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Abstract

An experimental psychophysical interface has been developed Hsiagvorks Pty Ltd’s SPEARS3 research sound processor,
which is compatible with Cochlear Corporation’s Nucleus CI22 and Cl24&anp. Modifications to the assembly code program
file that resides in the SPEAR3 allow the parameters of a given stimulus tpdatad on a trial-by-trial basis due to the responses
given by a cochlear implant subject through a Visual Basic graph&ad imterface. Using a single program for the digital signal
processor, this graphical user interface may be tailored to perfotmtkaitional and original psychophysical experiments. The
research sound processor also allows implementations of novel gwaoéssing algorithms. Threshold and maximum comfort
levels were measured with the SPEARS3, and one subject’s levels wepaoento those measured with the commercially available
Nucleus Implant Communicator (NIC v2). No significant differencesvi@und. Three cochlear implant subjects performed a rate
discrimination task using the SPEAR3-based experimental interfacethenttends found in the resulting data imply that the
SPEAR3-based experimental interface is functioning properly andomanged in the future for other psychophysical investigations.

I. INTRODUCTION

Experimental interfaces for cochlear implants have albbwasearchers to perform psychophysical experiments tegttir
manipulating the parameters of biphasic pulse trains orabliy-trial basis, implement common speech-processiggrahms,
investigate the behavior of those algorithms through adjaats to user MAPs that specify stimulation mode, timingapzeters,
loudness growth function parameters and threshold and arorigvels, and also make changes to those algorithms such as
adjusting filter parameters, changing the number of aalahannels and selecting the update rate [1], [2], [3], [8],
Researchers have used these interfaces to gain a bettestamdéng of the behavior of the cochlea in response toratatt
stimulation, which has in turn led to the development of n@eexh-processing strategies that have resulted in impreves
in speech recognition. These interfaces have been eddentiee improvement of speech-processing strategies,dsgarchers
were constrained by the framework of the interface providgdhe manufacturer.

While other experimental interfaces offer control over tinging parameters and amplitude of each stimulus, along thith
option of sending a predefined set of stimuli in successiod, a@so generally include current speech processing giteste
researchers do not typically have access to the prograrslite speech processor of a cochlear implant (e.g., [8arWorks
has recently released the SHARP/SPEAR programming sys&#$)( which allows either a SHARP or SPEAR3 (Sound
Processor for Electrical and Acoustic Research, revisjogo8nd processor to be connected directly to a personal u@mp
for programming [6]. The SPS/SPEAR3 package has two reardadges over other research interfaces. The first advantage
the SPS/SPEAR3 package has is that it gives developerssatméise digital signal processor program file, and the abilit
to upload modified assembly code may be used to implemenhatigsychophysical experiments and completely new sound
processing algorithms. The second feature of this systemssfrom this ability to upload new strategies, and it is tihat
allows cochlear implant users to try new sound processirgjegfies in take home experiments, rather than being cahfine
to an experimental environment. Daily use of a new strategfamiliar environments provides an opportunity to obsehe
possible effects of adaptation on a user’s performancedditian to access to the programs within the digital sigrmakcpssor,
the SPEAR3 has the ability to drive two Nucleus Cl22 or Cl24lants for bilateral stimulation and may also be used in a
multi-modal fashion, where an acoustic stimulus is alss@néed to take advantage of some remaining residual he@ating
For researchers who are primarily concerned with perfogngrperiments that are confined to the laboratory, and ealpeci
those tasks that involve running speech or streaming loagends, Cochlear, Ltd.'s Nucleus Implant CommunicatorQ)NI
is a good solution. While streaming is possible with the SPBAS®rial port communication and limited data memory space
prevent it from being the ideal device for this application.

HearWorks Pty Ltd offers the SPEAR3 Speech Processingraystdtware at an additional cost. This software includes a
configurable program file for the SPEAR3 and a graphical usterface (GUI) called Seed-Speak that enables researtthers
manipulate the parameters of the SPEAK speech-processatggy. Seed-Speak may also be used to obtain psychophysic
data that is typically collected clinically via tasks indlog estimation, ranking, and loudness balancing [8]. Heamefor
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Fig. 1. Block diagram of the SPEAR3-based psychophysicsarh environment. A personal computer is connected to tBABHRProgramming System
(SPS) through an RS232 serial connection, w hich then commigsievith and controls the SPEAR3. Through this connecki@arWorks’ Woomera software
(see section Il) or a custom Visual Basic program can be uségatd compiled program files and other data, such as stimnlgtoameters, to the volatile
memory spaces (X, Y, and P RAM). During a psychophysicalerpant, a VB program sends the appropriate stimulation parasnetehe SPEAR3, which
then delivers the encoded and formatted stimuli to the implaat or to the Implant-in-a-Box for testing. The user providegsponse based on the stimuli
to a Visual Basic interface via the mouse or keyboard. Thipaese is then used by the VB program to determine the next sinadilation parameters that
are sent to the SPEARS.

researchers who wish to build a platform whose capabiligetend beyond those of the Seed-Speak software, HearWorks
offers software development tools for the SPEAR3 [9]. Oneth&f main advantages of this device is that in addition to
implementing the simple psychophysics available in the ufeasturer software, it is also possible to implement moneglex
psychophysics as well as new sound processing stratediesdftware development tools include the necessary miilodader
programs for the SPEARS processor, a dynamic linked libnatly functions for interfacing the SPS with the SPEAR3, epéanm
Visual Basic and assembly code, and documentation for ti8A8B and Motorola digital signal processor (DSP) [7].

