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INTRODUCTION

The loss of no other sense organ reduces the yadlltfe more than the loss of the
sense of hearing. Deaf patients not only loosepteasure of hearing their own child, a little
bird and music etc. but they completely loose th&spbility to communicate acoustically with
their social environment. Those patients grownrup deaf environment are able to manage
the communication by use of sign language and naysaanore and more via fax, short
messages and internet. However, there is anotbepgif patients deafened by a progressive
or sudden hearing loss who were able to hear norrf@l a long period of time and who
were grown up in an environment based on oral conication. This patient group suffers
immensely because they are completely cut fronr 8waial environment. The problem arises
with the onset of progressive hearing loss and uke of hearing aids. Patients are
withdrawing more and more from oral communicatifirst from the contact with unfamiliar
persons, then from the contact with groups, thea ftbm the contact with familiar persons.

There are several categories of hearing loss. Milaring loss is defined as an average
pure tone threshold at 500, 1000 and 2000 Hz by 2® dB, moderate hearing loss by 41 to
55 dB, a moderate to severe hearing loss by 56 wWB] severe hearing loss by 71 to 90 dB
and profound hearing loss by more than 91 dB (G@dni965). Hearing loss can be
influenced by several factors. There is conductrearing loss which is associated with
damages in the outer or middle ear as an ossditatf the middle ear bones or the
accumulation of fluid behind the eardrum. Conduetilamages are reducing the hearing by
maximally 60 dB and can mostly be treated surgic&ermanent conductive hearing losses
are reducing the transmission of energy to the leacAnd can generally be corrected by the
amplification of the sound by a hearing aid. Otdamages occur in the inner ear and are
described as sensorineural hearing losses. Mdhdye is a damage of the inner and/or outer
hair cells. The loss of hair cells reduces theitglilf the inner ear to transduce the mechanical

movement within the cochlea to neural activity Ire tauditory nerve. The major cause of



damage to hair cells is exposure to noise. Medioatitions that can cause damage of hair
cells include Menier's disease, ototoxic drugsalvend bacterial infections or lack in the

autoimmune system. Other damages of the innerreazaaised by a loss of the intracochlear
fluid, an ossification of the cochlea, otitis med@aniocerebral injury, barotraumas or

acoustic neuromas.

If the amount of hearing loss is that severe tmapldication of the sound with a
hearing aid in best conditions results in an irisight level of speech perception (Lenarz et
al., 2002), a cochlear implant is indicated for tjpogually deafened adults with severe to
profound hearing loss. Cochlear implants are diyesttimulating the auditory nerve and, that
way, bypass the mechanical-neural mechanism obtgen of Corti including the inner and
outer hair cells. Modern cochlear implants prowtkxtrical stimulation via an electrode array
with a number of electrodes. The most current imptgpes are the CI24RCA by Cochlear
(Melbourne, Australia), the HiRes90K by Advancedomdcs (Sylmar, United States of
America) and the COMBI 40+ by MED-EL (Innsbruck, ida). The implants differ mainly
in the number of stimulating electrodes and thaitracochlear position (Fig. 1). The
CI24RCA consists of 22 intracochlear electrodescWhare spaced 0.75 mm and are
positioned between an 8-mm and a 23.75-mm disténoce the round window when the
electrode array is fully inserted (up to last stifing ring). The Hires90K consists of 16
electrodes which are spaced 1.1 mm and are pasitietween a 7-mm and a 23.5-mm
distance from the round window when the array lly inserted (up to shoulder of array). The
COMBI 40+ consists of 12 electrodes which are spaé4 mm and are positioned between a
3.9 and 30.3 mm distance from the round window wtienarray is fully inserted (up to
silicone ring).

The electrode array is inserted into the scala ampf the cochlea by a small hole,
called cochleostomy, near the round window. Theayans connected with a receiver

stimulator unit which is embedded into the tempdrahe behind the ear. The receiver



includes a magnet to fix the external equipmernhathead. The external equipment consists
of a speech processor which is worn behind theaedra communication coil. The acoustic
signal is detected by a microphone which is partthef speech processor. The speech
processor converts the acoustic signal into etedtgtimulation pulses which are delivered to

the receiver under the skin by the communicatiahveith an opposing magnet.
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FIGURE 1. Schematic drawing of three different electrode gsr@f the cochlear implants
HiRes90K by Advanced Bionics (Sylmar, United State&merica), CI24RCA by Cochlear
(Melbourne, Australia) and COMBI 40+ by MED-EL (bbruck, Austria). The electrode
arrays with the numbering of the electrodes arewshaccording to their position along the
cochlea. The distance in mm from the round windswell as the best frequencies along the
cochlea according to the frequency-place allocatiomnormal hearing (Zwicker & Fastl,
1999) is indicated. The different defined cochleagions for experiment 1 (page 16) are

noted.

About four weeks after the implantation of theemmtal components, the speech

processor is individually adjusted. For each ebetdy the current is slowly increased until the



threshold of hearing is just reached. This is datlee threshold level (THR). The current
amplitude is then increased until the maximum cotafie level (MCL) is reached. The
stimulation of a single electrode is referred geeeception of a tone. The THR and MCL are
individual for each recipient and electrode. The¥irte the dynamic range of each electrode.
The electrodes are stimulating different regionthefcochlea. Similar to the frequency-place
allocation in normal hearing (Zwicker & Fastl, 19968ifferent regions in the cochlea evoke
different pitch perceptions. The pitch is incregsfrom the apex to the base of the cochlea.
This tonotopy is implemented in the speech proogssirategy. The incoming acoustic signal
is band pass filtered and the filtered signalstiae& coded to stimulate according electrodes.
Low frequency filters are allocated to electrodeghe apical region, high frequency filters
are allocated to electrodes in the basal regioe. ditergy of the incoming acoustic signal in
each band is mapped for each electrode between aRMCL level. That means the
frequency characteristic of the acoustic signgresented by the place and the amplitude of
stimulation.

Most cochlear implant recipients reach a high llexespeech perception, namely
about 45% correct for monosyllables, about 80%emtrfor word recognition and sentence
recognition with a great interindividual variandeeftermann & Domico, 2002; Gstéttner et
al., 2000; Hamzavi et al, 2001; Helms et al, 19B&sanisi et al., 2003; Valimaa & Sori,
2001). The success of the cochlear implant fortacidrrelates with the duration of deafness
(Friedland et al., 2003; Gomaa et al., 2003, Haingal., 2003), sentence recognition before
implantation (Gomaa et al., 2003) and factors tésidual hearing, age at implantation and
nerve survival. For the majority of recipients thances the quality of life because it allows
the way back to oral communication with the envinemt. However, it can not replace a
normal hearing ear. Most recipients complain aljpadr speech recognition in noise. The
average result for a sentence test in noise (Oldgeb Satztest, Wagener et al., 1999a-c) for

12 subjects with excellent speech perception iretqand regular telephone use is 0.16 dB



signal to noise ratio measured for a speech retiogrevel for 50% correct words (Nobbe &
Baumann, 2004). Normal hearing listeners reaclymasito noise ratio of about -8 dB tested
with both ears and measured with speech and nagg®ls from a front loudspeaker
(Beutelmann et al., 2003). This effect is partlyedio the fact that most recipients are
implanted only monolateral due to the high costsaofochlear implant system. Several
studies show that the speech perception performaneehanced for subjects with bilateral
implantation (Litovsky et al., 2004; Nopp et alg02; Schon et al., 2002; Tyler et al., 2003;
van Hoesel et al., 1993; van Hoesel & Tyler, 2003)e detection of speech in noise is also
affected by the limitations in the speech procegsimategy and the electrode array design.
Depending on the implant design, the acoustic $igrenalyzed by 12 to 22 band pass filters
and this way, the spectral information is redud&de spectral changes in the signal can not
be transmitted by the speech processor. Moreoves,not guaranteed that all electrodes on
the array evoke different pitch perceptions. Sdveiadies with the Nucleus CI22M (Clark,
1987) have shown that for this implant type withedectrode distance of 0.75 mm, there are
electrodes indiscriminable in pitch (Busby & ClaflQ96; Collins et al., 1997; Donaldson &
Nelson, 2000; Henry et al. 2000; McKay et al., 1,996Ison et al., 1995; Pfingst et al., 1999;
Zwolan et al., 1997). The electrode discriminatadnlity increased with electrode distance.
The effect of indiscriminable electrodes causesrthér loss of the fine spectral information
in the incoming signal.

Another limiting factor for the appraisal of coehl implants is the perception of
music. Cochlear implant recipients often compldowt the poor sound quality of music with
the implant. They mostly report being unable toogguze familiar songs due to the very
different sound quality and transmission of meladytours. Leal et al. (2003) reported that
38% of their examined subjects (a total of 29) dd @njoy listening to music with their
device. 86% of them report that they have redubkett tistening habits after the implantation.

Tyler et al. (2000) have analyzed the experienceochlear implant recipients with music.



They found that 83% of the recipients report aidedin musical enjoyment and half of them
report that the sound of music is unpleasant dicdif to follow. Several studies have tested
melody recognition and pitch discrimination withcbtear implant users. Nobbe et al. (2004)
tested forty cochlear implanted subjects with féanilGerman melodies and report
recognition scores between 12 and 90%. Gfellet. 2@00) have compared the recognition
of familiar melodies by cochlear implant recipientish normal-hearing subjects. They found
that the 49 cochlear implant users recognized @rage only 13% in contrast to the normal-
hearing subjects who were able to recognize 55%h@fmelodies. Pijl & Schwarz (1995)

report for seventeen subjects an averaged recogniti familiar melodies of 44% when

presented directly to the electrode array, butgeition was compromised when the stimuli
were presented after being filtered by the speeobgssor. Fujita & Ito (1999) also found

great interindividual differences for the melodygagnition of their eight subjects. They as
well as the authors cited above indicated a greageognition for those melodies with

recognizable rhythmic patterns.

The insufficient presentation of musical soundal$® caused by the limitations of the
implant device and the speech processing straiegyifferentiate between different musical
tones and instruments (Kong et al., 2004) and Herdpeech perception of tonal languages
(Fu et al., 2002) much more spectral fine structaraeeded than for the representation of
speech signals. Again the representation of spdtteastructure is limited by the number of
independent channels on the electrode array. Timbauof independent channels is generally
not restricted by hardware components as the latdgcbnical possibilities but by the fact that
the stimulation of each electrode causes an atduodtd which is not stimulating the auditory
nerve with the same accuracy as the fine tuned inae cells (Kral et al., 1998). There are
different approaches to enhance the precision @felectrical stimulation. One strategy to
decrease the neural spread of masking is the uskeciode arrays which curve around the

modiolus after the insertion into the cochlea (Gokeal., 2001; Fayad et al., 2000; Kuzma &



Balkany, 1999). This way, the electrodes are cltsehe auditory nerve and are expected to
stimulate a smaller and more precise number oftaydnerve fibers. However, the effect of
this new electrode array design is discussed (Bstéal., 2003) and the method seems
insufficient to facilitate an increase in the numbéindependently discriminable electrodes
on the array. That means that if current electradays and ways of stimulation do not
provide a larger number of independent channelseromethods have to be examined to
provide a better presentation of the spectral $tnecture in a signal with the current system.
A better presentation of the spectral fine struetisr expected to result in a better speech
perception in noise and a better representationusical sounds and melody contours.

In normal hearing the sensation of pitch is cod&t place and time information in
the auditory nerve. The traveling wave of the atiousignal is first transformed into
mechanical oscillation in the middle ear and imtl@nsmitted to the inner ear at the oval
window which is a thin membrane at the basal enthefcochlea. The cochlea consists of

three channels, the scala vestibuli, scala mediseala tympani (Fig. 2).
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FIGURE 2. Schematic drawing of the cross section of the @&zchlith the scala vestibule,
scala media and scala tympani and the enervatioth®fauditory nerve (taken from Zwicker

& Fastl, 1999).



The oval window is connected with the scala vedtil#t the apical end of the cochlea, the
scala vestibuli is connected with the scala tympBoih scalas are filled with perilymph. In
normal hearing the oscillation of the oval windoauses an oscillation of the perilymph and
the basilar membrane. The basilar membrane ossllaith maxima at different places for
different oscillation frequencies due to its desreg stiffness from base to apex. In this way,
the incoming signal is coded into different placdsstimulation along the cochlea. High
frequencies evoke a maximal oscillation frequentcyha base, low frequencies at the apex
and both are stimulating different auditory nenbefs. The frequency of the incoming signal
is also coded by time information. The oscillatisequency of the basilar membrane is
transmitted by the firing rate of the neurons caee with the inner hair cells. This effect is
limited to stimulation rates up to 2000 Hz due he tefractory time (about 0.5 ms) of the
auditory nerve fibers (van den Honert et al., 19%3has et al., 1999).

Current signal processing strategies in cochlegnlants are based on pitch changes
due to different places of stimulation. The stintioia rate at each electrode is constant. That
means that the place of stimulation does not cpars to the rate of stimulation. Research is
done to enlarge the pitch spectrum of cochlearamisl with including not only changes in
the place of stimulation but also in the rate ohatation (for example Fearn, 1999).

This thesis elaborates different factors to infleeethe pitch perception with electrical
stimulation in order to create a transformed spg@ohessing strategy based on the MED-EL
COMBI 40+ implant. This implant provides an espbgideep insertion of the electrode array
into the cochlea (up to 30.3 mm from the round wingdFig. 1) and a wide electrode spacing
(2.4 mm). When fully inserted, the distribution efectrodes along the cochlea in the
COMBI 40+ allows a more detailed analysis of th&edf of electrode position along the
cochlea on pitch than the other implant types. Harore, with the deep insertion of the
electrode array and the stimulation of apical regim the cochlea, it is possible to reduce the

mismatch between place and rate of stimulatiothénapical region of the cochlea where low



frequency sounds cause a maximal oscillation obtslar membrane in normal hearing, the
stimulation with a low pulse rate might lead to aren distinct pitch and a better
representation of the signal.

This thesis is structured as following:

Chapter | (General Method) presents the subjects particigain the hearing
experiments and describes the customized interéamke software which was applied to
stimulate a certain electrode of the MED-EL COMBK4mMplant.

Chapter Il (Hearing Experiments) describes experiments caeduto examine the
parameters influencing pitch perception with thehtear implantExperiment 1 (page 16)
starts with a pitch ranking task for different ¢tedes of the MED-EL COMBI 40+ implant
in order to find out if the electrode spacing isienough to provide discriminable electrodes
based on pitch perception. éxperiment 2 to 5(page 24 to 47) the influence of pulse rate is
tested for four test electrodes along the arrag pikch heightéxperiment 2 page 24) and
the sound qualityexperiment 3 page 30) are rated for different pulse rates roeio to
investigate the upper limit of pitch changes depspnan pulse rate at different electrode
locations within the cochlea. lexperiment 4 (page 36) the work is then extended to an
experiment investigating the just noticeable défeze in pulse rate (pulse rate discrimination
limen) in order to evaluate the accuracy of ratangjes for a possible implementation in a
‘rate strategy’. Inexperiment 5 (page 47) the test is repeated with amplitude rabeld
stimuli. Experiment 6 (page 5l)investigates the exact evoked pitch height depgndim
electrode position in the cochlea in a binaurattele-acoustic experiment with subjects with
residual hearing whereat the acoustic frequentyeahon-implanted ear was adjusted.

