B. C. (2003). Coding of sounds in the auditory system and its relevance to signal

processing and coding in cochlear implants. Otol Neurotol, 24(2), 243-254.

Nadol, J. B. & Eddington, D. K. (2006). Histopathology of the inner ear relevant to cochlear

implantation. Adv Otorhinolaryngol, 64, 31-49.

Nelson, D. A., Donaldson, G. S. & Kreft, H. (2008). Forward-masked spatial tuning curves in

cochlear implant users. J Acoust Soc Am, 123(3), 1522-1543.

Nelson, D. A., Van Tasell, D. J., Schroder, A. C., Soli, S. & Levine, S. (1995). Electrode

ranking of "place pitch" and speech recognition in electrical hearing. J Acoust Soc Am,

98(4), 1987-1999.



186

O'Leary, S. J., Black, R. C. & Clark, G. M. (1985). Current distributions in the cat cochlea: a

modelling and electrophysiological study. Hear Res, 18(3), 273-81.

Pfingst, B. E., Zwolan, T. A. & Holloway, L. A. (1997). Effects of stimulus configuration on

psychophysical operating levels and on speech recognition with cochlear implants.

Hear Res, 112(1), 247-260.

Rattay, F. (1990). Electrical Nerve Stimulation: Theory, Experiments, and Applications.

Vienna, Austria: Springer-Verlag.

Robles, L. & Ruggero, M. A. (2001). Mechanics of the mammalian cochlea. Physiol Rev,

81(3), 1305-1352.

Rodenhiser, K. L. & Spelman, F. A. (1995). A method for determining the driving currents for

focused stimulation in the cochlea. IEEE Trans Biomed Eng, 42(4), 337-42.

Rubinstein, J. T. (2004). How cochlear implants encode speech. Curr Opin Otolaryngol Head

Neck Surg, 12(5), 444-448.

Sachs, M. B. & Young, E. D. (1979). Encoding of steady-state vowels in the auditory nerve:

Representation in terms of discharge rate. J Acoust Soc Am, 66(2), 470-79.

Saoji, A. A., Litvak, L., Spahr, A. J. & Eddins, D. A. (2007). Spectral modulation detection

and vowel and consonant identification in normal hearing and cochlear implant

listeners. Unpublished Manuscript.

Shannon, R. V. (1983a). Multichannel electrical stimulation of the auditory nerve in man. I.

Basic psychophysics. Hear Res, 11(2), 157-189.

Shannon, R. V. (1983b). Multichannel electrical stimulation of the auditory nerve in man. II:

Channel interaction. Hear Res, 12(1), 1-16.

Shannon, R. V., Zeng, F. G., Kamath, V., Wygonski, J. & Ekelid, M. (1995). Speech

recognition with primarily temporal cues. Science, 270(5234), 303-4.



187

Skinner, M. W., Clark, G. M., Whitford, L. A., Seligman, P. M., Staller, S. J., Shipp, D. B.,

Shallop, J. K., Everingham, C., Menapace, C. M., Arndt, P. L., et al. (1994).

Evaluation of a new spectral peak coding strategy for the Nucleus 22 channel cochlear

implant system. Am J Otol, 15 Suppl 2, 15-27.

Smith, Z. M., Delgutte, B. & Oxenham, A. J. (2002). Chimaeric sounds reveal dichotomies in

auditory perception. Nature, 416(6876), 87-90.

Smith, Z. M., Parkinson, W. S. & Long, C. J. (2013). Multipolar current focusing increases

spectral resolution in cochlear implants. Engineering in Medicine and Biology Society

(EMBC), 2013 35th Annual International Conference of the IEEE, 2796-2799.

Snyder, R. L., Bierer, J. A. & Middlebrooks, J. C. (2004). Topographic spread of inferior

colliculus activation in response to acoustic and intracochlear electric stimulation.

JARO, 5(3), 305-322.