The example assembly code provided with the software dpsedot tools does not provide the ability to update stimulus
information at runtime (i.e., once the program is compiledyi must therefore be modified before performing psychadpalys
experiments in which stimulus data is updated on a triatrlaf-basis. The example Visual Basic code provided by HeaRd/
contains an example graphical user interface (GUI), bug thierface is not compatible with the provided assemblyecod
nor does it include any psychophysical tasks. Given thadti®imentation provided by HearWorks supports developroent
graphical interfaces with Visual Basic, that language wseduo develop a program and user interface that commusiatie
the sound processor via modified assembly code in order forpeipsychophysical experiments.

In this technical note, the steps that were taken to implérbasic psychophysical experiments for cochlear implarits w
the SPEAR3 will be discussed. Section Il will address cotingdo and communicating with the SPEAR3 hardware. Section
[1I-A will address the modifications that were made to theeasisly code that was provided. The Visual Basic framework and
testing the output from the SPEAR3 will also be describece @htails of psychophysical tasks such as threshold, mawimu
comfort level, loudness balancing and rate discriminatioat were programmed in the SPEAR3-based environment thst w
developed will be covered in Section IV. In addition, datketa in those psychophysical tasks will be presented in &ecti
V. The ability to obtain data from psychophysical tasks tisatonsistent with that found in the existing cochlear impla
literature, along with a comparison of threshold and maximtomfort levels obtained with the SPEAR3 to those obtained
with the NIC-2, serves as validation that stimuli are beimgspnted as expected and that a SPEAR3-based environmgnt ma
be used for future psychophysical research with Nucleusleac implants.

Il. OVERVIEW OF THE HARDWARE

The SPEAR3 is a research speech and sound processor madeaby/dfes that is built on a 24-bit Motorola Digital
Signal Processor (DSP56309) and permits the developmestpsErimental psychophysics and sound processing algwsith
The SPEAR3 may be controlled by a host PC via the SPEAR PragiagnSystem (SPS). Both the SPEAR3 and SPS are
provided by Cochlear Implant and Hearing Aid Innovation dtelarWorks Pty Ltd. The SPS can communicate with any
personal computer via an RS232C compatible serial portjsandnnected to the SPS via a six-pin connector [10]. In otadler
operate at high bit rates, the manufacturers recommendhbaterial port includes a hardware first-in, first-out (FJFQffer
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Fig. 2. Block diagram of the SPEAR3 hardware. The SPEAR3 i bn a Motorola DSP, may be programmed via a serial connectsimguthe SPS, and
also includes a data encoder/formatter (DEF) that is usedite Hilateral cochlear implants made by Cochlear Corponatio

[11]. A block diagram of the experimental SPS testing irsteef that was implemented with a SPEAR3 sound processor can
be found in Figure 1. The testing portion of the block diagmaas included in the experimental setup to examine stimudir pr
to experimental testing with cochlear implant subjects sndiscussed in Section 111-C1.

Access to the assembly code program file that is used to epdratMotorola DSP56309 processor is the main advantage
of the SPEARS, and in order to perform such operations asrgaahd saving compiled programs and accessing processor
memory locations, a loader/debugger program is neededWdeks provides the Woomera loader/debugger softwareggek
for this purpose [12]. This software package includes 1)aplical interface for uploading programs into the processa
managing memory content, and 2) the ShaLo monitor/loadsgram, which resides in the non-volatile PEROM (Programmab
and Erasable Read Only Memory) and adds the functionalithecsound processor of storing additional data in the PEROM
and transferring data into the internal, volatile prograemmry space (P RAM) and data memory spaces (X and Y RAM) [12].
The program memory space (P RAM) is used to temporarily stonepiled program files that are either used in psychophlsica
experiments or are complete speech processing stratddiesdata memory spaces (X and Y RAM) may be used to store
stimulation parameters while running psychophysical érpents, during the operation of a sound processing styategin
any other situation that may require storage in volatile memThe SPEARS3 also includes a Data Encoder Formatter (DEF)
that takes stimulus parameters that have been transfemedtifie memory of the processor into the DEF memory and escode
them into a pulse modulated radio frequency (RF) signalcivig then transmitted to a cochlear implant [6]. A block dég
of the SPEAR3 hardware can be found in Figure 2.

A. Compatibility with Implants and Data Protocols

The SPEAR3 is compatible with Cochlear, Ltd.'s Nucleus Cé2@ Cl24 implants. These implants are limited to sequential
modes of stimulation including monopolar, bipolar and camnground and are not capable of simultaneously stimulating
multiple electrodes or operating in a tripolar stimulatimoede. Note that while the SPEAR3 is compatible with the Foeed
(CI24RE) Implant in the Monopolar 1+2 (MP1+2) mode of stiatidn, the value used to indicate that the mode of stimuiatio
parameter is MP1+2 must be set to reflect the specific use 024RH, which is different than the parameter value that is set
to indicate earlier versions of the Cl24 (Personal commatioa: Colin Irwin, Chris van den Honert, Cochlear Corpinat
and Andrew Vandali, Cooperative Research Centre for Cachiaplant and Hearing Aid Innovation).