Chapter Il (page 64) outlines the development of a new sppeatessing strategy
whereby the results of the hearing experimentsnaporated.

The transformed speech processing strategy isdtéstespeech and music perception

in Chapter IV (page 73) in comparison with the classical spesti@tegy for this implant.
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In Chapter V (page 93) a comprehensive discussion of the eesilthe hearing
experiments about pitch perception as well as efrésults of the new speech processing
strategy is carried out. The conclusions of thesik are then related to the outcome of studies
on these topics published by other research groups.

In Chapter VI (page 108) the main outcomes of this thesis aedlyosummarized in

English and in German.
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|. GENERAL METHOD

1. Participants
Sixteen subjects participated in the hearing erpemis. All of the subjects used the
MED-EL COMBI 40+ device daily. The average age wbjects at the time of implantation

was 54 years, with a range from 30 to 78 yearsl€TRb

TABLE I. Demographical data of the subjects.

Dura- CI CI CI CI CI (i

tionof use wuse use use use use Cluse

deaf- Exp. Exp. Exp. Exp. Exp. Exp. Rate-

ness 1 2 3 4 5 6 CIS
Index Sex Age Causeofdeafness [m] [m] [m] [m] [m] [m] [m] [m]

S1 M 64 Progr. degen. 3 39 43 45 48 53 60 64
S2 M 33 Trauma, progr. degen. 60 - 33 35 38 - 50 -
S3 M 65 Progr. degen., SHL 24 - 17 19 - - - -
S4 F 78 Progr. degen. 8 30 - - - - 41 -
S5 M 64 Cochl. Otosclerosis 360 27 31 33 36 4 - 52
S6 F 49 Progr. degen. 13 14 18 20 23 - - 39
S7 F 38 Progr. degen. 33 17 21 23 26 31 38 42
S8 M 68 Toxic 5 - 55 57 58 - - -
S10 F 34 Sudden hearing loss 2 3 7 9 - - - 28
S11 F 30 Congenital, syndromal 72 47 - - - - - -
S12 M 64 Progr. degen. 19 4 - - - - - 29
S13 M 55 Progr. degen. 552 - 26 28 31 - 43 -
S14 M 56 Sudden hearing loss 8 - 33 35 - - - -
S15 M 51 Cochl. Otosclerosis 10 - - - - - 6 10
S16 M 65 Sudden hearing loss 3 - - - - - - 12
S17 F 38 Congenital 12 - - - - - - 51

All subjects had a profound to total sensorinetiedring loss in the implanted ear prior to
implantation. Four of the subjects (S2, S11, S18 &h5) had sufficient residual hearing in
the contralateral ear to make use of a hearingmiglach subject, the position of the electrode
array was radiologically examined using Stenversiwx-ray scans of the subject’s cochlea.
The distance between neighboring electrode conteassconstant; no overlapping or kinking
of the array could be identified. For most of thbjscts, the electrode array was fully inserted
into the cochlea with the exception of S3 wheredhwere E11 and E12 outside the cochlea.

Prior to data collection, the subjects had beengutheir implants for 4 to 51 months at the
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time of the beginning of the listening experimeatsl were average to ‘star’ users (from
occasional to regular telephone use). The subjectived an allowance for participation in
the study and gave informed consent. The desigthefstudy was approved by the local

ethical committee.

2. Stimulation hardware

The MED-EL COMBI 40+ implant allows stimulation an overall pulse rate of
18,180 biphasic pulses per second (pps) in monopadale with an extra-cochlear reference
electrode which is normally located under the teraj® muscle (Zierhofer et al., 1995).
Whenever possible, biphasic current pulses witlulagpduration of 26.7 pus per phase were
used. The pulse duration of three subjects ha& todreased in order to achieve comfortable
loudness at all electrodes (S5: pulse duration-36.1is per phase; S12: 40-70 ps per phase;
S13: 26.7-40 ps per phase). The current amplitueteegual for each phase with the negative
phase leading.

The stimuli were generated on an IBM-compatible Bg ‘Matlab’® software and
stored as matrices with channel of stimulation,rentr amplitude, current range, pulse
duration, and minimal pulse distance as paramedtersthe channel of stimulation, one of the
12 channels could be chosen. The current delivevettie electrode was defined with the
current amplitude and the current range. The cumemplitude is binary coded with 7 bits
between 0 and 127. There are four logarithmicatiyadly spaced, partially overlapping
current ranges which are coded between 0 and 3, Bhaurrent range can be thought of as a
base amplification of the biphasic pulse amplituiee pulse duration is indicated as a value
in the range between 16 and 255. A pulse durafi@6d pA corresponds to 16. The minimal
pulse is determined from the onset of the currguhidsic pulse to the onset of the following
stimulation pulse. It is indicated as bit-valuetire range between 33 and 1023. Thus, it

defines the stimulation rate. The conversion ofvhitie to minimal pulse distance limits the
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stimulation rate for each channel between 586 &i® pps. The stimulation matrix was then
transmitted via a RS232 serial line with a transiois rate of 115,200 Baud to a proprietary
Interface (Research Interface Box, manufacturetietUniversity of Technology Innsbruck,

Austria).

download and stimulation tool V.2.05 for the RIB

>>>>>>>> SERIAL PORT: 2

>>>>>>>> BAUD RATE: 115200

>>>>>>>> COMMAND: fitting D:/Andrea~1/map_fi~1/Hulb#5.t12
>>>>>>>> COMMAND: load D:/Andrea~1/sti_fi~1/test

24 pulses:

1 0000ms: ch1 amp 93 rng2d w6 md 33
2 0055ms: ch1 amp 93 rmgad w6 md 33
3 0.110ms: ch 1 amp 93 mg2ad w6 md 33
4 0.165ms: ch1l amp 93 mg2d w6 md 33
5 0220ms: ch1 amp 93 mgad w6 md 33
6 0275ms: ch 1 amp 93 mgad we md 33
7 0330ms: ch1l1 amp 93 mgad w6 md 33
8 038ms: chl amp 93 mgad w6 md 33
9 0440ms: ch1l amp 93 mgad w6 md 33

10 0.495ms: ch
11 0.550 ms: ch
12 0.605ms: ch
13 0.660 ms: ch
14 0.715ms: ch
15 0.770 ms: ch
16 0.825 ms: ch
17 0.880 ms: ch
18 0.935ms: ch
19 0.990 ms: ch
20 1.045ms: ch
21 1.100 ms: ch
22 1.155ms: ch

amp 93 rngvdd 16 md 33
amp 93 rngvdd 16 md 33
amp 93 rngvdd 16 md 33
amp 93 rngwid 16 md 33
amp 93 rngwid 16 md 33
amp 93 rgwid 16 md 33
amp 93 rmgwd 16 md 33
amp 93 rmgwd 16 md 33
amp 93 rmgwid 16 md 33
amp 93 rmgwid 16 md 33
amp 93 rmgwid 16 md 33
amp 93 rmgwid 16 md 33
amp 93 rngvdd 16 md 33
23 1.210ms: ch amp 93 rngvdd 16 md 33
24  1.265ms: ch amp 93 rngwid 16 md 33
>>>>>>>> COMMAND: Execute 0 0

RPRRPRRPRRPRRPRRRERRRRER

FIGURE 3. Information delivered to the Research Interface mxthe stimulation of a

single channel with a fixed amplitude, pulse waltld stimulation rate.

Figure 3 shows the resulting stimulation data,tas encoded in the stimulation data file,
along with hardware diagnostic information (sepatt number, baud rate) and all commands
contained in the command file. This listing is gerted by a download tool (rib.exe) switched

to diagnostic mode. All parameters for each stitmtapulse (ascending number) are listed,
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including the time offset from the beginning ofnstilation, to facilitate a verification of the
stimulation pattern. In this example electrode €h (') is stimulated at a constant amplitude
(‘famp 90’) in a constant current range (‘rng 2")manimal pulse duration (‘wid 16’) and a
constant minimal distance between pulses (‘md 88ijch results in a stimulation rate of
1515 pps. For some of the hearing experiments st neessary to deliver a pulse rate lower
than determined by the maximally available pulssgasice (md 1023 corresponding to 586
pps). In order to achieve a lower pulse rate, artiegie comparable to down sampling was
applied as following: the next multipteof the desired rate which could be realized byirsgptt
the minimal distance accordingly was chosen. Tloafy then-th pulse was presented with
normal amplitude, the amplitude value of all foliogy pulses of that cycle was set to the
minimum (‘amp 0). All applied pulse rates were tmled by means of a frequency counter
prior to the experiments. Attachment 1 shows amgsa for the presentation of three stimuli
separated by gaps. Stimulus 1 (start at pulse d)Z2aifstart at pulse 18) have the same
stimulation rate which is in the range between &6 1818 pps, stimulus 3 (start at pulse 35)
is presented with a lower stimulation rate, therfine minimal pulse distance has changed

and every second amplitude is set to O.

3. Comfortable listening levels
McKay et al. (1999) and Pfingst et al. (1999) répdran influence of overall

stimulation level on electrode discrimination. Thus the first test session, the stimulation
level on each electrode was adjusted to a comferialel. To assess comfortable listening
level, the patients scaled the loudness eliciteddnh electrode from 0 (no hearing sensation)
to 50 (uncomfortably loud). The levels were meaguusing an ascending-descending
technique, where current was increased until satran became too loud and then decreased
to a level corresponding to comfortable loudne&sdi the loudness scale). The comfortable

listening levels were further adjusted to ensua &tl electrodes were approximately of equal
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loudness. This was done by a paired comparison anttoverlap of one electrode for all
electrodes. Finally, all electrodes were presestglientially to control the listening levels
again. The order of electrodes was in an apicatbdisection. Comfortable loudness levels
were obtained for each stimulation rate used inettpgeriments (see below). During loudness
balancing subjects were asked to indicate elecsraieiting unpleasant or unclear pitch

perceptions. No electrodes with differences in slogumality were found.
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Il. HEARING EXPERIMENTS

1. Experiment 1: Electrode discrimination

The technique of the cochlear implant on what comé¢he transmission of spectral
information to the auditory nerve is based on tteotopic organization in the cochlea.
Different places of stimulation are evoking diffetgitch perceptions. In this experiment the
discrimination of single electrodes based on pjtelception is examined. If all electrodes of
the array are discriminable, different electrodesl activate neurons in tonotopically
disparate regions of the cochlea. Nadol et al. §19%ve shown that in individual deaf ears
the pattern of neural survival may be different aeldted to age, duration of deafness and
etiology. The average spiral ganglion cell disttibo shows a peak along the segment in the
section between 6 to 15 mm from the basal end efdbchlea. The electrodes of the
COMBI 40+ are stimulating the cochlea between an3® and 30.3-mm distance to the
round window. Therefore electrode discriminatioBD) is tested for three reference
electrodes and the four adjacent electrodes positian different cochlear regions, apical,
medial and basal. Another tested parameter in erpat 1 is the effect of stimulation rate on
ED. In the normally applied CIS strategy (Wilson etl®91, see also chapter Ill.1., page 64)
all electrodes are stimulated at the high stimaratiate of 1515 pps. In the apical region of
the cochlea where low frequency sounds have trest bscillatory frequencies in normal
hearing (Zwicker & Fastl, 1999), the stimulationthwa low pulse rate might lead to a more
distinct pitch. Conversely, in the basal regiorited cochlea where high frequencies show a
peak in the envelope of the traveling wave in ndimearing, the stimulation with a low pulse
rate might lead to a less distinct pitch. Consetiyethe changes in pitch strength which
might occur due to this rate-place mismatch aldrey dochlear region might influence the
capability ofED. Experiment 1 was therefore conducted with thiéferént stimulation rates,
1515, 500 and 250 pps. A more detailed overviewxpieriment 1 can be found in a recent

publication of Baumann & Nobbe (2004a).
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a) Participants

Eight subjects participated at the electrode ghisoation experiment (S1, S4, S5, S6,
S7, S10, S11 and S12). The electrode array of tbigée subjects was fully inserted into the
cochlea and the electrodes stimulated regions fr&mo 24 complete turns of the cochlea in

all subjects (Fig. 4).

FIGURE 4. Stenvers’ view x-ray scans of the eight subjectiggaating in experiment 1.

The positions of the electrodes are highlightedsftwetter overview.

b) Procedure
A two alternative forced-choice (2AFC) procedureswssed to measure electrode
discrimination. In one interval a reference eled¢ravas stimulated and in the other interval

one of the associated probe electrodes was stietlldhe subject was asked to indicate the
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interval containing the higher pitch. Electrodecdimination was assessed by calculating the
percentag&D of electrode pitches judged in the expected oiderhigher pitch for the more
basal electrode. No feedback as to correct or iacbresponses was given.

Three reference electrodes where chosen, locatedllgpmedially and basally on the
electrode array (E3, E7, E10, Fig. 1, page 3). &meterence electrodes were compared with
the two adjacent apical and basal probe electrddests for the different reference electrodes
were always in the same order from the apical ¢éontiddle to the basal reference electrode.
The order in which probe electrodes were testedafocertain reference electrode was
randomized. Each combination of reference and pedbetrode was presented five times
within one test block and each block was testedettiimes so that 15 estimates for each
combination of reference and probe electrode whtaimed.

Each pair of intervals consisted of two 500 ms lstigwli separated by a 500 ms
quiet gap. To investigate the influence of pulsée raith which the electrodes were
stimulated, tests were performed at pulse ratekbab pps (the pulse rate normally used in
the MED-EL CIS strategy), 500 pps, and 250 pps. plise rate was held constant within
one block and varied randomly throughout the thepetitions of each block. To prevent any
residual loudness differences between electroaes &ffecting test results, one electrode in
each interval was stimulated at a comfortable leartl the other was stimulated at 90% of
the current amplitude required for comfortable loesk. Prior to testing, a training run

containing each combination of reference and psedetrode was performed.

c) Statistics

Significant discrimination between the probe arfénence electrode was achieved, if
ED was greater or equal to 86.67% correct (proberafetence electrodes for 13 out of 15
trials judged in the expected order). This thredheas calculated based on the confidence

interval for the binomial distribution for performee better than chance (50% correct).
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To assess whether or not electrode discriminatiiard between the apical, middle
and basal region of the cochlea, a 2-way repeatsbures ANOVA was performed on a data
set whereED was averaged across rates for each probe eledfsodthatED results as a
function of reference electrode and probe elec)oe investigate the effect of rate BD in
the different regions of the cochlea, a 2-way régbaneasures ANOVA was applied to a
data set wher&D was averaged across reference electrodes (s&Ehegsults as a function
of reference electrode and rate). If significantfedences were indicated by ANOVA

(p < 0.05), the Tukey test was used paist-hoccomparisons between factor levels.

d) Results

Scores forED are plotted for the eight subjects in Fig. 5. Tesults are grouped for
the different reference electrodes (E3, E7, E1Q) e respective probe electrodes. The
parameter is pulse rate. The dotted line indictitesthreshold for significant discrimination
(ED = 87.67%). AlthoughED reaches high values for the majority of the subjethere is
high within-subject variability in some subjectdsteners S1, S4 and S5 are top performers
with nearly perfectED at all electrodes. Listeners S6 to S12 reach fatgnit electrode
discrimination on a range of electrodes. Theseestbjshow differences iBD between
neighboring electrodes at some reference electréi@scerning the comparison of different
cochlear regions, one listener (S11) shows a texydfar poorer electrode discrimination in
the apical region compared to other regions. Thsteners (S10, S6 and S12) have reduced
electrode discrimination in the middle region angke distener shows reduced electrode
discrimination in the basal region (S7).