Stevens, K. N. & House, A. S. (1972). Speech perception. In J. V. Tobias (Ed.), Foundations

of modern auditory theory (Vol. 2, pp. 3-62). New York: Academic.

Stickney, G. S., Loizou, P. C., Mishra, L. N., Assmann, P. F., Shannon, R. V. & Opie, J. M.

(2006). Effects of electrode design and configuration on channel interactions. Hear

Res, 211(1-2), 33-45.

Strang, G. (2007). Linear algebra in a nutshell. In Computational science and engineering (pp.

685-690). Wellesley: Wellesley-Cambridge Press.

Throckmorton, C. S. & Collins, L. M. (1999). Investigation of the effects of temporal and

spatial interactions on speech-recognition skills in cochlear-implant subjects. JAcoust

Soc Am, 105(2 Pt 1), 861-73.

Tong, Y. C. & Clark, G. M. (1986). Loudness summation, masking, and temporal interaction

for sensations produced by electric stimulation of two sites in the human cochlea. J

Acoust Soc Am, 79(6), 1958-1966.



188

Townshend, B. & White, R. L. (1987). Reduction of electrical interaction in auditory

prostheses. IEEE Trans Biomed Eng, 34(11), 891-7.

Van Compernolle, D. (1985). Speech processing strategies for a multichannel cochlear

prosthesis. Stanford University.

van den Honert, C. & Kelsall, D. C. (2007). Focused intracochlear electric stimulation with

phased array channels. JAcoust Soc Am, 121(6), 3703-16.

van den Honert, C. & Stypulkowski, P. H. (1987). Single fiber mapping of spatial excitation

patterns in the electrically stimulated auditory nerve. Hear Res, 29(2-3), 195-206.

Vanpoucke, F. J., Zarowski, A. J. & Peeters, S. A. (2004a). Identification of the impedance

model of an implanted cochlear prosthesis from intracochlear potential measurements.

IEEE Trans Biomed Eng, 51(12), 2174-2183.

Vanpoucke, F. J., Zarowski, A., Casselman, J., Frijns, J. & Peeters, S. (2004b). The facial

nerve canal: an important cochlear conduction path revealed by Clarion electrical field

imaging. Otol Neurotol, 25(3), 282-9.

von B6k6sy, G. (1951). The Coarse Pattern of the Electrical Resistance in the Cochlea of the

Guinea Pig (Electroanatomy of the Cochlea). J Acoust Soc Am, 23(1), 18-28.

White, M. W., Merzenich, M. M. & Gardi, J. N. (1984). Multichannel cochlear implants:

Channel interactions and processor design. Arch Otolaryngol, 110(8), 493-501.

White, R. L. & Van Compernolle, D. (1987). Current spreading and speech-processing

strategies for cochlear prostheses. Ann Otol Rhinol Laryngol, 96(1), 22-24.

Whiten, D. M. (2007). Electro-anatomical models of the cochlear implant. Massachusetts

Institute of Technology.

Wilson, B. S., Finley, C. C., Lawson, D. T., Wolford, R. D., Eddington, D. K. & Rabinowitz,

W. M. (1991). Better speech recognition with cochlear implants. Nature, 352(6332),

236-238.

1 ""0"1 1 - -ir, I . 11 1 Omps"W"T-



189

Young, E. D. & Sachs, M. B. (1979). Representation of steady-state vowels in the temporal

aspects of the discharge patterns of populations of auditory-nerve fibers. J Acoust Soc

Am, 66(5), 1381-1403.

Zwolan, T. A., Collins, L. M. & Wakefield, G. H. (1997). Electrode discrimination and speech

recognition in postlingually deafened adult cochlear implant subjects. J Acoust Soc

Am, 102(6), 3673-85.

Zwolan, T. A., Kileny, P. R., Ashbaugh, C. & Telian, S. A. (1996). Patient performance with

the Cochlear Corporation "20+ 2" implant: Bipolar versus monopolar activation. Am J

Otol, 17(5), 717-23.