Two protocols are available for data transfer from the pseoe to the implant, the expanded protocol and the embedded
protocol. Each protocol is responsible for the data thaéig 0 to the implant via the DEF, which includes electrodedenof
stimulation, amplitude, interphase gap, interframe gapl, phase width information. Under the expanded protocahrpater
values are coded by the number of RF cycles; and therefa@etitinulation rate is dependent on the aforementioned pEieam
In contrast, using the embedded data protocol gives the DEFRbility to send encrypted data for the next stimulus durin
the current stimulus’ pulse widths, and therefore the emdbédorotocol has the advantage of rate being independeteof t
values of the parameters that are being transmitted. Th2 {SIZontrolled using the expanded protocol, and the CI24 may
be controlled using either the expanded or embedded ergquotocol. While the SPEAR3 is capable of both the embedded
and expanded protocol, the embedded data protocol persstarchers to work with subjects who have the newer Cl24
implant, can operate in narrow pulse width mode, has a singgeof stimulus parameters, and makes the SPEAR3 maximum
stimulation rate of 15.6 kpps achievable [13].



B. Stimuli

Standard stimulus parameters for a biphasic pulse inclmdele of stimulation, active electrode, reference eleetrquilse
width (us), stimulus amplitude (current steps), interphase geg), (and interframe gapu§), which is the time between the
second phase of the stimulus and the onset of the followimgukis. The SPEAR3 is capable of operating in the common
ground, bipolar, or monopolar mode of stimulation. Thewactlectrode may be any properly functioning intracochédectrode
in the implant user’s array. The reference electrode isradeted by the stimulation mode. The amplitude is expressediirent
steps and may take any value between 0 and 255. The ClI24 wséslldwing current law [13]:

| = a175(2s) 1)

wherel is the applied peak currerd=10 pyA, and n = 0...255 (current steps). The width of the anodic eaithodic phase
should be equal to ensure a charge balanced stimulus [14].tiffing parameters (i.e., phase width, interphase gap, and
interframe gap) are specified in cycles of &, which is the period of the 5 MHz carrier used in the radigtiency (RF)

link in a Nucleus CI24 [9]. The availability of two bytes of mery allows up to 65,535 cycles to be assigned to a given
timing parameter, which means that the maximum possibleepulidth and interphase gap are equivalent to approximately
13 milliseconds. The minimum pulse width is 2. The minimum interphase gap isu&. The interframe gap is the time
between the second phase of a stimulus and the onset of theHase of the subsequent stimulus. The interframe gap is
calculated based on the desired pulse rate and other tinsiragreters, and this calculation is presented in SectieB.|The
interframe gap is also allocated two bytes in memory, and bas the same upper limit of 13 milliseconds in duration [9].

Ill. OVERVIEW OF THE SOFTWARE

A dynamic linked library (DLL) of functions has been provitley HearWorks in order to facilitate communication between
the host PC and the SPEARS3 via the SPS. These functions eetiigirprogrammer to first load the ShalLo software loader
into the SPEARS3. This can be done using HearWorks’ Woomerd,omly needs to be done once in the lifetime of the sound
processor [15]. The functions provided in the DLL includedé needed to establish a connection with the SPS through the
computer’s serial communication port along with a varietyremory related functions.

A. Modifying the Assembly Code

Once a connection has been established with the SPEARS3, pilednassembly code file (.lod file) must be loaded into
the processor memory to interpret incoming data. This file loa loaded with Woomera, but using a separate stand-alone
GUI for this operation is not practical for psychophysicasks. Instead, the Visual Basic functi®pearLoadPrograntan
be integrated into a psychophysical program. An examplenaBly file that allows the programmer to load a static set of
stimulation parameters into the program memory of the squadessor is provided with the SPEAR3. In the example aslyemb
code provided by HearWorks, a table containing blocks ohgtils data is stored in the program memory. Each block defines
the parameters needed to create a single pulse, and up tadénsial sets of stimulus parameters may be stored in the 512
bytes of the encoder RAM [9]. At runtime, the assembly cods tas provided transfers stimulus blocks from the tableesto
in the program memory to the DEF, sends the stimuli to the amip{up to 46), and repeats this loop indefinitely while the
loaded program is running. The preloaded parameters dietertime stimulus sent during each iteration, which is anagiz
basal sweep of the electrode array in the example table, bytagain be up to 46 blocks or 46 sequential pulses.

For psychophysical applications, it is necessary to be @blgdate the stimulation parameters on demand, i.e. tritidl.

This requires a modification to the original assembly codevided by HearWorks. The modified assembly code contains
a subroutine that reads stimulus parameters from the dataonge(X RAM) instead of retrieving them from a preloaded
table stored in the program memory (P RAM). Using the func@pearWriteMemoryit is possible to send values directly
to the internal memory. Along with pulse parameter valubs, number of desired pulsen)(is also written to X RAM,
resulting in the ability to present a pulse train of a givemadion. Following the presentation ofactive pulses, null frames
are sent indefinitely to the implant to avoid having to sendigreup pulses at the beginning of each block of stimuli. Fowe
up pulses are required to ensure that the soft turn-on péwsdelapsed, allowing the appropriate capacitor to fullgrgé
within the implant [16]. During a null frame in bipolar or conon ground mode, all intracochlear electrodes are shorted
to ground and extracochlear electrodes are open circuitechonopolar mode, null frames may be mimicked by sending a
minimum amplitude stimulus between the extracochleartrldes and shorting all intracochlear electrodes to grdd3.
Once a complete set of stimulation parameters has beerferatsto the X RAM, a flag is set by a Visual Basic program,
and the new active stimulus parameters are transferredet@Ef. Additionally, wait states occur in the main prograre fil
until the encoder is free to ensure that new parameters ansférred without interrupting the DEF, and the encodehés t
started again. The result of this series of actions is thatntlodified stimuli are sent to the cochlear implant. A flow tludr

the modified assembly program file is shown in Figure 3.
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Fig. 3. Flow chart for the modified assembly program file usedrplément psychophysical experiments. Null frames are detiverehe implant until the
number of active pulses to be seft)(and active pulse parameters have been transferred to thaRsPP#ata memory, and a flag is set by a Visual Basic
program indicating that active pulses should be deliveredlace of null frames. The main program file includes a submeutd ensure that the encoder is
free before transferring active pulse parameters from tlw mi@mory to the DEF memory. This process is repeatedlfpulses, after which null frames are
sent indefinitely to keep the implant powered up.