A summary foreD is plotted in Fig. 6. Bars show the percentageowfditions across
all tested conditions in whicBD was at or above the significance level. In theugrof top

performers, one listener (S1) could discriminate pabbe electrodes from the respective
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reference electrodes, resulting in score of 100§fifscant electrode discrimination across

LT

ProbeE 1245 5689 891112 1245 5689 891112 1245 5689 89U

Reference E 3 7 10 3 7 10 3 7 10
| || | [
ol i - 1F n | T -
ol 1L 11 ]
40 11 L
201} 1t L
oL AT L L

PobeE 1245 5689 891112 1245 5689 891112 1245 5689 891112
ReferenceE 3 7 10 3 7 10 3 7 10
100f

LT

Probe E 1245 5689 891112 1245 5689 891112
Reference E 3 7 10 3 7 10

comparisons.

[ =250pps = 500 pps mm 1515 pps

ED in percent

100

——

ED in percent

ED in percent

FIGURE 5. Individual results of the electrode discriminati@xperiment 1. The percent
correct score for electrodes judged in the righderis plotted as a function of test electrode;

the parameter is pulse rate; the results are gralfmer the three reference electrodes E3, E7

and E10.
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Two other top performers (S4 and S5) had excelesilts for almost all conditions tested,
resulting in a score for significant electrode disination across comparisons of over 94%.
The other subjects showed significant electroderaignation in 41.67% to 86.11% of the

tested conditions.

100 | — -

— —= significant conditions

80 | .

60 | .

Score in percent

20 | .

S1 S4 S5 S6 S7 S10 S11 Ssi12
Listener

FIGURE 6. Overview over the performance of all subjects. B&es indicate the percentage
of conditions over all tested combinations of puilske, test and reference electrode which

were discriminated significantly.

Despite the considerable variability between irdinal results, the meaBD was
calculated to provide an overview over the avewghty to discriminate adjacent electrodes.
Figure 7(a) shows the me&D averaged across rates for each probe electrodestarénce
electrode to assess the effect of probe electroditign in relation to the reference electrode.
The data show that in general the pattern of resddies not vary largely between probe
electrode positions. Using the statistics descriakdve, no significant effect of reference
electrode could be foundFE 0.165, DF =2, p=0.849), but the distance between the
reference and the probe was significaht(6.118,DF = 3,p = 0.004).Post-hoctests showed

that here the only significant difference existeewltomparing RefE+2 to RefE-1.
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FIGURE 7. (a) ED as a function of electrode separation and rafeeselectrode (averaged
over pulse rates)b) ED as a function of pulse rate and reference etetdr(averaged over

electrode separations). Error bars indicate thenstard error of the mean.

This means that in particular there was no sigaifiadifference betweeBD resulting from
adjacent electrodes positioned apically or badallyhe reference electrode (i.e. RefE
RefE-1, and RefE+®2s. RefE+1). In other words, there was no significeffiéct of distance
between the reference electrode and the probealiectTo assess the group effect of rate in
relation to the reference electrode, Figure 7(b)wsh meanED averaged across probe
electrodes for each reference electrode and rajainAthe pattern of results does not vary
much between reference electrodes. Statisticaliatiah did not reveal any significant effect
of reference electrodé- (= 0.165,DF = 2, p = 0.849) or rateH = 0.826,DF = 2, p = 0.458).

In neither analysis was a significant interactiagtween the factors involved- € 1.438,
DF =6, p=0.223 for reference x distance, Fig. 7(&)z= 0.399, DF =4, p=0.807 for

reference x rate, Fig. 7(b)).
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€) Discussion

Experiment 1 has shown that the tested electronl@sl be discriminated significantly
by the average user. Furthermore, there was nerdifte inrED between the different tested
regions of the cochlea. The results for the difietested pulse rates for stimulation revealed
that ED is independent of stimulating pulse rate. That msethhat the electrode spacing of
2.4 mm of the COMBI 40+ electrode array is wide w@gtoto evoke different pitch sensations
when stimulating different electrodes.

This result is conform with former research (BushyClark, 1996; Collins et al.,
1997; Nelson et al., 1995; Pfingst et al., 199Mgd & Clark, 1985) with a different electrode
array, the CI22M of Cochlear (Melbourne, Australi@jis electrode array consists of 22
electrodes with a spacing of 0.75 mm. Nelson e{1#95) have tested thHeD for electrodes
with different spatial separations (0.75 to 3 mm) 12 subjects. The changes in pitch
sensitivity with spatial separation show that tlef@rmance grows with increased spatial
separation. Only two subjects reach near perfedioqmeance at a spatial separation of
0.75 mm. Two criterion performance levels were emost a sensitivitd’ = 2 andd’ = 3. The
spatial separation required to reach those perfocmdevels ranged between 0.47 mm and
8.71 mm ford’ = 2 (average 4.01 mm) and between 3.41 mm andB 13 ford = 3
(average 6.57 mm). The sensitivitly was not calculated for the results of experiment 1
However, the decision criterion in experiment 1 &.67% correct for a significant
performance is based on the confidence intervah®mbinomial distribution for performance
better than chance (50% correct) with p < 0.01,ctvhs a very strict criterion. That means
that the average result f&D of Nelson et al. (1995) is probably in the samageafor the
CI22M as the results of experiment 1 with the COMBH electrode array. Busby & Clark
(1996) measured electrode discrimination for ebetdr separations up to 4.5 mm using a
4AFC procedure in early deafened subjects. Theyaized the level by 0 to 20 current

units, which approximately corresponds to the 1@%el roving used in experiment 1.
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Applying the significance criterion formulated aleo(87.67% correct) to their data shows
that a spatial separation of about 2.5 mm wouldltes significant electrode discrimination
for this patient group. The results cited above traresults of experiment 1 show that an
electrode separation of 2.4 mm provides perceptudiitinguishable information for each
electrode for average cochlear implant user.

The fact tha€D is independent of cochlear region was also obseloyeNelson et al.
(1995) and Donaldson & Nelson (2000). Other ingadbrs have observed poorer electrode
discrimination in the more basal region of the &tmte array of the CI22M (Henry et al.,
2000; Pfingst et al., 1999; Zwolan et al., 199%)summary, it does not appear aED is
strongly dependent on cochlear region. In partigutais no more difficult to discriminate
electrodes in the apical cochlear region than ifoiselectrodes in the middle and basal
regions. The amount of residual neural structureghe apical cochlear region is often
discussed. The data presented in experiment 1lclehow that, at least in the average
subject, residual neural structures in the apeth@fcochlea do exist and are appropriate for
electrical stimulation in that they are sensitiggitch changes provided by different places of

stimulation.

2. Experiment 2: Scaling of pitch height

Experiment 1 (page 16) has shown that a differéatepof stimulation evokes a
different pitch perception. This happens in a wagt tthe perceived pitch is increasing for
places of stimulation changing from the apicalhe basal region which is consistent with the
tonotopic organization of the cochlea in normalrimep(Zwicker & Fastl, 1999). Besides the
place of stimulation, another parameter is suppdse@¢hange the pitch perception for
electrical stimulation, namely the rate of stimigdat Experiment 2 is examining the effect of

rate changes on the perceived pitch for differeshtear regions. Due to the frequency-place
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transformation in the inner ear of normal hearingjscts, it is expected that low pulse rates
have a higher influence on pitch perception atapatectrode positions and that high pulse
rates have a higher influence on pitch perceptiobaaal electrode positions. It is estimated
that above a certain pulse rate the pitch heightildvdbe constant (saturation rate). This
saturation rate is expected to be lower at an hpieatrode and higher at a basal electrode
and it is expected that the slope of the psychomiitnction up to the saturation rate would

be shallower at an apical electrode and steemebasal electrode.

a) Participants
Ten subjects took part in the pitch scaling expentr(S1, S2, S3, S5, S8, S6, S7, S8,
S13 and S14). The electrode was not fully insertemithe cochlear for S3 where there were

E11l and E12 external to the scala tympani (comttidily Stenvers’ view x-ray scans).

b) Procedure

A two interval numerical estimation procedure waediin the pitch scaling task. The
subjects were instructed to assign a numericalevaluhe range of 0 to 50 to the pitch of a
stimulus delivered with varying pulse rate. A loiich was assigned with a low number and a
high pitch was assigned with a high number to @s#es pitch estimation of the subject.
Subjects were directed to avoid the extreme postaf the scale, namely 0 and 50, in order
to have enough room left for their whole range w€lp heights. The target stimulus was
presented after the presentation of a referencrikts. Both stimuli had a duration of 500 ms
and were separated by a gap of 500 ms. The refeimulus was set on a pitch height of
‘middle’ (25). To determine the reference stimulpsor to the experimental runs a sequence
of three stimuli was presented to the subjectsntbst apical electrode E1 at the lowest pulse
rate applied in the experiment (100 pps, presumialagst pitch), the reference stimulus at an

electrode position varying between E2 and E11 @t@ts and the most basal electrode E12



26

(E10 for S3) at 800 pps (presumably highest pitdime electrode position of the reference
stimulus was switched using an ascending-desceridoitnique until the subject assigned a
pitch height of 25 to the reference stimulus iratieh to the first (lowest) and third (highest)
stimulus. The target stimulus was presented atsdifferent pulse rates, 100, 141, 200, 238,
400, 566 and 800 pps. Presentation order was ramddrwithin a block of trials. Each block
consisted of nine estimates for each stimulus. Bdterent electrodes, E1, E3, E7 and E10
were tested. Within one run, the electrode poswki@as fixed and the pulse rate was altered.
The electrodes were tested in a fixed order (E1,B3/ E10) since no sequence effect was
expected. A training block with all pulse ratesaktest electrodes was presented prior to data
collection. Final scores were determined by catoujathe arithmetic mean of nine estimates

recorded for stimulation of each condition. Dataeveollected within one session.

c) Results

The individual results of the perceived pitch heigstimates are plotted in Fig. 8. The
averaged pitch estimate of each subject is plate@ function of pulse rate. The different
symbols represent the estimates for electrode€B1E7 and E10. The error bar shows the
range of individual standard error. The individugference electrode is noted for each subject
at the bottom of the figure.

Three of the listeners (S1, S2, S3) show almosinfloence of pulse rate on their
pitch estimations at all test electrodes. The e for each electrode lay within a small
range, which results in flat curves with only smsidndard errors. The pitch scaling of
listener S3 displays no significant dependency olserate at electrode E10. These three
listeners estimate the pitch evoked by E1 at néhdysame height as the pitch evoked by E3.
There are two listeners with influence of pulseerah pitch perception at E1 and E3, but

hardly any influence of pulse rate at E7 and EX4&d S8).



27

50

40 F—w— E7 1 E 1 E
[ —— E10 1 F 1
30fF ] _W ; l ]
20 '/‘Q/O\Oﬂ E }M _:
10 }././0—0——.—0/.5 } _:
: § 7 ¢ ] 88 Reference E5
400

Pitch estimate

SS Reference E4 I S2 - Reference E4 ]
L L L L

100 141 200 283 400 566 800 100 141 200 283 400 566 800

50

| W

20 1F ;

10 | C 97O—O¢C}$’O- L 1 L 1
[ L - 1 [ % N SlD Reference EG

S14 - Reference E6]
L L .

Pitch estimate

100 141 200 283 400 566 800 100 141 200 283 400 566 800 100 141 200 283 400 566 800

50 r r 1T 1
40 -W- - - -v__v/v———v—v—v—v-
1t [

20 F

Pitch estimate

10 F

} S6 - Reference E6 | r % S13 - Reference E4] r o O ¢ S1 - Reference E5 ]
L L L L L L L L L L L L L

100 141 200 283 400 566 800 100 141 200 283 400 566 800 100 141 200 283 400 566 800

Pulse rate (pps) Pulse rate (pps)
50

40 F N

30 F 1

Pitch estimate

20 | ]

10 | ]

} S7 - Reference E5 ]

100 141 200 283 400 566 800

Pulse rate (pps)

FIGURE 8. Individual results for the pitch scaling experimenhe estimated pitch height is
shown as a function of pulse rate; the parametegléctrode number. The mean standard

deviation and the reference electrode are indicdtedach subject.

For listener S6 the pitch of E1 is estimated highan the pitch of E3. This phenomenon was

already observed in a previous experiment of edeetrdiscrimination and could not be



28

further explained via Stenvers’ view x-ray scanshaf electrode array. Listener S6 estimates
the pitch of E1 and E3 at nearly the same heighé dther five listeners (S5, S7, S10, S13
and S14) show increasing pitch estimation with easing pulse rate at all electrodes. The
estimates for the different electrodes differ isitefividually to a large extent. The pulse rate
where no further increase of pitch height was peeck(saturation rate) is between 141 and
400 pps. At some electrodes the estimates betw@@natd 141 pps are not significantly

different.
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FIGURE 9. Average pitch scaling results for nine subjects (&8 excluded due to a pitch

reversal between E1 and E3) in the same format@s3r

Figure 9 shows the averaged estimates of ninenésseplotted in the same format as
in Fig. 8. The data of S8 was excluded due to #sziibed pitch reversal between E1 and E3.
The results show that the averaged pitch estinategcreasing with increasing pulse rate at
all electrodes. Pitch is increasing significantly 0 a pulse rate of 283 pps. The averaged
pitch estimates for E1 and E3 show only a small dtatistically significant difference for
pulse rates in between 100 and 566 pps (t-testOpx0The estimates for 800 pps show no
significant difference, which might be due to the&lp scaling of subjects S5, S7, S10. For

these three listeners, the perceived pitch heigbBalecreases between 566 and 800 pps.
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d) Discussion

Experiment 2 shows that the influence pulse rateatran is limited to pulse rates up
to about 283 pps. Furthermore, the effect of ptase on pitch perception could be observed
at all stimulated electrodes. The results were peddent of place of stimulation in the
cochlea. An increasing pitch perception with insieg pulse rate has been previously
observed (Hochmair-Desoyer et al., 1983; Shann®@831Tong & Clark, 1985; Pijl &
Schwarz, 1995; Fearn & Wolfe, 2000; Zeng, 2002)ymgtotic pitch sensation with
increasing pulse rate was found between 200 andpf80Hochmair-Desoyer et al. (1983)
and Wilson et al. (1997) reported about three sibjevith no sign of saturation for pitch
sensation with increasing pulse rates up to 5000@0 Hz. Even in experiment 2, the pulse
rate for asymptotic pitch varied between subjeots @ single electrodes. The averaged data
over all ten subjects showed a saturation ratdofie283 pps for temporal pitch perception at
four examined electrodes. This is consistent withresults of four subjects at two electrodes
in a recent study by Zeng (2002). He found an msed pitch perception with increasing
frequency up to roughly 300 Hz. Considering the amioof collected data in these two
studies and the carefully conducted loudness bignprior to testing, on average a
saturation pulse rate of about 300 pps for temppitah perception conveyed by electric

pulses seems to be proved.