B. Using Visual Basic to Create a Graphical Interface

The example assembly code was modified in such a way that itdwallow stimulation parameters to be modified at
runtime. One way to modify stimulus parameters is to callcfions from the SPS library with a VB program. A Visual
Basic graphical interface facilitates loading cochleaplemt parameters such as implant type and stimulation nsigeulus
parameters such as pulse width, interphase gap and putsandtexperimental parameters such as stimulation duratidn
interstimulus interval. This VB interface must also sengmeans of indicating the presence or absence of stimuligo th
cochlear implant user and take user input that is then used\liy program to determine the next set of stimuli. Figuresd an
5 contain examples from the Visual Basic interface used énrttte discrimination task in this paper. The figure incluties
windows used by the moderator, one which contains stinorgtarameters and one that contains experimental parameter
This figure also contains an example of a window that woulddsduring a psychophysical experiment to communicate with
the subject. Electrode discrimination and paired comparigitch ranking are examples of other psychophysical éxyarts
that have been implemented within this framework but areimgitided in this paper.

Some mathematical manipulations are necessary to coneentiasd stimulus parameters used by experimenters to those
needed by the SPEAR3, and these calculations were implechanthe Visual Basic program used for the experiments tegdor
in the present study. The pulse width (PW), interphase ga@)(lEhd interframe gap (IFG) are each allocated two bytes of
memory. These timing parameters are first converted to ttaiber of cycles of the 5 MHz carrier, and then it is necessary
to perform separate high-byte and low-byte calculationrsefach parameter to accomodate the byte-wide DEF RAM. The
calculations found in equations 2 through 12 convert théngnparameters from units of time to the two-byte repreg@nta
of the corresponding number of required RF cycles. Héré,indicates the floor functionPW indicates pulse width|PG
indicates interphase gaff; G indicates interframe gap,B indicates low-byte, anéiB indicates high-byte.
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previously created user map is always loaded as read-onlyraydbe edited by selecting the Edit MAP button. This is to elatgnaccidental changes to
user threshold and maximum comfort level values. The middle ovini the Atlatl tab, which is the DIPT version of Woomera. Ttab allows the host
PC to connect to the SPEAR3 via the SPS, load programs, mohgostatus of the SPEARS3, and manage the memory contents of theRSP&s well.
The bottom window shown here is the Experiments tab. This tattains a drop-down list of all available psychophysicgbeximents, and a description is
provided when an experiment is selected. An experiment IDsis ahtered here. Cicking the Setup Experiment button wilhap@ew window like the one
shown in Figure 5 that allows the moderator to enter specifariimation about the stimuli and experimental paradigm.
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After the timing parameters have been converted to numbeyalés, the VB program arranges the data into stimulus Block
that are then sent to the X RAM via tt&pearWriteMemoryunction. The Visual Basic GUI can take user input in the form
of a mouse click or key press, and this information can be ugedketermine how stimuli should change from trial-to-trial
using, for example, the method-of-adjustment [17] or arpéda procedure [18]. Stimulus duration is defined by thespuhte
and the number of pulses sent, and the interstimulus irtemeg be controlled by puasing the VB program while the DEF
is sending null frames to the implant. Data collected thhmug experiments may be stored by the VB program in a variety
of formats including extensible markup language (.xml)sfilend text (.txt) files. It is important to note that the maximu
stimulation rate of 15.6 kpps is only achievable when semdtimuli whose parameters are already loaded into the X RAM.
When writing data to the X RAM, a temporary break in the exenutf the assembly program will occur. For this reason, it
is recommended that parameters be updated during an imtelss$ interval or at some other time when no stimulus is ¢ein
presented.



A compiled version of the modified assembly code file will bedmavailable upon request, along with an open source
version of the Visual Basic program and user interface. Tode is intended to enable the researcher to develop unique
psychophysical experiments within this framework, andséinuli should be tested thoroughly before performing agsts
with human subjects.

C. Safety Precautions

1) Testing Setupin order to test the SPEAR3 output prior to implementing psyhysical experiments and using human
subjects, Cochlear, Ltd.’s “Implant-in-a-box” was utdiz. The “Implant-in-a-box” used for testing contained a ldus CI24M
cochlear implant with a female DB25-pin connector that fiomws as the output of the device and allows measurement of
interelectrode potential. The first 22 pins of the DB25 acekstrodes 1-22. Pin 23 is open, and pins 24 and 25 are a ball
electrode and a plate electrode, respectively. These m®agre used as ground in the different monopolar modes ofiktiion
(Personal communication: Phil Segel, Cochlear Corpanatio

The SPEAR3 sound processor has either one or two coils (itateral or bilateral stimulation) that would normally belé
against the scalp of a cochlear implant user through the tisegnets, but during testing, the coil is instead held ajdime
“Implant-in-a-box.” To test the operation of the SPS anddhgut from the SPEARS, a simple stimulus with fixed paramsete
was sent from the SPEARS3 to the Implant-in-a-box throughcthie The implant decodes the transmitted RF signal, and the
output may be viewed using an oscilloscope. AQ bad resistance between the stimulating and ground etietnas used
to mimic the resistive properties of the cochlea. A TektxoRDS 210 two channel digital real-time oscilloscope wasdutse
view the output waveforms from the Cl24. This test setupvedid the validation of all stimulation parameters includnade,
pulse width, interphase gap, amplitude, and mode of stitoula

2) Software Safety Check3he SPEARS3 includes built-in safety checks such as monigobioth the battery and the state
of the DEF, but it is necessary to take further precautionsnsure the safety of subjects. In the graphical interfagayts
for the duration of each pulse and the interphase gap aréetintiy their minimum and maximum possible values as defined
by the allocation of two-bytes for each parameter, and timausation rate is limited by the duration of the pulse widths
interphase gap, and the allocation of two-bytes for therfirme gap (see equations 10 through 12). Before running any
experiments or implementing sound processing algoritihteshold and maximum comfortable levels should be medsatre
all appropriate combinations of pulse width, interphasp, géimulation rate, and mode of stimulation. Once thesaeshbre
obtained, the stimulus amplitude should be limited by ther'ashreshold and MCL values. In addition to limiting thedua
of each parameter within the program, each GUI contains aep‘Stimulation” button that allows the user to immediately
stop any undesired stimulus. Given that duration is definethe number of pulses to be delivered, total stimulus donais
limited by the maximum integer value that can be stored inMiagorola 24-bit memory locatiori2?3pulses. Actual duration
will depend on the stimulation rate and other pulse parammeléhe VB program also includes a series of checks, redundan
with the limitations imposed in the interface, to make sinat @ll parameters are both defined and fall within the appate
limits before the program in the SPEAR3 is allowed to run.

IV. EXPERIMENTAL METHODS

Three psychophysical experiments were implemented irsthidy to verify that reasonable psychophysical resultgevweing
obtained with the research interface. Using the SPEAR®stold and maximum comfortable loudness (MCL) values were
measured for three electrodes at the apical, middle, aral lEsations of the cochlea in three subjects. These measunts
were repeated with the commercially available NIC v2 for enbject. Using the threshold and MCL values obtained with
SPEARS3 to determine reference amplitudes (seventy-fiveeperof the dynamic range), a loudness balancing procedase w
implemented on single electrodes using different stinnutatates. The results of the loudness balancing procedare then
used to reduce loudness cues in a two-down, one-up, tworahtdorced-choice, adaptive procedure [18], where thal gas
to find the subject’s pulse rate difference limens (PRDL) acheof the three electrodes tested. The main goal when parfgr
these three procedures was to verify the proper functioninthe SPS and SPEAR3 hardware and all of the accompanying
Visual Basic and assembly language code needed to implgosgohophysical experiments in cochlear implants.

A. Subjects

Three post-lingually deafened subjects participated ia #tudy. All three subjects were implanted with Nucleus 4212
multichannel implants. Subject S2 is a 71-year-old femat® Was been using her device for over five years. Subject S3 is a
69-year-old male who has been using his device for apprdeisnéive years, and subject S4 is an 18-year-old male who has
been using his device for over five years. An informed consmmroved by The Duke University Institutional Review Bahar
was obtained, and the subjects were compensated for ther ti



B. Stimuli

The stimuli used to determine threshold and maximum comidet loudness levels, and in implementing the loudness
balancing procedure and the stimulation rate discrimimatask, were 500-ms pulse trains of biphasic rectangulésepu
presented with a 500-ms interstimulus interval. Pulse hyidtterphase gap and stimulation mode were determined éy th
user’s clinical MAP. All three subjects used a monopolar $tithulation mode with a pulse width of 2%s and an interphase
gap of 8us. Stimulus amplitude and pulse rate varied from trial tal im both the loudness balancing and rate discrimination
tasks. Due to the value of a constant used in the initial ntetfacalculation, all reported parameter values are apprations
of the actual parameters. One apical, one middle and oné blesarode were used for all subjects. Specifically, etelds
20, 12 and 4 were used in all experiments for all subjectsrevties the most basal electrode.

The SPEARS3 research speech processor, was used to préssimali to the subject. A MicronPC computer with an Intel
Pentium 11l processor was used to control the SPEAR3 and theal/Basic program that includes the psychophysical user
interface. In all tasks, stimuli were accompanied by visuas provided via a color CRT monitor. In the rate discririora
task, correct and incorrect response feedback was alsédprbv

C. Procedures

1) Threshold and maximum comfortable loudneBgfore implementing any other psychophysical tasks, iteisessary to
ensure that all stimuli will be presented above the userstiold and below the maximum comfortable loudness (MCR}.[1
These values are unique for each subject and each electnodeherefore these measurements were taken for all thréwe of
electrodes used during the course of this study. The stiionlaate was fixed at approximately 250 pulses per secons).(pp

The method of adjustment (MOA), which is commonly used chily, was used to determine threshold and MCL on an
apical, middle and basal electrode [20]. The threshold waasured with an ascending and descending approach, and the
MCL was only measured from below. The subject was instrutdgaress the up and down arrow keys on a standard keyboard
to increase and decrease the stimulation amplitude, rigplgc The stimulus level was first set at a value below theghold
of detection, and the subject was instructed to press therop antil the stimulus could first be heard. This task wasesgpd
three times, and then the stimulus was initialized at a vahave the threshold. Subjects were instructed to use tha doww
to decrease the amplitude of the stimulus until it becamestagivable. The descending task was also repeated thres.tim
The amplitude of the stimulus was then set to a value slighigyer than the threshold of detection, and the subjecte wer
instructed to increase the stimulus amplitude using thertgmauntil the volume was loud but tolerable for a short péeraj
time. This was repeated three times to determine the MCL. $téjects adjusted the volume beyond a comfortable level, th
“Stop Stimulation” button was available to immediately y@et stimuli from being sent. The entire procedure was riegea
on all three of the electrodes used in these experimentssikh@easurements (3 ascending, 3 descending) were avei@aged
calculate threshold, and the three measurements weregadeta estimate MCL. One subject repeatesd this procedute wi
NIC v2 to verify that values obtained with the SPEAR3 matchiease obtained with another commercially available device