The results of experiment 2 also show that thehpperception increases with
increasing electrode number from an apical to albaegion in the cochlea. However the
pitch difference between the more apical electrdeiesnd E3 is small in comparison to the
pitch difference between electrodes E3, E7 and Eh8.pitch difference between E1 and E3
which is an electrode distance of two electroddg amounts about 1 to 2 pitch units, the
pitch difference between E3 and E7 which correspotad an electrode distance of four

electrodes amounts about 12 pitch units, a compalatge difference. The pitch difference
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between E7 and E10 which corresponds to an eleculsiance of three electrodes amounts
about 10 pitch units. That means that the pitcfedéhce of two adjacent electrodes would
correspond to about 3 pitch units on the pitchesedhich is a relatively small perceptual

change but seems to be adequate for an electrs@dace of 2.4 mm.

3. Experiment 3: Scaling of sound quality

During the pitch height scaling in experiment adp 24) subjects often reported
difficulties in judging the pitch height of stimukith a low pulse rate. Therefore a scaling of
sound quality depending on pulse rate was condubted to the experiences in experiment 2,
an effect on sound quality was expected for pugesr below 300 pps. Furthermore, the
experiment was conducted at different places ohudation similar to experiment 2. The
expectation was that low pulse rates would have iefluence on sound quality at more
apical electrodes where the neurons of the spaaglgon cells are tuned to low frequencies in

normal hearing according to the frequency-placesfiamation (Zwicker & Fastl, 1999).

a) Participants
Ten subjects took part in the pitch scaling expentr(S1, S2, S3, S5, S8, S6, S7, S8,
S13 and S14). The electrode was not fully insertemithe cochlear for S3 where there were

E11l and E12 external to the scala tympani (comttidily Stenvers’ view x-ray scans).

b) Procedure
A single interval line length scaling procedure wiaed to judge the sound quality of
stimuli with varying pulse rate and electrode posit All ten subjects of experiment 2

participated also in experiment 3. The subjectwestructed to assign the sound quality of
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the stimulus by touching on a scale between th@ants ‘extremely buzzy’ and ‘extremely
clear’ on a touch screen (see Fig. 10). The ling weernally scaled from 0 (extremely buzzy)
to 27 cm (extremely clear). Poor sound quality essigned by touching on a position located
towards the left end, better sound quality by taughowards the right end of the scale. Eight
different pulse rates were presented within onekl&timuli were presented at 100, 119,
141, 168, 200, 238, 566 and 800 pps in random ofidex sound quality was tested at four
different electrodes according to experiment 1 ¢d6), at E1, E3, E7 and E10. Nine
estimates for each pulse rate were recorded wibmi@ block. The blocks were ordered
according to stimulated electrodes, E1, E7, E3 Bhd. Prior to the experimental runs, a
training session was conducted whereby all eleesadere stimulated once at all pulse rates

applied in the experiment. The final score was Wated as the arithmetic mean of nine

estimates. All conditions were tested within ongssmn.

| <} Response Box

FIGURE 10. Screen copy of the TFT touch screen used for thBngcof sound quality
(experiment 3, line length method). The task okthgect was to indicate the sound quality of
the stimulus between extremely buzzy (left side)eatremely clear (right sight) by pointing
at a position on the grey bar. After the scaling tK’ button was pressed to confirm the

input.
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c) Results
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FIGURE 11. Individual results for the sound scaling experiméltie sound quality imm

line length is plotted as a function of pulse ratee parameter is electrode number.

The averaged estimated sound quality in line lengtits (0 cm: extremely buzzy;

27 cm: extremely clear) is plotted as a functionpafse rate in Fig. 11 for the individual



33

subjects; the parameter is electrode number. Tteg-imdividual results vary considerably.
There are three listeners with significant (t-testh 95% confidence interval) influence of
pulse rate on sound quality at all electrodes &2, S8). Four listeners show significant
influence of pulse rate on sound quality at leasing single electrode (S3, S6, S10, S14) and
three listeners show no significant influence (SZ, S13). The majority of the subjects judge
the sound of the lowest pulse rate as lowest perdesound quality. At most of the electrodes
an increasing sound quality with increasing puége can be observed. The individual sound
quality functions exhibit a split into two regiomfsr seven out of ten subjects: one region
below 200 pps with sound quality depending on pudse and another region above 200 pps
with hardly changing sound quality estimates. Reigar the individual results, for example
the estimates of listener S5, sound quality reaahmaximum at 168 pps at E1 and E3, and at
200 and 566 pps at E7 and E10, respectively. Thinags of listener S10 show a
dependency of sound quality on pulse rate at ElareBE7. Sound quality increases up to a
pulse rate of 566 pps. At the more basal electi®b@ however, the estimates of S10 are
independent of pulse rate and much lower as forother electrodes. For listener S7 the
estimates at all electrodes are independent okpale and equally high for all pulse rates
and electrodes. The averaged estimates of list8f8ras well as of listener S1 show no

significant influence on pulse rate, partly du¢he large intra-individual variation.

Figure 12 shows the averaged results over alhksteand pulse rates for the four test
electrodes. The averaged sound quality estimagefareasing with increasing pulse rate at
all electrodes. There are significant increasesomnd quality judgments between 119 and
168 pps and between 238 and 566 pps at E1. Sowldygucreases significantly between
100 and 119 pps, between 141 and 200 pps and be®88eand 566 pps at E3. At E7 and
E10, sound quality increases significantly betw&éh and 566 pps, respectively. There is no
influence on the averaged sound quality judgmeatstlie highest pulse rates (566 and

800 pps) applied in the experiment for all testcetes. That means that sound quality
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estimates saturate at 566 pps independent of eflectocation. The averaged sound quality
estimates for the apical electrodes E1 and E3ignéisantly higher than the estimates for the
more basal electrodes E7 and E10 at pulse ratds @388 pps. Significant sound quality

differences between E1 - E3 and E7 - E10 can omlgliserved at single pulse rates.
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FIGURE 12. Average sound scaling results for ten subjecthénsame format as Fig. 11.

d) Discussion

Sound quality is increasing with increasing pukse up to about 566 pps. This means
that changes in pulse rate are always resultinghemges in sound quality. This effect is
hardly described in the literature. In a recentigférearn & Wolfe (2000) did a quality rating
for stimuli with changing pulse rate in six subgeanplanted with the CI22M. Each stimulus
was presented twice and should be rated on a kbteeen two bipolar quality words like
‘like-dislike’, ‘mechanical-natural’, ‘clear-fuzzyétc. The mean of eight positions was taken
to give a quality rating of the sound. The resshlisw that sound quality is increasing with
increasing pulse rate between 100 and 400 ppsnReaNolfe (2000) also observed that
more basal electrodes were judged lower in souradityithan more apical electrodes. This
effect occurred up to 1000 pps. For an electrodeadce between the most apical and most

basal electrode of 11.25 mm the difference in sogunality was 40 cu on a scale between 0
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and 100. In the present sound quality experimediffarence in sound quality between more
apical and more basal electrodes can also be azkeHowever, the difference is much
smaller: For an electrode distance between the ieyoisal (E1) and most basal electrode
(E10) of 24 mm, the sound quality difference i©34tcm on a scale between 0 and 27 cm.
This would correspond to only 14.8 cu on a scatevéen 0 and 100. In the present study the
stimuli were only judged between extremely buzzgt artremely clear. The data of Fearn &
Wolfe (2000) also include sensations like ‘pleasdntechanical’, ‘natural’, and ‘musical’.
Most cochlear implant patients have been deaf ge lead a profound hearing loss before
implantation. Therefore especially the stimulatioh more basal electrodes often evokes
unpleasant pitch sensations and most cochlear mnhplatients prefer the sound of more
apical electrodes. This effect might influence dla¢a of Fearn & Wolfe (2000) and cause the
difference in the sound quality rating comparethtresults of experiment 3.

The effect of poorer sound quality at low pulsesait more basal electrodes might be
due to the mechanism of tonotopic allocation atsimieal ganglion. In the more apical region,
more neurons of the auditory nerve tuned to lowgdemcies might exist than in the more
basal region. However, current studies do not tepatecrease in sound quality with high
pulse rates at more apical electrodes and the squatity of very high pulse rates with
varying electrode position was not examined yet.

In normal hearing a distinct change of sound gualgépending on the modulation
frequency of the stimulus is described as rough@ascker & Fastl, 1999). For a 100%-
amplitude modulated stimulus with a carrier frequerf 1 kHz maximal roughness is
perceived for a modulation frequency of 70 Hz. Rowdulation frequencies higher than
70 Hz, roughness decreases up to about 400 Hzhdnpsychoacoustic literature it is
described that the sensation of pitch strengtlelsted with stimulus frequency. The pitch
strength of a pure tone is increasing with increg$iequency up to about 750 Hz (Zwicker &

Fastl, 1999). This effect might also generally cimite to a change in sound quality with
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increasing pulse rate. The sensation in this empawri might be a mixture of pitch strength

and roughness.

4. Experiment 4: Pulse rate discrimination
Experiment 2 (page 24) has investigated the subgeqgbitch height judgment

depending on stimulation rate at single electrodégre is an increase of pitch height with
increasing stimulation rate. However, the averaigehpheight increases only about 10 pu
between the low pulse rate (100 pps) and the paleefor saturating pitch height (283 pps).
Furthermore, the interindividual results vary coesably. One group of subjects shows an
increase of pitch height with increasing stimulatiate only at single electrodes, some other
subjects show only a weak increase of pitch heigtit increasing stimulation rate (4 pu). It
IS interesting to find out whether the individusdmes of the curves only vary in a scaling
experiment or if the subjects with a weak incream®enot able to detect small rate differences
even in an objective task. Experiment 4a investig#tte detection of small rate differences at
two electrodes. This way, the amount of rate chamgeessary to evoke differences in pitch
height in the interesting range between 100 and #&3can be figured out for a possible
implementation in a speech strategy. Furthermares tested whether rate changes above
283 pps do effectively not evoke any pitch differes as it was found in experiment 2 (page
24). A more detailed overview of experiment 4 canfcund in the publication by Baumann

& Nobbe (2004b).

a) Participants
Seven subjects participated in the pulse rate idigzation experiment (S1, S2, S5,

S6, S7, S8 and S13).
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b) Stimuli

Biphasic pulse trains with varying stimulation ratere used in experiment 4. Phase
duration was 26.7 ps for most subjects, excepSand S13 where phase duration had to be
increased to 36.7 pus to achieve a comfortable lessidevel. Due to the influence of
stimulation rate on the loudness of the stimulmémrtable listening levels were measured for
several pulse rates (100, 141, 200, 283, 400, &646,800 pps). As the pulse rate of the
stimuli was in the continuous range of 100 to 806, ghe level of the stimulus was set to the
comfortable loudness measurement of the closestuned pulse rate. To avoid the influence
of any residual loudness cues, a roving level pgradwas utilized (details outlined in

experiment 4(a).

c) Procedure

A three interval, two alternative forced-choice ggdure with feedback was used to
measure the difference limen. Similar to ShacklefoiCarlyon (1994) the base rate (for
pulses and amplitude modulation), Ras the same in the first and one of the secornbteo
third intervals, and either higher or lower AR, in the other interval. Therefore, the two
standard intervals consisted of the first and eithe second or the third stimulus, whereas the
target interval was located at the second or thietval. Details are outlined in Fig. 13(a) and
13(c). The base rate used in each trial was randohdsen from a rectangular distribution of
width +10% in 1%-steps centered on the nominal bate R. For the target and standard
intervals+tARy/2 was added to FRor the standard intervals ardRy/2 was subtracted from
Ro for the target interval. The sign aARy/2 was randomly selected on each trial. An
adaptive two-down one-up procedure was used, digidRy by 1.41 after two consecutive
correct responses and multiplyimgRo by 1.41 after one incorrect response. After three

reversals the factor was reduced to 1.19. Onemdraafter ten reversals.
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FIGURE 13. Schematic drawing of the presented stimuli. In tlaise the rate of the standard
stimulus (A) is calculated by subtractin&,/2 from the base rategRthe target stimulus rate

(B) is calculated by addingRy/2 to the base rate RFig. 13(a) shows the stimuli used in
experiment 4 to determine the PRDL, Fig. 13(b) sh¢wme amplitude modulated stimuli
utilized in experiment 5 (page 47). The sequencpredentations of standard and target

stimuli is shown in Fig. 13(c).

The last six reversals were used for data calanailhreshold of each subject was obtained
by calculating the arithmetic mean of the lastreixersals of six different runs. The standard

deviation of these 36 data points was calculate@dch condition.
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d) Experiment 4a: Pulse rate difference limen (PRDL) with roving level
i) Method

A preliminary study (experiment 4a) with four liss (S1, S5, S6, S7) investigated
the influence of an alternating stimulus level ire®y test interval (roving level paradigm) in
pulse rate discrimination. Three conditions westde. In the base condition the PRDL was
measured at E3 for a base rate of 200 pps withmung level. A roving level of +5% and
+10% was applied for the second and third conditi@spectively. Thereby, listeners were
encouraged to pay attention to the pitch differeraed not to remaining loudness cues. The
roving was distributed randomly between the thrésudi in one trial, as follows: one
stimulus was presented at the comfortable loudles®d, a second stimulus was played at a
level softer than the comfortable loudness leval arthird stimulus was played at a level
louder than the comfortable loudness level. Thénglevel was calculated by adding 5% of
the dynamic range to the comfortable loudness l@rehe second condition or £10% of the

dynamic range for the third condition.

i) Results
The results of experiment 4a show a strong depaydeinPRDL on roving level. All

listeners performed significantly better withouvirgy level. In Fig. 14, the average PRDL in
pps is plotted as a function of the amount of rgvim percent of the dynamic range that was
added to the comfortable listening level. The indlial PRDLs with the standard deviation
for the four listeners are presented by differepéro symbols. The filled circle with the
connected line shows the arithmetic mean of thaviddal results with the standard
deviation. PRDL increases with increasing rovingapzeter. Applying a roving level of £5%
increases PRDL by 20 pps compared to the presemtatithout roving level. Threshold

further increases by 27 pps for the 10%-roving dwr The PRDL of listener S7 shows a
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very strong roving effect. For listener S1 the PRD&r the 5%- and 10%-roving conditions

hardly change.
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FIGURE 14. Average PRDL in pulses per secomgpg as a function of roving level. The
individual PRDLs for the four listeners with thestlard deviation are presented by different
open symbols. The filled circle with the connedird shows the arithmetic mean of the

individual results with the standard deviation.