2) Loudness balancing procedurdt has been shown that loudness may increase with an incieagténulus rate [21],
[22]. In order to reduce the possibility of loudness cueshia pulse rate discrimination task, a loudness balancingepiure
was implemented, again using the method of adjustment. Ttesvials were presented in an alternating fashion, seszhiat
a 500-ms interstimulus interval, and each was accompanigdawisual cue. The first of the two stimuli was a fixed-level,
reference interval, and the second stimulus was presentedfized rate that was approximately 100 pps higher than the
reference interval and had an adjustable amplitude. Heeeterm interval refers to a stimulus containing a singles@ufain.
Subjects were asked to use the up and down arrow keys on adelybm adjust the amplitude of the second stimulus until
its loudness was equal to that of the reference stimulusrBete stimulation rates included 100, 200, 300 and 400amk,
target stimulation rates included 200, 300, 400 and 500 mspectively. The reference amplitude for the lowest dttmn
rate was set to 75 percent of the dynamic range for the etdetnoder test, and rates were presented from lowest to highes
The target stimulus was presented three times with an lirdtigplitude below the reference stimulus and three time# wit
an initial amplitude above the reference stimulus. The esulting loudness balanced values were averaged to detetimn
amplitude of the next reference rate, which was previouséy target rate. The average loudness balanced amplitudes we
used in the subsequent rate discrimination task. Althohdgh method results in loudness balance values that are depen
on previous measurements, [23] suggests that such metlwodstdattribute to increases in error greater than thoserobde
with independent measurements.

3) Rate discrimination task:An adaptive, two-interval, forced choice procedure [18]svimplemented to determine the
smallest differences in stimulation rate that were distrahle to the subject at various base rates. Flanking cues used
in this procedure, i.e. four intervals were presented setiply with a 500-ms interstimulus interval, and the firstdalast
interval were always reference intervals presented at éise bate used to calculate the reported difference limereeTdorf the
four stimuli were presented as reference intervals, alitfixed stimulation rate, and either the second or thirddtisin
the set of four was randomly selected as the target stimiilus.target stimulus had a higher rate than the referenceilstsm
and an amplitude that was determined based on the previodsidss balancing procedure. All amplitudes were roved by
one standard deviation of the loudness balance data. Theatida of the target stimulation rate followed the rulestiod
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2-down, 1-up procedure described in [18]. A total of 12 reaés or 60 trials was required to complete the task. Subyjeets
instructed to select the different stimulus by pressingegitl’ or ‘2’ on the number pad of the keyboard, indicatingeitval

1, the second stimulus, or interval 2, the third stimuluspeetively. Visual feedback was given such that a correspaese
was indicated by changing the color of the correct intereagteen, and an incorrect response was indicated by changing
the color of the correct interval to red. The last 8 reversase averaged to determine the DL for each reference pulse ra
and in the cases where the subject did not reach 8 reverbaldadtn reversals were averaged, wheras the largest even
number of reversals present in the task under considerd®eference pulse rates included 100, 200, 300 and 400 pgs. Th
corresponding initial target pulse rates were 200, 300,a%0600 pps. An adaptive procedure was implemented one time f
each reference rate on each electrode [18].

V. EXPERIMENTAL RESULTS
A. Threshold and maximum comfortable loudness

Results of the threshold and MCL task for subjects S2, S3 @nar& shown in Figure 6. On all three electrodes in all three
subjects, the experimental threshold was lower than thererpntal MCL. The experimental dynamic range was typjcall
smaller than the clinical dynamic range; however, this mayehbeen due to a tendency to be more conservative in a new,
experimental setting. The relatively low rate of stimwatiat which threshold and MCL values were collected may offer
another possible explanation for the reduction in dynaraitge with respect user’s clinical maps [24].

Subject S2 repeated the threshold and MCL task with the Nl@exce, provided by Cochlear, Ltd. Measurements taken
with both the SPEARS and the NIC v2 are shown in Figure 7. BEriar represent the& standard errors, and the difference
between the means of the measurements taken with the twoedewias not statistically significartttest,P < 0.01).