In order to control the subjects’ decision critegiad to be sure that the influence of
possibly remaining loudness cues is eliminatedyving level paradigm should be applied in
the following experiments. The amount of rovingweeer, should be set cautiously because
listeners reported to have difficulties in perfongithe experimental task within the 10%-
roving condition, as the level of some stimuli was soft. They also sometimes reported the
perception of a slightly different pitch sensatiorevery interval, which might be traced back
to the fact that there is possibly a small influeraf stimulus level on perceived pitch
(Townshend et al., 1987). In order to minimize fthsturbing effect of stimulus level
alteration on pitch discrimination, the 5%-rovingndition was chosen for experiments 4b

and 5 because within this condition loudness cuesewresumably excluded. In this
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condition, the within subject as well as the bemvesibject differences were within a

reasonable range.

€) Experiment 4b: Pulserate difference limen (PRDL)

i) Method

The PRDL of seven listeners (S1, S2, S5, S6, S7S$8) was measured in the apical
(E3) and basal region (E10) of the electrode aatapur different base pulse rates,R200,
283, 400, and 566 pps. The 5%-roving level procedig described for experiment 4a was

applied.

i) Results

The individual PRDL results are plotted as a fumttof base pulse rate {Rin
Fig. 15. The different symbols and line styles esent the different listeners. All listeners
show an increasing PRDL with increasing base pras® Fig. 15(a) shows the PRDL at E3
(apical electrode location). The results vary coesably between subjects. There are two top
performers with regard to small PRDLs (S2 and S&4B8p demonstrate less influence of base
pulse rate on PRDL up to 400 pps. Interestingly, listener S13 the PRDL increases
considerably at 566 pps, whereas the PRDL for S®vso influence of base pulse rate
between 400 and 566 pps. For listener S5, PRDleasas considerably between 200 and
283 pps, but shows only a small increase with emireg pulse rate between 283 and 566 pps.
Fig. 15(b) shows the PRDL at E10 (basal electradation). The results are similar to the
PRDLs obtained at the apical electrode locatiocepkthat the between subject variation at
566 pps is in a smaller range than at E3. Thisues t the performance of listener S2 who

shows an influence of electrode position on PRDIicWlis considerably higher at E10 than at
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E3. Vice versa, the PRDL of S1 is considerably snat E10 than at E3. In contrast to E3,

the results of listener S5 do not show a ceilirfigafstarting at 283 pps.
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FIGURE 15. Individual PRDL in pulses per seconap§ as a function of base rate at the

apical electrode E8a) and the basal electrode E{0).

Figure 16 shows the PRDL results for each baseaateaged over all listeners. The
increasing PRDL with increasing base pulse ratebeaobserved for either the basal or apical
electrode. The averaged PRDL at E10 are slightlpllemthan at E3. A statistical t-test
comparison (p<0.05) does not show a significarfedéhce. Regarding the individual results,
four out of seven subjects show no difference betwbe apical and the basal electrode, one
subject performs better at the apical electrodes subject performs better at the basal
electrode and one listener showed no consistenérbperformance at one or the other

electrode. The standard deviation increases witfeasing base pulse rate.



43

600

- —@— E3 ]
500:_—‘—E10 ;

- 400 | .

£ i
=300 F

& 200 |

100 | E

0 . 1 1 1 1
200 283 400 566
Base pulse rate (pps)
FIGURE 16. Average PRDL (n = 7) in pulses per secopgd as a function of base rate for

E3 and E10, with the standard deviation.

f) Discussion

Experiment 4 reveals that rate changes of about@&4iscriminable at a base rate of
200 pps. With increasing base rate, the PRDL ira®431% at 283 pps, 49% at 400 pps,
62% at 566 pps). The discrimination is independ&nelectrode position in the cochlea.
These results are consistent with the most redady 9y Zeng (2002). He investigated the
PRDL in four listeners (3 Nucleus CI22M, 1 Ineraigplant) and reported an average PRDL
of 40 Hz at 200 Hz (20%) and 135 Hz at 300 Hz (&).9No difference in PRDL was found

between the tested most apical and basal electfod#sese implant types.

Previously published reports about pulse rate rimscation vary considerably.
Townshend et al. (1987) studied PRDL on one eldetqaosition in three subjects implanted
with an 8-electrode device und reported PRDLs beitw&% and 50% (base rate at 200 pps).
McDermott & McKay (1997) measured the PRDL on theéectrode positions in one highly

skilled cochlear implant user (a former piano tdm@planted with the Nucleus CI22M. They
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reported a PRDL of 11.3% at an apical and middié é&ectrode and of 5.4% at a basal test
electrode. This variability might be attributedttee experimental paradigm utilized in these
studies without thorough loudness balancing orlleméng, and the fact that the subjects had
highly varying etiologies of their hearing loss agll as different experience in

psychophysical or speech tests. Van Hoesel & C(a807) measured the PRDL in two

subjects, at two electrodes and at two implantes @ach. They found PRDLSs between about
8% and 23% at a base rate of 200 pps and 12% to &5&obase rate of 300 pps. This

corresponds to the best performing subjects inraxeat 4.

The results of experiment 4 can be compared witlhustec frequency discrimination in
a limited range; only if the presented acoustimsti have been designed carefully to change
only the temporal cues pertained to the stimulu$ ibichanges in the excitation pattern are
absent. Kaernbach & Bering (2001) used high pdssdd click sequences to explore the
temporal mechanism involved in the pitch of unresdl harmonics in normal hearing
subjects. The fundamental frequency (FO) of higesgdtered, low-pass masked click trains
was varied from 100 to 250 Hz. They reported fregqyedifference limens (FDLs) between
1.15% (3 kHz cut off frequency) and 1.5% (6 kHz ofitfrequency) for a base frequency of
250 Hz. Carlyon & Deeks (2002) found a FDL of 5%adiase rate of 200 Hz for band pass
filtered pulses (between 3.9 and 5.4 kHz) in aliéng phase with three normal hearing

subjects.

That means that compared to the frequency discaitioin in normal hearing, the
performance of cochlear implant subjects for raigcrdmination is poor. One possible
explanation is the fact that cochlear implant usenge different kind of damages in the inner
ear. Many studies with hearing impaired subjectgehshown that the mechanisms which
provide a high level of frequency discriminationpahility are damaged (for example

McDermott et al., 1998; Moore & Glasberg, 1986, W& Peters, 1992; Simon & Yund,
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1993; Turner & Nelson, 1982; Tyler et al., 1983heTFDL for hearing impaired subjects is
elevated. This can be attributed to the loss ofrgslraechanical tuning of the basilar
membrane which is often damaged by the loss ofrcae cells. McDermott et al. (1998)
compared the FDL of normal hearing listeners amatihg impaired with a steeply sloping
sensorineural hearing loss. The FDL amounts 2 toa4%50 Hz for hearing impaired in
contrast to 1.2% for normal listeners. The freqyetiscrimination of pure tones of hearing
impaired subjects is reduced; however, it is stilhsiderably better than the average PRDL
derived with electrical stimulation. That meansttttee loss of mechanical tuning can not

completely explain the poor PRDL of cochlear implsubjects.

Furthermore, a broader excitation pattern resultmgn increased spread of neural
excitation has been shown in tank and temporal Istundies (Kral et al., 1998) as well as in
cochlear implant subjects (Shannon, 1990) compsaretrmal hearing. This can be traced
back to the distribution of the electric potentadd the corresponding current path. More
centrally located pitch processing units are expgca sharply tuned input from only a few
neural fibers. A broader range of stimulated nesinmight cause a loss of neural tuning and

might deteriorate the detection of small pulse ch@nges.

McKay & Carlyon (1999) explain the limited tempomdikcrimination with individual
factors such as the reduced numbers of spiral gangklls or associated changes in the
peripheral neural auditory system. In the subjecupg there are two subjects with a very
short duration of deafness before implantationrameétiology of auditory neuropathy, S1 and
S8. These subjects should show a nearly normaliison of spiral ganglion cells and
therefore the peripheral neural structures necgd¢sanormal temporal pitch analysis should
be provided. The results of those subjects aresapporting the neurologically motivated
explanations, because they do not show improvedlPRD additional argument against this

neuropathological explanation of poor frequencyimsination is the observation that all of
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the subjects in the present study show a high lefvepeech recognition in noise with speech
reception thresholds ranging from -0.35 to -2.4(d8lculated as the signal to noise ratio at
50% speech perception over one test list withytrsentences consisting of five words each)
derived with a German sentence test (Oldenburgerteésd). Berlin et al. (2003) report a
complete loss of speech reception in hearing ineplgiratients with auditory neuropathy with
a mechanically intact cochlea. Therefore, it seamBkely that the speech recognition
capabilities of subjects of the present study haeen reduced by a major degeneration of

spiral ganglion cells or the whole auditory nerve.

An alternative explanation for the poor discrimioatof pulse rate changes might arise
from current cochlear implant stimulation strategi@nd electrode arrays which employ
unnatural patterns of neural excitation. McKay &rigan (1999) have supposed that poor
frequency discrimination is caused by the missiegraduction of phase relationships
between different cochlear places (which occur douatic hearing due to traveling wave
mechanics) and the additional mismatch of eledtricate with the corresponding
characteristic frequency. Although a deterioragfect of this rate-place mismatch can not
be completely excluded, the absence of any sigmfienfluence of place of stimulation on
PRDL suggests that the missing correspondence batwage and place does not degrade

temporal pitch discrimination to a large extent.

Additionally, electrical stimulation with pulse ings causes a more deterministic
response of the auditory nerve than acoustic stétimi. Hartmann et al. (1984) have
examined period histograms and interspike intenstibograms of the auditory nerve in cats.
They found that the response of the auditory ndoreelectrical stimulation was highly
synchronized, whereas the response for acoustiulstion was more stochastic (100-Hz
stimulation frequency). Litvak et al. (2001) obssatvthe responses of the auditory nerve

fibers to unmodulated and modulated high-rate nadddl electrical pulse trains in deafened
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cats. They found responses to modulated pulsestithiait resembled responses to tones in
intact ears. However, these responses were onlgnadxs in a limited range of modulation
depths and presentation levels. Nevertheless, tbgilts suggest that the coding of complex
stimulus waveforms might improve with signal praieg strategies for cochlear implants

using a desynchronizing pulse train.

5. Experiment 5: Modulation rate difference limen (MRDL")

Experiment 4 (page 36) has shown that the abifityoghlear implant users to detect
small rate changes when stimulating a single aldetis poor. At a base rate of 200 pps the
pulse rate difference limen amounts 23%. This iss@ierably higher than just noticeable
frequency differences in impaired hearing and inmra hearing with band passed filtered
signals. The reduced rate discrimination can beettaback to several factors: the loss of
mechanical fine tuning, the broader excitation gyatt the degeneration of spiral ganglion
cells, the loss of phase relationships and the Bigichronization of the response of the
auditory nerve. Litvak et al. (2001) have suggestatesynchronizing pulse train in order to
get a more stochastic response of the auditoryentenvelectrical stimulation. Theoretically,
amplitude modulated stimuli with high carrier rateight also reduce the strong
synchronization of responses due to a more prababiéxcitation. In experiment 5, the pulse
rate discrimination experiment was repeated witlplaode modulated stimuli. A better
detection of modulation frequency differences wageeted. A more detailed overview of

experiment 5 can be found in the publication byBann & Nobbe (2004b).

a) Participants

Three subjects (S1, S5, S7) took part at the méidalaate discrimination experiment.
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b) Method

The pulse rate of the carrier was set to 5081 ppsoid aliasing effects. A sinusoidal
amplitude modulation of the carrier pulse (examplgiven in Fig. 13(b)) was applied with
base modulation rates of 200, 283, 400, and 566 Rdz.each base modulation rate, a
measurement of the comfortable loudness level waducted. Similar to experiment 4 (page
36), the level of the stimulus between these basg@utation rates was set to the comfortable
loudness measurement of the closest modulationgadse rate. The modulation depth of the
stimuli was obtained in the following way. Prior tbhe experiment, the threshold for an
unmodulated 5081-pps stimulus was measured for salgject. The current of the stimulus
was then modulated between this threshold and theertt required for a comfortable
listening level for a modulated stimulus. The oreed offset was modulated by a Gaussian

window with a rise time of 25 ms (between 10 an®gifi the stimulus’ amplitude).

The results of the previous experiment indicateddependency of the pulse rate
discrimination limen on electrode position. Therefoexperiment 5 measured MRDL only in
the apical region (E3) at four different modulatibase rates (R= 200, 283, 400, and
566 pps). The carrier pulse rate was 5081 pps Yarnview over the stimuli is given in Fig.
13(b). The same procedure as in experiment 4 (B&yewith a roving level of 5% was

applied.

) Results

Figure 17 compares the results of the three ppdiicig listeners for the PRDL (filled
symbols) and MRDL (open symbols) obtained from EBE3general, the difference limen for
the amplitude modulated stimuli is higher than tbe unmodulated pulse trains for all
subjects and all conditions. In order to detediedénces, a large amount of modulation rate

change is required above a modulation base rag®@fpps. A comparison of the averaged



49

data for the three subjects for both experimenshasvn in Fig. 18. The amplitude modulated
stimuli show a steeper increase of DL with incregdbase rate than the unmodulated pulse
sequences. Due to smaller interindiviual differencthe DL of the amplitude modulated

stimuli displays a smaller standard deviation.
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FIGURE 17. Individual PRDL (filled symbols) and AMDL (open $pis) in pps

respectivel\Hz, as a function of base rate for three listenerslattrode E3.
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d) Discussion

Against the expectations the MRDL was higher ttienPRDL. It amounts to 41% at a
modulation base rate of 200 pps. This is not coasisvith the results of previous research
(McDermott & McKay, 1997). McDermott & McKay (1998xamined the MRDL in one
subject using amplitude modulated pulse trains &itbarrier frequency of 1200 pps. At a
modulation rate of 200 pps, the subject was abldigoriminate a MRDL between 4.2% and
26.7% depending on electrode position. In conttastbest performing subject of the present
study had shown a MRDL of 33.4%. This discrepanayhinbe caused by differences in the
experimental setup, namely the lower carrier puse (1200 pps) and the absence of
stimulus level roving, so that the better perforoeiof the subject might arise from small
changes of residual loudness, roughness, or timddeDermott & McKay (1997) also
reported that the average difference limen was Ilsmidr unmodulated than for amplitude-
modulated pulse trains. This is consistent with rbé®ults of the present study and also in

agreement with data obtained from normal hearimgests (Formby, 1985).

A recent study by Oxenham et al. (2004) can alsedrepared with experiment 5.

They used so called transposed tones to dissdeiagoral from place information in normal
hearing subjects. The transposed tones where geddrg multiplying a half-wave rectified
low-frequency sinusoid with a high-frequency sirndabcarrier. This way the information of
low-frequency sinusoids was presented at locatiansd to high frequencies. In a 3 AFC test,
the detection of modulation frequency changes betwes and 320 Hz was tested. They
found increased thresholds for transposed tonesrimparison with the results for pure tones
with the same procedure. For a modulation rated0f#s, the FDL amounted between 5 and
12% depending on the carrier frequency. With insirea carrier frequency, the threshold
increased by 7%. This is in contrast to the resaftexperiment 5 where there was no
difference depending on stimulated cochlear regimthermore, in Oxenham et al. (2004),

threshold was decreasing with increasing modulafiequency between 55 and 320 Hz for
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both, transposed and pure tones. Contrarily, iotebal stimulation threshold increases with
increasing base rate (experiment 4, page 36) ardlletion base rate (experiment 5) and it
can be assumed that rate changes are noticeabéeevage up to 300 pps. The elevated
threshold in experiment 5 in comparison with thgutes obtained by Oxenham et al. (2004)
may again be caused by the broader range of neucithtion, the degeneration of spiral
ganglion cells and the loss of the support of tbehtear mechanical fine tuning in the
cochlear implant subjects. However, it remains eaclwhy threshold is decreasing with

increasing modulation frequency.

6. Experiment 6: Binaural pitch adjustment

The influence of place and rate on the pitch proe with electrical stimulation was
examined in experiments 1 to 5. However, the albsalnge of the perceived pitch remains
unclear. The pitch height evoked by each electard¢he array is mainly influenced by the
place of stimulation and changes only by a smalbwam with the rate of stimulation. For
pulse rates higher than approximately 300 pps,ethgra saturation in the pitch height
(experiment 3, page 30). A common assumption isvifith electrical stimulation rates above
pitch saturation the perceived pitch correspondthéobest frequency of the auditory nerve
neurons according to the frequency-place allocamomormal hearing derived for example
by Greenwood (1990). According to Greenwoods fumgtithe most apical electrode on the
array, E1, located at a 30.3-mm distance from thend window might evoke a pitch
perception in electrical hearing which correspotmigbout a 140 Hz pure tone in normal
hearing. In the same way, electrode E2 might ewwkstch perception corresponding to a
300 Hz pure tone and electrode E6 a pitch peraemooresponding to a 1.3 kHz pure tone.
The most basal electrode E12 might evoke a pitcbgpsion corresponding to an 8 kHz pure

tone. It seems obvious, that the perceived pitdked by each electrode should be utilized



52

individually for the signal processing strategyn& in the current implementation for the
COMBI 40+ the signal is filtered by 12 band padwifs and the information of each band
pass filter is then transmitted to an electrodation inside the cochlea (see Fig. 1, page 3),
an exact allocation of the spectral information tire signal to an electrode with the
corresponding pitch perception might contributeatdetter acceptance of the sound of a
cochlear implant and might enhance the representafi spectral information. In the current
speech processing strategy for the COMBI 40+ thmel pass filters are allocated to electrode
positions on a logarithmic scale in order to apprate the frequency-place transformation.
However, up to now it is unclear whether the eleatrstimulation with a fixed and relatively
high rate evokes a pitch perception of which therament and range can be compared with
the frequency-place transformation in normal hegrin

One way to examine the exact evoked pitch peraeptith electrical stimulation is to
test subjects with residual acoustical hearindgnaton-implanted ear. Most of those subjects
have residual hearing in the lower frequency rangeto 1 kHz. Regarding Greenwoods
frequency-place map (Greenwood, 1990), the apititredes of the COMBI 40+ might
evoke pitch perceptions which can be matched withénrange of acoustical hearing at the
non-implanted ear. Therefore, an experiment wagyded in which subjects with residual
hearing had the task to compare the pitch heighaamfustic and electrical stimulation.
Namely they had to adjust the frequency of a pane tat the non-implanted ear in a way to
match the pitch with the perception elicited byctieal stimulation of a certain apical

electrode with a fixed stimulation rate.

a) Participants
The six participating subjects (S1, S2, S3, S7,81BS15) had residual hearing at the
non-implanted ear with hearing losses between 45180 dB HL at 125 Hz and between 70

and 105 dB HL at 1000 Hz. One subject (S4) hadndédd residual hearing range up to only
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400 Hz. The individual pure tone audiograms arewshn Fig 19. Three subjects were

regularly using a hearing aid at the contralateaal(S2, S13, S15).
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FIGURE 19. Individual pure tone audiograms of the six subjedth residual hearing at the

non-implanted ear participating in experiment 6.

b) Procedure

The pitch-matching task was performed at diffesgrital electrodes and with varying
start frequencies of the acoustic stimulus. Thawdated electrode was chosen randomly. The
stimuli for the implanted and the residual heasiag were presented alternating between both
sides. The subject had to turn an adjusting knobhimnge the frequency of the acoustic
stimulus. The matching task was terminated whempétent pressed a key indicating that the
stimulus in the hearing ear had the same pitchhasstimulus in the implanted ear. The
subjects could listen to the stimuli without a tiftimait. For five of the subjects (S1, S2, S7,

S13, S14), ten fixed start frequencies were choaedomly between 125 and 1000 Hz. For
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each electrode and each start frequency two estswetre collected. The average adjustment
for each electrode was calculated as the medi&® afstimates. Due to the limited range of
residual hearing, for subject S4, a reduced sséwén start frequencies was chosen randomly
between 75 and 300 Hz resulting in 14 estimatesdch electrode.

The electric stimuli consisted of biphasic currpualses with pulse duration of 26.7 us
per phase. The stimuli had duration of 500 ms; Rstamt stimulation rate of 800 pps was
used. Depending on subject, three to six apicaltreldes (E1 to E3-E6, see Fig. 1, page 3)
were stimulated. For subject S4 the number of eldes depended on the range of residual
hearing (hearing sensation up to 400 Hz). Subj&8trformed the test only at the four most
apical electrodes because the stimulation of eldes E5 and E6 evoked a stimulation of the
facial nerve. The current amplitude was adjustettiégoerception of comfortable loudness for
each stimulated electrode (see chapter 1.3., pdpe 1

The acoustic stimuli consisted of pure tones vatl25-ms rise/fall time and were
digitally generated on an IBM-compatible PC usiiatlab’® software. The signals were
delivered via D/A converter and amplifier and weresented over headphones (HDA 200,
Sennheiser). The frequency of the sinusoids coelddjusted between 125 and 1000 Hz (75
to 400 Hz for S4) in 1-Hz steps. The stimuli’s aitygles were determined via ‘Matlab’®
software as following: prior to testing the amptiéuof the pure tones to achieve comfortable
loudness were determined at 125, 250, 500, 750600 Hz (additionally 75 Hz for S4). The
amplitudes during the experimental run were theterpolated according to these
measurements depending on test frequency. All $titmad duration of 500 ms; the

interstimulus gap between the electric and acosstiwulus was 500 ms.
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¢) Results

The individual results of the pitch matching tas& shown in Fig. 20. The median and
the twenty single estimates are plotted for eaddctelde and subject. Although the
adjustments for each electrode are varying in a&weéghge, the average adjusted frequency of
the acoustic stimulus is increasing with increastertrode number in each subject. Most of
the subjects adjusted the frequency of the pure tonthe two most apical electrodes E1 and
E2 as equal. Two subjects do not show differenoethe adjustments between more basal

electrodes: S1 between E4 and E5, S15 betweendEB4n

* t-test, p < 0.05
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FIGURE 20. Individual results for experiment 6. Adjusted freqoies of pure tones
matching with electrical stimulation are plotted afunction of electrode number. Average
depicted with continuous line. Significant differea between two neighbored electrodes are

indicated with a star.

Figure 21(a) shows that the results vary considgrdietween subjects. The average

adjustment corresponding to E1 was between 150347 &nd 380 Hz (S13). The adjusted
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frequency corresponding to E6 varies between 520317 and 780 Hz (S15). The results of
the subjects S1, S2, S7 and S15 show a similandsge slope on a logarithmic frequency

scale for those electrodes which elicit a signiftbadifferent pitch perception.
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FIGURE 21. (a) Individual averaged frequency adjustments replotfeom Fig. 20.
(b) Average adjustments with standard deviation of fuwlsjects who completed the test for
all six electrodes. Results are calculated in relatto the average adjustment of E1. Dashed

line: linear regression between E2 and E6{®98).

To circumvent the influence of between subject riise depth variations (see Fig. 22 for
Stenvers’ view x-ray scans), Fig. 21(b) shows theraged adjustments (median) related on
E1l for four subjects (S1, S2, S7, S15) who perfarrtiee test at all six electrodes. The
average data shows no statistical significant diffiee (p<0.05) in frequency adjustment
between the two most apical electrodes. Presuntimyto the perception of an increased
pitch height the average adjustment starts to asgat E2. A linear regression analysis of the
adjustments between E2 and E6 shows a high coorel@® = 0.98). The electrode distance

of 2.4 mm corresponds on average to a differentiearadjusted frequency of 98 Hz.
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d) Discussion

Assuming that the participating subjects in experitré with remaining hearing at the
non-implanted ear are able to estimate a differemgétch height without confusing it with a
difference in sound quality, an increasing pitcighewith increasing electrode number could
be proved. However, four of six subjects estimakexpitch of the most apical electrodes E1
and E2 at the same level. Between E2 and E6 thblk giincreasing with a slope of 40 Hz per
mm from apical to basal.

The frequency adjustments show a large within dsagebetween subject variability.
The estimated frequency for the most apical eldetrbes in between 150 and 380 Hz.
Figure 22 shows the Stenvers’ view x-ray scanshefgosition of the electrode array in the

cochlea for each subject.

FIGURE 22. Stenvers’ view x-ray scans of the electrode arm@ythe subjects performing
the binaural hearing experiment 6. Electrodes aighlighted with black circles for better

visibility.
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The electrode arrays of subjects S4 (E1: 156 Hd)@h (EL1: 234 Hz) are inserted especially
deep up to two complete turns. The electrode afaybject S1 (E1: 205 Hz) is inserted only
a little less deep. The arrays of subjects S13 @I Hz) and S15 (E1l: 337 Hz) and

especially of S2 (E1: 318 Hz), however, are compgriess deep inserted into the cochlea.
That means that the interindividual differences tfog estimated frequency of E1 might be
contributed to the different positions of E1 in texhlea and therefore the different places of
electrical stimulation.

Dorman et al. (1994) have conducted an experimemiparable to the present study
with a single subject provided with an Ineraid phesis (Eddington, 1980). They indicated
that the most apical electrode of this device waated at 22 mm from the round window and

the electrodes are spaced at 4-mm intervals, gthdloe insertion depth was not controlled

by Stenvers’ view x-ray scans. They investigatexldtjusted acoustic frequency at the non
implanted ear for different rates of electricalnsilation at the implanted ear. Two
adjustments were collected for each condition whddfered by maximally 80 Hz. As the
average pitch perception changes with changingustition rate up to about 300 pps with
large differences between subjects (see experi@eptge 24), their data for the 400-pps
condition can roughly be compared with the resaftexperiment 6. The frequency for the
matching acoustic stimulus at the most apical edelet was adjusted to 380 Hz, the frequency
for the next more apical electrode (18 mm fromrinend window) was adjusted to 460 Hz.
In comparison with the results of experiment 6  E3.1 mm from the round window: 465
Hz, E6, 18.3 mm from the round window: 666 Hz — fie®guency adjustments according to
Dorman et al. (1994) are lower. As the pulse ratepftch saturation is varying considerably
between subjects (see experiment 2, page 24), ribtissure whether the pitch perception
above 400 pps would not further increase with iasimeg pulse rate for this subject.
Therefore, the relatively low pulse rate mightl stifluence the pitch perception depending on

electrode location. Furthermore, the different Hssumight also be contributed to the
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characteristic of the hearing loss of the subjeddorman et al. (1994). The subject shows a
ski-sloping audiogram with nearly normal threshatd250 Hz (25 dB HL), moderate loss at
500 Hz (50 dB HL) and deafness to test tones witlquencies of 1 kHz and above. The
subject might have adjusted the frequency of thécinrag acoustic stimuli according to a
pitch perception one or two octaves below the pitelght of the electric stimulus due to the
well known effect of octave confusion (Terhardt &uBer, 1986) and because he could only

adjust the frequency of the acoustic stimulus iméed range up to less than 1 kHz.

QRGAN OF CORTI

10

FIGURE 23. Schematic drawing of the cochlea with the frequegslage allocation for

normal hearing (italic numbers) after Otte et al978). The frequency-place allocation
according to the position of electrodes and therage adjusted frequencies in experiment 6
are indicated with the numbers in bold font typsa$ numbers indicate the distance from

the round window.

Figure 23 shows the allocation of estimated fregig=nat the estimated positions of
the six most apical electrodes (maximal insertiom)the cochlea. In comparison the
frequency-place allocation for oscillating bestgrencies in normal hearing after Otte et al.

(1978) is indicated. The averaged frequency adjestsnof experiment 6 differ from the best
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frequencies in normal hearing at fixed places i tlhchlea. The pitch of the most apical
electrode E1 (277 Hz) is matched with a higher atodrequency as it was expected from
the frequency-place allocation (a 30.4 mm distandbe round window corresponds to a best
frequency of about 200 Hz in normal hearing, Zwicke Fastl, 1999). The pitch of E2
(272 Hz) was estimated at nearly the same frequasdyl although E2 is located 2.4 mm
more basally. The adjusted acoustic frequency @y liowever, corresponds to the best
frequency in normal hearing at this place of thentea. The matched frequencies elicited by
E3 (326 Hz) and E4 (470 Hz) are lower comparedhéoftequency-place allocation in normal
hearing where the place of a 500 Hz pure tonecaténl between E3 and E4. The same effect
occurs for the frequency adjustments for E5 (55D Blmed E6 (657 Hz) which should
stimulate a region in the cochlea with a best feeqy of about 1000 Hz in normal hearing.
The main outcome of experiment 6 is that there raggor differences in terms of the
frequency-place allocation when electrical and atoal stimulation are compared. First, the
increase of the pitch perception from apex to basferent from normal hearing: The linear
regression of the estimates between E2 and E6 shoslspe of about 40 Hz per mm. In
normal hearing, the best frequency increases biyZ7fer mm in the apical region (Zwicker
& Fastl, 1999). Second, the adjustments of the mapstal electrodes show no changes in
pitch height although located at a 2.4-mm distance.