B. Loudness balancing procedure

Loudness balancing is necessary to reduce loudness cudkentasks. It has been shown [21], [22] that an increase in
stimulation rate may result in an increase in perceivediesd. Therefore, if stimuli of different rates are presgmtethe same
electrode, it is assumed that the higher rate may be pertaisdouder. This difference could be a cue to find the “difi€re
stimulus in a rate discrimination task that is obviously related to rate differences. To eliminate the loudness @tes a
rate discrimination task, a loudness balancing task mayneimented so that stimuli of varying rates but equal donati
are perceived to have the same loudness. Loudness balaesinlgs on electrodes four, twelve and twenty for subje@s S
S3 and S4, respectively, can be seen in Figure 8. The trendsavéasing stimulation amplitude with increasing pulge ra
and decreased separation between reference and targetudemlwith increased stimulation rate are present on reléet4
in subject S2 [21], [22]. The loudness balance results fijesus S3 and S4 contained no statistically significantediifice
between amplitude values at stimulation rates from 2004509 (-test, P < 0.01). Additionally, loudness balancing results
across all three subjects reflect the large amount of véitiabeen in the literature.
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C. Rate discrimination task

The pulse rate discrimination results for all subjects &a@w in Figure 9. It is well documented that multi-channettdear
implant users do well on rate discrimination tasks up to appnately 300 pps, at which point there is usually a dramatic
decrease in performance [19], [25], [26], [27], [28], [29his trend was observed for all three of the subjects, fotesited
electrodes. All three subjects demonstrated slightlyebetiscrimination at a reference stimulation rate of 200 ppen
compared with a reference stimulation rate of 100 pps onaat lene electrode. This improved detection of the targetustis
at 200 pps may be due to the presence of a loudness cue thhédefsam insufficient loudness roving. It is also possible
that quality of the stimuli at 200 pps may result in a moreesdlipitch percept than that elicited at 100 pps [30], whicly ma
have contributed to decreased pulse rate difference lirme260 pps. Other than the aforementioned behavior, affgdhie
monotonicity of the pulse rate discrimination differentadns with increasing rate, the results of this task areistarg with
results in the literature [19], [25], [26], [27], [28], [29]

VI. SUMMARY

The three psychophysical tests implemented resulted & datsistent with those in the large volume of existing ceahl
implant literature. Additionally, the comparison of thine¢d and MCL values to those obtained with the NIC v2 serve as
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Fig. 9. Rate discrimination results for subjects S2, S3 andT84 x-axis plots the reference rate. The y-axis plots tffferénce limen (DL) in pulses per
second. Average DL values for a reference rate are shownangttjuare. The solid line corresponds to electrode 4, theeddsie corresponds to electrode
12 and the dash-dot line corresponds to electrode 20.

further validation that the SPEAR3-based research irterfa functioning properly. In spite of the variability assosubjects,
some general trends can be observed in the literature. Bon@e, the threshold values in this study were always smidlén

the maximum comfortable loudness levels for all subjectalbrelectrodes tested, and subjects expressed no unfatyiloa
discomfort with the stimuli. The loudness balance resuks demonstrated that a change in pulse rate is often accoetpa
by a change in perceived loudness. Using the loudness ladaresults to avoid loudness cues in a two-down, one-up; two
interval, forced-choice, adaptive procedure generaltywisied monotonically increasing rate difference limenghvimcreasing
pulse rate. The monotonicity observed in these curves, thithexception of some results for a reference rate of 200 pps,
follows trends found in the cochlear implant literature J[1125], [26], [27], [28], [29].

Ultimately, the results of the these three psychophysigpeBments served the original purpose of validating theper
function of the SPS and SPEAR3-based psychophysical @s¢aol that has been developed. All procedures were céyeful
tested using the Implant-in-a-Box and oscilloscope, ahdtahuli were consistent trial-to-trial with the paramegedefining
them. No adverse incidents were observed, and subjectessaat no concern with respect to the way stimuli sounded. The
similarity of the trends found in the results of these comnasks to those in the literature, and to those obtained wiigh t
NIC v2, demonstrates the ability to accurately use the SPEAR the implementation of traditional psychophysicalkkas
In addition, the verification of the stimuli provided by théEBAR3 means that stimulation parameters may be changed to
perform more general psychophysical experiments. Theadititly of this new research interface, which offers thegarcher
more control over the digital signal processor, could playraportant role in the continuing improvement in cochleapiant
sound processing strategies.

ACKNOWLEDGMENTS

The authors would like to thank Chris van den Honert, Bom Ju#and Phil Segel at Cochlear Corporation for providing
the Implant-in-a-Box and their support, Andrew Vandalitag University of Melbourne for his advice regarding the SIRBA
testing setup, Selin Kucukoglu for her helpful feedbaclkotighout, Molly Justus at Duke University Medical Centertieiping
to find cochlear implant subjects, Dr. Debara Tucci at Duké/élsity Medical Center for her support, and all of the sutge
who participated in this study. This work was supported k& Wational Institutes of Health 1-R01-DC007994-01.

REFERENCES

[1] Michael S. Hirshorn, Dianne J. Mecklenburg, and JudithBeimacombe, “Nucleus 22-channel cochlear implant: Prelinyidoservations,"Journal of
Rehabilitation Research and Developmerdl. 23, no. 2, pp. 27-33, 1986.

[2] Robert V. Shannon, Doug D. Adams, Roger L. Ferrel, RoberPalumbo, and Michael Grandgenett, “A computer interfacep&rchophysical and
speech research with the nucleus cochlear implalaiirnal of the Acoustical Society of Americal. 87, no. 2, pp. 905-907, February 1990.

[3] Michael Goorevich, Colin Irwin, and Brett Anthony Savams “Cochlear implant communicator,” International Patent MO 02/045991 Al, July
2002.

[4] Luc Geurts and Jan Wouters, “A concept for a researchfmoéxperiments with cochlear implant userdgurnal of the Acoustical Society of America
vol. 108, no. 6, pp. 2949-2956, December 2000.



(5]
(6]
(7]
(9]
[10]

[11]
[12]

[13]
[14]
[15]
[16]
[17]

[18]
[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
(28]

[29]
(30]

13

Johan Laneau, Bart Boets, Marc Moonen, Astrid van Wigem and Jan Wouters, “A flexible auditory research platfoising acoustic or electric
stimuli for adults and young childrenJournal of Neuroscience Methadgol. 142, pp. 131-136, 2005.