The differences between the electric/acoustic ®egy matches of the present study
and the frequency-place allocation in normal heanmght be caused by different influences.
First, it is possible that the participants werbjsat to octave confusions in their adjustments
of the acoustic frequencies. The range of remairiirgring and therefore the range of
adjustable frequencies for the acoustic stimuluseeviienited. As a consequence the subjects
had to find matching frequencies within the limiteghge. This effect is therefore more likely
to occur at more basal electrodes because the tacoaisge of the apical electrodes should

surely correspond to the given frequency range. év@wn the distributions of the single
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adjustments for each subject and electrode do Imotvdwo centers. The amount of the
variance and the standard deviation do not chaegerdling on electrode position. During
the experimental runs the subjects hardly everhexhthe upper limit of the adjusting knob.
This is also visible in the single estimates whacé hardly reaching the region of 1000 Hz.
The great variance of the individual estimatesn@ad deviation in average 20%)
indicates that the subject’s task to adjust thausio frequency was not easy to solve. The
subjects had participated in most of the descrisgmeriments and were therefore somehow
trained to judge the perceived pitch but the vasaof their results differs from the variance
of normal hearing subjects for a similar task. Téfiect can be traced back to the high level
of hearing impairment at the non-implanted ear.iuthe experimental runs subjects often
reported that the perception of the acoustic aedtet stimuli differed in a way that it was
hard to compare the pitch. The electrical stimatatevoked a clear and pleasant pitch
sensation; the acoustic stimulus was perceiveduagyband was often accompanied by a
feeling of uncomfortable non-auditory sensationisTis possibly due to the high stimulus
amplitudes that were necessary to make the stiaudible. Subjects also reported that the
pitch of the acoustic stimulus hardly changed ie frequency range higher than about
500 Hz. It is imaginable that the individual chaegistics of the hearing loss are responsible
for this observation. Four out of six subjects sadwa steep ski-sloping hearing loss.
Especially in this region of high hearing loss aflex] ‘dead regions’ might appear (Moore et
al., 2000; Moore & Alcantara, 2001). In these regiof the cochlea, the hair cells as well as
spiral ganglion cells are damaged to a very higlowarh or completely destroyed. If the
basilar membrane is excited with a best frequeniughwis located in a dead region, then only
the edge of the stimulus activates residual sgaaiglion cells in the surrounding regions.
The pitch of the stimulus will be perceived corm@s@ing to the position of the residual spiral
ganglion cells. That means that depending on theuamof damaged or destroyed spiral

ganglion cells, a certain incoming frequency raeligt the same pitch perception. This effect
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might influence the estimates in experiment 6. &@dht frequencies at the acoustically
stimulated ear might evoke the same pitch percepéind consequently the individual
estimates for one electrode spread. Consideringntheidual results, the estimates of S7 for
E4 to E6 might be contributed to this effect. Th@ndard deviation for these electrodes is
increased in comparison to electrodes E1 to E3.slibgect shows 85 dB to 100 dB hearing
loss in the range of the estimated frequencies Bérto E6. However, the estimated
frequencies for E4 to E6 are still significantlgieasing. Subject S15 shows a larger standard
deviation for estimates at E2 and E3. This subxst an especially profound hearing loss
over the whole frequency range (85 to 105 dB)s Ipassible that the thresholds in the pure
tone audiogram are also influenced by the effeaiezd regions. S15 shows no significant
difference between E3 and E4, whereas all othemattd frequencies for neighbored
electrodes are significantly different.

It is also possible that those subjects who canpnafit of a hearing aid at the non-
implanted ear are not used to the sensation ofsticobearing after months of electric
hearing. The standard deviation of the individustireates however does not seem to differ
between the subjects with and without hearing aid.

The standard deviation is also independent of ¢ellof hearing loss. The subject
with the fewest hearing loss (S2), together with shibject with the most severe hearing loss,
S15, show the greatest standard deviation. Foest®h$1, S4 and S13 the standard deviation
Is smallest.

Another reason for the differences between eldatraustic frequency matches for
fixed stimulated places in the cochlea and theuregy-place allocation in normal hearing
might be due to the rate of stimulation for thecele stimuli. The stimulation rate was fixed
at 800 pps independent of place of stimulation. Whematch between the considered best
frequency at the place of stimulation and the @ffecstimulation rate might influence the

perceived pitch of the electric stimulus. Experitn2ripage 24), however, has shown that the
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place of stimulation dominates the pitch sensatanelectrical stimulation. Especially for
subjects S1 and S2 the pitch sensation hardly @thmgth changing stimulation rate in
experiment 2. The mismatch between place and ratstimulation might influence the
amount of the estimated frequency but it does rplagn the lack of pitch difference between
E1 and E2 neither the reduced increase of estimatliency with stimulated place

(40Hz/mm) in comparison to normal hearing (70Hz/mm)
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lll. SIGNAL PROCESSING

1. Background
a) The MED-EL CI S strategy

The speech processor Tempo+ (MED-EL, Innsbruck)leyspthe CIS (continuous
interleaved sampling) strategy according to Wilsbral. (1991). An implementation of the
CIS strategy in ‘Matlab’® is provided as a demoastm for the Research Interface Box
(University of Innsbruck, Austria, see also page). 1Phis implementation allows the
processing of digitized sound files (wav-format, ckbisoft, Redmond, United States of
America) with a resolution of 16 bit and a samplingquency of 44.1 kHz. The signal
processing part of this implementation only differégerms of the envelope extraction method
from the strategy which is used in the Tempo+. Géeeral conversion of incoming analogue
signals in the Tempo+ is shown as part of the cetepsignal processing path in Fig. 24

although the analogue section (A) is not part ef'Matlab’® CIS implementation.
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FIGURE 24. Block diagram of the CIS signal processing strat@fjlson et al., 1991). (A)
analogue part, (B) filter bank, (C) envelope extiag, (D) current mapping, (E)

transcutaneous radiofrequency transmission linthéoreceiver.
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The digital signal is first preemphasized by meahs first order digital filter (see
attachment 2 for transfer function). Subsequeritlg, signal is filtered by a 12 channel band
pass filter bank (section B and Fig. 25(a)). Thiadk setting of the filter bank distributes the
lower and higher cutoff frequencies of each charlogarithmically between 300 and
7000 Hz. After the band pass filter section an @pe extraction is realized by means of a
two way rectifier and a subsequent low pass filtegher cutoff frequency 400 Hz) in each
band. All filters are of type Butterworth (secti@). The envelope serves as amplitude
modulator source for a pulse train carrier whertgyamplitude is defined according to the
predetermined individual dynamic range of the patiand a logarithmic transformation
(section D). Electrical threshold (THR) and mosméartable loudness level (MCL) are
adjusted individually and are necessary to mapsthsulation into the individual dynamic
range. The information is then transmitted to teeeiver’'s coil which is located inside the
implant. The electrodes are stimulated non-simelbais in an interleaved order optimized to
avoid interactions among channels (stimulation or&4, E7, E2, E8, E3, E9, E4, E10, ES5,
Ell, E6, E12). The default pulse rate for eachtlde is 1515 pps which is consequently in
each filter bank channel the sampling rate of tigead processing. The trains of biphasic
pulses are delivered with temporal offsets thaukheliminate any residual overlap across

channels. This is also supported by the short mludsation of 26.7 ps.

b) Consequences of conducted pitch perception experiments

The MED-EL COMBI 40+ provides 12 electrodes withredatively wide electrode
spacing of 2.4 mm compared to other electrode alesjgns. Experiment 1 (page 16) has
shown that this spacing is wide enough for the ayercochlear implant user to discriminate
between adjacent electrodes. This was found feetineference electrodes positioned at the
apical, medial and basal region of the cochlea.eBrgent 6 (page 51) was analyzing in a

more detailed way the pitch perceptions evoked ly stimulation of different apical
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electrodes. The results show that the two mostahpiectrodes are indiscriminable in terms
of elicited pitch. Consequently, the pitch inforioatunderlying in the two lowest band pass
filter sections, which is transmitted by E1 and &) not be differentiated. In agreement with
experiment 1 (page 16), the difference in the peecepitch between electrodes E1 and E3 is
significant. That means that only the informatiahjch is transmitted by electrodes E1/E2 to
E12 evokes a different pitch sensation in the bitdowever, a higher number of independent
channels in pitch would improve the transmissiorspéctral fine structures in speech and
music signals.

As the COMBI 40+ electrode array design provide$y di? electrodes, different
methods of increasing the number of independentradla - which is equal to the number of
different pitch percepts — were examined. The psihsation evoked by electrical stimulation
is either influenced by place or rate of stimulates it was observed in experiment 2. The
results of this experiment have shown that an asing stimulation rate up to about 300 pps
evokes an increasing pitch sensation. Howevergcliagges in pitch height are accompanied
by changes in sound quality up to 566 pps (experirBepage 30). Furthermore, experiment
4 (page 36) reveals that base rate changes of thare25% are necessary to elicit a just

noticeable pitch change for stimulation rates be3®® pps.

2. Design of the RateCIS strategy

The results of experiments 1 to 6 were applied ¢difg the CIS strategy, which will
be referred to as the RateCIS strategy. The maal g@s to increase the number of
independent pitch channels. This was realized bickimg the stimulation rate for a selection
of electrodes between two fixed pulse rates: threnabCIS stimulation rate of 1515 pps and a
lower stimulation rate of 252 pps. The lower stiatigdn rate was chosen according to the

results of experiments 2 (page 24) and 3 (pagew®®) the goal to effectively change the
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perceived pitch elicited by the selected electrbde not to reduce the sound quality by a
distinct amount. This way, it can be assumed th&ind of increasing pitch perception

between the electrodes could be determined. Nantledy,stimulation of electrodes with

increasing electrode number evokes an ascendinfy pérception; for each of the selected
electrodes when stimulated at the low stimulatiate,ran additional pitch height might be
evoked. Ideally, the so created pitch height wdaoddin the range of the pitch heights in
between this electrode and its apical neighbor.

As the results of experiment 6 (page 51) show éhttrode E1 and E2 evoke the
same pitch perception for five out of six subjedt® stimulation rate of E1 was fixed at
252 pps and the stimulation rate of E2 was fixetdi5 pps in order to allow a different pitch
perception for those electrodes. The differencpitich between E1/E2 and E3 was small in
comparison to the pitch difference between the ro#lectrodes used in experiment 2.
Therefore, electrode E3 was also stimulated afixkd rate of 1515 pps.

The low stimulation rate of 252 pps was achieveddbwn-sampling. Within a CIS
cycle the selected electrode was not activatedaffixed number of times. To reduce the
stimulation rate from 1515 pps to 252 pps, thectetbelectrode is only stimulated in every
sixth cycle. If all available electrodes were s&ddcto switch between the low and high
stimulation rate, a situation could occur where fise CIS cycles no electrode would be
stimulated. This effect should be avoided becausaight result in an audible break of the
signal followed by a sensation comparable to thiéckwon of a signal within the transmission
of a stimulus. To prevent this undesired interrmptof stimulation only six out of twelve
electrodes were selected for pulse rate switcmrpe RateCIS strategy, namely E4, E5, EB,
E7, E8 and E9. Considering the stimulation ordethef classical CIS strategy (see chapter
[1l.1., page 64) and the fact that the stimulatiate of electrode E1 is fixed to the low pulse
rate, this means that maximally two adjacent ebelets are not stimulated for five consecutive

CIS cycles (E1 and E7, E9 and E4).
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Concerning the analysis of the signal prior togtisulation of electrodes, only a few
changes were introduced into the classical CISgasing in order to point out mainly the
effect of pulse rate switching. The main change teagscrease the number of band pass
filters. In the CIS strategy employed for the COM®H, there are 12 band pass filter which
are associated with 12 electrodes. In the new R&tsttategy the number of band pass filters
is increased to 18 (overview over new filter bankFig. 25(b)). This way, each of the
electrodes with switching pulse rate is associatéti two of the band pass filters. The

association of electrodes, stimulation rate andlilpass filter is shown in Table II.
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FIGURE 25. Arrangement of band pass filters for the two ddfdérspeech coding strategies
as a function of frequencga) Filter bank with 12 band pass filters of the C{l9),filter bank

with 18 band pass filters of the RateCIS strategy.



69

The results of the experiments 2 (page 24) to 4€B6) on rate pitch perception have
shown that the loudness of the stimuli changes stithulation rate. Therefore, the amplitude
of the current pulse is calculated based on twdemiht measurements of maximum
comfortable level and threshold level namely fog thigh stimulation rate and for the low

stimulation rate.

TABLE II. Allocation of band pass filters to electrodes. Lineepresents the 12 available
electrodes, line 2 the band pass filter. In lingt3s noted, whether the electrode has a
switching (‘?<>?’ notes a decision whether the egein one ore the other band pass filter is
higher) or fixed stimulation rate. Line 4 shows th@mulation rate for each electrode

depending on the decision in line 3.