Mark Harrison, SPEAR3 Hardware Technical Manud@RC for Cochlear Implant and Hearing Aid Innovation, and iiéarks Pty. Ltd., 384-388 Albert
Street East Melbourne Victoria, 3002 Australia, 1.02diedjtAugust 2003.

Pty Ltd. HearWorks, “Spear3 3rd generation speech msmefor electrical and acoustic research,” Online, May3@roduct Brief.

CRC & HearWorks, “Spear3 speech processing system,’@nMay 2003, Product Brief.

Pty Ltd. HearWorks,SPEAR3 Software Development Library and Programmers Guidehlear Implant and Hearing Aid Innovation, and HearWorks
Pty. Ltd., 384-388 Albert Street East Melbourne Vic, 3002talia, 1.03 edition, June 2003.

Mark Harrison, SPEAR3 User ManualCRC for Cochlear Implant and Hearing Aid Innovation, and idéarks Pty. Ltd., 384-388 Albert Street East
Melbourne Victoria, 3002 Australia, 2.0 edition, March 300

Andrew Vandali,SPS (SPEAR Programming System) Interface DLL Programmarsid] 1.0.2.1 edition, August 2004.

Pty Ltd. HearWorks Woomera User's ManualThe CRC for Cochlear Implant, Speech and Hearing ReseartiHaarWorks, Pty Ltd., 384-388 Albert
Street East Melbourne VIC 3002 Australia, 5.0.0.x editidtme 2004.

Brett Swanson and Andrew E. Vanda@|24M Functional Specification: For Programmer€ochlear, Ltd., 1 edition, January 2001.

Hugh McDermott, “An advanced multiple channel cochleaplant,” IEEE Transactions on Biomedical Engineeringl. 36, no. 7, pp. 789-797, 1989.
Pty Ltd. HearWorks,ShaLo User's Manual CRC for Cochlear Implant and Hearing Aid Innovation, and iéarks, Pty Ltd., 384-388 Albert Street
East Melbourne VIC, 3002 Australia, 5.0 edition, March 2001

Christopher Daly, Tony Mikeal Nygard, Paul Michael @ar David Kerry Money, James Finlay Patrick, and Christoptark Olufson, “Cochlear
implant system with soft tun on electrodes,” U.S. Patent N855,747, May 1998, Patent Number: 5,755,747.

Walt Jesteadt, Craig C. Wier, and David M. Green, “Isigndiscrimination as a function of frequency and sensatéoel,” Journal of the Acoustical
Society of Americavol. 61, no. 1, pp. 178-184, 1977.

H. Levitt, “Transformed up-down methods in psychoacmsst Journal of the Acoustical Society of Ameriael. 49, no. 2, Pt. 2, pp. 467-477, 1971.
Robert V. Shannon, “Mulitchannel electrical stimutatiof the auditory nerve in man. I. Basic psychophysit¢$gdaring Researchvol. 11, pp. 157-189,
1983.

Craig C. Wier, Walt Jesteadt, and David M. Green, “A congzmn of method-of-adjustment and forced-choice proceduré®quency discrimination,”
Perception and Psychophysjosl. 19, no. 1, pp. 75-79, 1976.

Bryan E. Pfingst, Lisa A. Holloway, and Sharif A. RazzaqtEffects of pulse separation on detection threshold®lectrical stimulation of the human
cochlea,”Hearing Researchvol. 98, pp. 77-92, 1996.

Colette M. McKay and Hugh J. McDermott, “Loudness peta®@pwith pulsatile electrical stimulation: The effect oftémpulse intervals,"Journal of
the Acoustical Society of Americeol. 104, no. 2, pp. 1061-1074, August 1998.

Chandra S. Throckmorton and Leslie M. Collins, “A compari of two loudness balancing tasks in cochlear implant stsjesing bipolar stimulation,”
Ear and Hearing vol. 22, pp. 439-448, 2001.

M.W. Skinner, L.K. Holden, T.A. Holden, and M.F. DemotesEffect of stimulation rate on cochlear implant recipiértisresholds and maximum
acceptable loudness levelsjournal of the American Academy of Audiolpgpl. 11, no. 4, pp. 203-213, April 2000.

Brent Townshend, Neil Cotter, Dirk Van Compernolle, aRd.. White, “Pitch perception by cochlear implant subjectdgurnal of the Acoustical
Society of Americavol. 82, no. 1, pp. 106-114, 1987.

Sipke Pijl and Dietrich W. F. Schwartz, “Melody recogan and musical interval perception by deaf subjects stitedlavith electrical pulse trains
through single cochlear implant electrodedgurnal of the Acoustical Society of Amerjcal. 96, no. 2, pp. 886-895, 1995.

Hugh J. McDermott and Colette M. McKay, “Musical pitchrpeption with electrical stimulation of the cochleapurnal of the Acoustical Society of
America vol. 101, no. 3, pp. 1622-1630, 1997.

Robert Fearn, Paul Carter, and Joe Wolfe, “The deperelef pitch perception on the rate and place of stimulationhef ¢ochlea: A study using
cochlear implants,”’Acoustics Australiavol. 27, pp. 41-43, 1999.

Fan-Gang Zeng, “Temporal pitch in electric hearingligaring Researchvol. 174, pp. 101-106, 2002.

Robert V. Shannon, “Multichannel electrical stimudatiof the auditory nerve in man. Il. Channel interactiohlearing Researchvol. 12, pp. 1-16,
1983.