Electrode | E1 | E2 | E3 E4 E5 E6 |
FiteeNr | 1| 2 | 3| 4] 5] 6] 7] 8] 09
Decision | no | No | no ?2<>? ?2<>? ?2<>? |
Rate 252|1515]1515| 252 [ 1515 252 [1515] 252 | 1515
Electrode| E7 ES E9 E10 | E11 | E12
Fiter Nr [ 10| 11 [ 12 | 13 [ 14 | 15 | 16 | 17 | 18
Decision ?<>? ?2<>? ?<>? no | No | no
Rate 252]1515] 252 [ 1515 252 [1515]1515] 1515|1515

The stimulation rate for each electrode is analywedany stimulation in the CIS
cycle. For example, E4 is associated with filtember 4 and 5. For any stimulation in the
stimulation cycle, the signal energy in band péss # is compared with the signal energy in
band pass filter 5. If the signal energy in bandspiter 4 is higher, E4 is stimulated at the
low pulse rate; if the signal energy in band pdss 5 is higher, E4 is stimulated at the high
pulse rate. As this analysis is done after eaasHed stimulation cycle (for the high rate in
the consecutive cycle, for the low rate in thelsibnsecutive cycle as it remains inactivated
for six cycles), spectral changes in the band wisahcluding band pass filter number 4 and

5 are transmitted to the electrode. This way, thifermation of 18 band pass filters is
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transmitted to 12 electrodes and small changeshénsignal which occur between two

adjacent filter bands over time are transmitted.
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FIGURE 26. The synthesized vowel ‘I with a fundamental fregpyeof 100 Hz according to
Fant (1970).(a) Amplitudes in the 18 band pass filters of the REdestrategy(b) resulting

stimulation of the 12 electrodes with the curreaipmed for subject S7.
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a) Envelope Channel amplitude
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FIGURE 27. The German word ‘Karussel’ by a female speaker owee.(a) Amplitudes in
the 18 band pass filters of the RateCIS strat@gyresulting stimulation of the 12 electrodes

with the current mapped for subject S7.
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Figures 26 and 27 show a band pass filtered signal the resulting channel
amplitudes with the CIS (Fig. 26/27(a)) and the eR4§ strategy (Fig. 26/27(b)). The
incoming signal in Fig. 26 is the vowel ‘I synthiesd by a model according to Fant (1970)
with three formant frequencies (220 Hz, 2200 HA)BB8Iz) and a fundamental frequency of
100 Hz. The incoming signal in Fig. 27 is the Gemnveord ‘Karussel’ pronounced by a
female speaker. In both figures, there is a clé@erdnce in channel 1 which is constantly
stimulated at the low stimulation rate with RateCT8e formant frequencies of the vowel ‘I
are analyzed by different filters for CIS and Rd®CThe second formant frequency
(2200 Hz) is analyzed by the filter allocated to \&#@& CIS, the third formant frequency is
analyzed by the filter allocated to E10 (Fig. 28édd) side). Therefore, the channel amplitudes
of electrodes E8 and E10 are higher in comparisdhé other channel amplitudes. With the
RateCIS strategy, the second formant frequenchietowel ‘i’ (2200 Hz) is analyzed by the
lower filter of E8 (filter band 12, see also Talblepage 88) and causes a low stimulation rate
for E8 with RateCIS. Consequently, the second fotnfeequency also causes a higher
energy level in the higher filter allocated to BWd therefore E7 is stimulated at the high rate.
The third formant frequency is analyzed by the lofiteer of E9 (filter band 14) and causes a
low stimulation rate for E9 with RateCIS. In Fig/(B) it can be observed that within one
pronounced word (the German word ‘Karussel’) alltlué selected electrodes for pulse rate
switching (E4, E5, E6, E7, E8, E9) are stimulatethea two stimulation rates in contrast to
the constant stimulation rate for those channeishwhave fixed stimulation rate (E1, E2, E3,

E10, E11, E12).
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IV. TESTS WITH THE RateCIS STRATEGY

The RateCIS strategy was designed in order to galdre presentation of the spectral
information of the incoming signal. This was acled\by allowing a pulse rate switching for
several electrodes. The more detailed representafigpectral information might improve
the speech perception, the detection of melodyotwatand the sound quality of speech and
music. The effect of the introduced pulse rate aviilg was tested in a preliminary
experiment on the discrimination of pure tones wdifferent frequencies. The RateCIS

strategy was then tested for speech perceptios@eech and music appreciation.

1. Participants

In order to create comparable conditions on whaterns the number of stimulated
electrodes, the subjects were chosen based oadhthét all 12 electrodes were available for
stimulation and placed intracochlear. That wayaswossible to test the complete idea of the
RateCIS strategy which is based on band passifdterith 18 channels combined with a
stimulation of 12 electrodes. Out of the sixteemjscts who participated at all hearing
experiments, nine subjects (S1, S5, S6, S7, S1B, S5, S16, S17) fulfilled the selection
criteria of 12 electrodes available for stimulatienmd were available for testing the RateCIS
strategy. Furthermore, their stimulation parametdi®ved a fixed minimal pulse width of
26.7us for all subjects and electrodes.

Concerning the rest of the subject group, S2 hsldoat circuit between electrodes S7
and S8 which were therefore evoking the same mrieeption; S3 and S11 had electrodes
placed outside the cochlear or evoking unpleasicit perceptions; S13 had two electrodes
in the middle of the electrode array switched @t&use they were evoking facial stimulation.

S4, S8 and S14 were no longer available for testing
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2. Verification of the pulse rate switching

In order to test the idea that a pulse rate switglat one electrode would result in a
recognizable pitch difference, a preliminary expmmt tested the discrimination of two
sequentially presented pure tones. The pure tores ghosen in a way that their frequencies
were the center frequencies of two adjacent baridthe modified RateCIS filter bank
belonging to the same electrode. This way, it vessed whether the consequently switching

pulse rate at the respective channel was resuttingliscriminable different pitch perception.

a) Method
The RateCIS strategy was tested for the pitch idiscation of two pure tones with

different frequencies. The frequencies of the ptoees were chosen to be the centre
frequencies of two band pass filters of the Rate§itdtegy which are associated with the
same electrode (for example the centre frequenciband pass filters 8 and 9 associated with
electrode E6, see Table Il., page 69). The twoutimere presented in a three interval test.
The subject’s task was to indicate whether thenpitdhe second interval was higher or lower
than the pitch in the first and third interval bgegsing on a button on a touch screen. No
feedback was given. Six pairs of pure tones witkqdiencies which were the centre
frequencies of two neighbored band pass filterssoaiated each with one of six electrodes
for switching pulse rate - were tested. For eadh @asinusoids twenty comparisons were
made. Attachment 3 shows an example for the elgetstimulation at the time when
electrode E6 switches from the low stimulation rédethe high stimulation rate. The
attachment is an extract of the control file whiglprovided by the software in order to verify
the stimulation parameters (sequence of stimulelbedinels, amplitudes, current range, pulse

width and minimal pulse distance, see also chdpfr page 12).
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The extract starts at a time when electrodes E1EFB7E9 and E4 are in a low stimulation
rate mode (amplitude 0). Electrode 6 is stimulated high amplitude in the first presented
cycle (pulse number 2423). For the next six ClSes/the amplitude of E6 is set to 0 (pulses
2435, 2447, 2459, 2471, 2483 and 2495). Then E€lses to the high stimulation mode
(pulse number 2507). Figure 28 shows the resultimgnnel amplitudes with RateCIS for a
sequence of pure tones with frequencies in theeceiof filter bands 8 and 9 (high-low-high).

The stimulation rate consequently changes in E&hEtmore, due to the filter band overlap
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filters allocated to electrode EG6.

there is a change in amplitude at the adjacentrebies.
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The stimulation of the electrodes according to ReteCIS strategy for the

of three sinusoids (high-low-high)wiich the frequencies are analyzed by the
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b) Results
Figure 29 shows the results in percentage of coamswers as a function of electrode
with switching pulse rate. In nearly all cases piteh height of the pure tones was judged in

the right order.
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Electrode with variable stimulation rate

FIGURE 29. Discrimination of pure tones with the RateCIS siggt The scores in percent
correct for a discrimination of two pure tones witfferent frequencies are plotted as a

function of electrode with switching pulse rate fiour subjects.

Only one incorrect answer per subject was givenciwimeans that the pitch height of the
presented pure tones was discriminated signifigaattleach of the six electrodes with pulse
rate switching (based on the confidence interval foe binominal distribution for

performance better than chance, 50% correct).
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¢) Discussion

The new RateCIS strategy is analyzing the presdndégdiencies of two pure tones in
a way that the stimulation rate of that electrodéches which is associated with the band
pass filters analyzing the two frequencies. Theedrpent has shown that this pulse rate
switching at one electrode causes a discriminakiteh pperception and allows the
discrimination of the two pure tones. The new R##e€irategy is analyzing the same band
width between 300 and 7000 Hz as the CIS stratBgyisions of this band width into 18
filter bands for the RateCIS strategy instead ofilt& bands for the CIS strategy results in a
narrower filter band width for the RateCIS strateglgat means that the discrimination of two
pure tones with the CIS strategy is possible omy & larger difference between the
frequencies of the pure tones if one is assumiagdhly frequencies which are analyzed by
different filter bands result in a discriminabletghi difference. Therefore, the frequency
discrimination of pure tones should be improvedwite new RateCIS strategy (18 bands) in
comparison to the classical CIS strategy (12 bandlk)s effect enlarges the presented

spectral information for all incoming signals ageph and music.

3. Speech recognition tests
a) Method

Different measures of speech recognition were cctedito compare the classical CIS
strategy and the new RateCIS strategy. All speests twere conducted with the Research
Interface Box. The test of an online processing bBvel speech modus was not possible
because the design of the Research Interface Buts lthe online processing by a slow serial
RS232 connection to the host PC. Furthermore, #@stricted memory capacity of the
Research Interface Box restricts the duration eesp or music signals to maximally 4 s. The

speech material was preprocessed using the patigtitgy maps for both strategies which
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were adjusted to comfortable loudness for speeebepitation and then presented by direct
stimulation of the electrodes.

First, Freiburger polysyllables (numbers) wereddsnh an open-set test (Hahlbrock,
1970). A training list was performed before testing lists containing 20 numbers for data
collection. This procedure was repeated for eactegly. Second, an open-set sentence test
(‘HSM’) was tested. The HSM test consists of evagy@German sentences like ‘Warum muf3t
Du immer rauchen’ (‘Why do you always smoke’) oréMe Batterie ist leer’ (‘My battery
went empty’) with one list containing 20 sentenaed a total of 106 words (Schmid, 1997).
Scoring was based on the total number of corradintified words in two lists. Before
testing each strategy, one training list was perémt with the same strategy. Both tests were
recorded from a trained male speaker. Third, pdiglsles were tested in an unofficial open-
set test. The polysyllables were collected fromgpeech training material of ‘Horen-Sehen-
Schreiben’ (Trager, 2001) and were spoken by a leermpeaker. The tested words were
randomly chosen out of 40 words. For each speeaelegly five words were presented as
training before testing and the recognition of 1&rds was evaluated for data collection. The
first strategy which was tested with the speechstegms chosen randomly for the nine
subjects in order to avoid any learning effect. Hubjects were not informed about the
strategy they were listening to and only got thimrimation that there were two different
programs which they should compare.

An additional questionnaire (see attachment 4)fillad out after testing to assess the
subjective speech quality of both strategies. Thestijons included the clarity, sonority,
brightness, naturalness, intonation and the gemagakssion. The last question asked which

of the strategies the subject would prefer for sheecognition in the daily life.
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b) Results

Figure 30 shows the results of the three diffespatech tests. The scores are given in
percentage of correct recognized words and areagedrfor all nine subjects. The different
colors show the results for the two different stgi¢s. The results for the Freiburger numbers
and Polysyllables by a female speaker reach ahigty average score of speech recognition
of over 90% for both strategies. For the more cliftif HSM sentence test, there is a difference
between the CIS (92.2% in average) and RateCl&gy484.6% in average). The difference

is significant (t-test, p<0.01).

100 —
90
% _
© 80 -
)
o
£
()
5 70 -
[&]
wn
60 -
mmm CIS
— RateCIS
50

Freib. Numbers HSM  Polysyllables

FIGURE 30. Scores of the speech tests. The percent corrélae dfreiburger numbers, HSM

sentence test and polysyllables are plotted.

Figure 31 shows the detailed results of the HSMafbnine subjects. There are six subjects
with no significant difference between the two ®&ges for the HSM (S1, S6, S10, S15, S16,
S17) and three subjects with a significant diffeeebetween the two strategies (S5, S7, S12).

All of those subjects score higher with the Cl&t&gy than with the RateCIS strategy.
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FIGURE 31. The individual results for the HSM sentence testpancent correct; the

parameter is speech strategy.

Figure 32 shows the averaged ratings for the diffetest items of the questionnaire. Each of
the topics could be scaled between 1 and 7. Feoits ‘1’ indicates a minimal answer, that
means for example, no clarity (distortion), no htigess (especially low timbre), no
naturalness (unnatural); ‘7’ indicates a maximakvegr, that means for example, very
pleasant, very good impression, but also very neffdrt to understand. The different colors
show the averaged ratings for the two strategiesttie itemgpleasancegeneral impression
male speaker, brightness male speaker, naturalaedgffort there is no difference between
the two strategies. However, the subjects ratestliead of the CIS strategy as slightly clearer
than the sound of the RateCIS strategy and fomalie speaker the general impression is
slightly better and the timbre slightly brighterhd CIS strategy seems to transfer more
information on the intonation of speech than theteR#S strategy. Nevertheless, all
differences between the ratings of the two strategre very small and not significant (t-test,

p<0.05).
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FIGURE 32. Average subjective rating of the sound qualitypsesh for different categories

between 1 (minimal impression) and 7 (maximal iregien).

4. Music tests
a) Method

The music tests consisted mainly of the presemaifomusical sounds. All musical
sounds were taken from the listening training matef ‘Horen-Sehen-Schreiben’ (Trager,
2001) and were recorded live. First the soundof flifferent instruments were presented
randomly either with the CIS or with the RateCl&tgy. The sounds of the instruments
consisted of two tones for flute, piano and xylaph@nd of a little melody for the organ. The

subjects were asked to identify the instrument sndry to recognize sound differences
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between the two strategies. In addition, the an®ivéne subject and the described subjective
sensation were noted for further evaluation. Thenskort melodies (German songs for
children) were presented. The melodies had to beesied to a total duration of 4 s due to
hardware restrictions. Therefore only the firstasobf each melody could be presented. The
melodies were sequentially presented with the tnateggies whereby the strategy for the first
presentation of each melody was randomized. Thesisbvere asked to identify the melody
which was a very difficult task due to the resectduration. Additionally, they should try to
recognize sound differences between the presentaiib the CIS and the RateCIS strategy.
After the presentation of the musical sounds witkhbstrategies, a questionnaire was filled
out (see attachment 5). The questionnaire inclupedtions about the recognition of melody
and rhythm with both strategies and questions atmitsound quality like clarity, sonority,

brightness, intonation and the general impression.

b) Results
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FIGURE 33. Recognition of instruments. The number of subjebts were able to recognize

each of the instruments is given for the CIS aedRhteCIS strategy.
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Figure 33 shows the results of the instrumentgeitmn test. The number of
subjects which have recognized the instrument ctiyrés plotted for both strategies and all

instruments.
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The xylophone was recognized by all nine subjetis,organ only by five subjects and the
piano by four subjects. The flute was the mostidiff instrument to recognize and was
identified correctly by only one subject. Some loé subjects could not at all imagine what
kind of instrument was played and some gave wraorsgvars.

Figure 34 presents the given wrong answers forethbgee instruments which were
not recognized by some subjects. The flute wasiderexd as a klaxon, signal horn of a ship
or trumpet by most of the subjects, some also densd it as piano or organ. A signal horn
of a ship was named mostly for the RateCIS stratdggy klaxon and trumpet mostly for the
CIS strategy. The organ was mostly considered@ggling sound, some subjects thought it
would be a horn, piano or violin. Most subjects sidared the piano to be any kind of

plucking instrument like a guitar or zither, sonomsidered it as clarinet, horn or bell.
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FIGURE 35. Number of preferences of each subject for the ptaten of six short melodies

with the CIS and the RateCIS strategy.

After the presentation of each melody with the sti@tegies, the subjects were asked
whether they preferred the sound of the first @& $second strategy. Figure 35 shows the

number of preferences for each subject. In somescamne of the strategies was preferred
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and therefore only a reduced number of ratinghasve for some subjects. Some subjects had
clear preferences as S1 who preferred the ClSegirdbr all melodies. Other subjects had
only in some cases preferences like S16 who pexfesne melody with the CIS strategy and

a second melody with the RateCIS strategy, foother melodies there was no preference.
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FIGURE 36. Average subjective rating of the sound quality amgression of music for

different categories between 1 (minimal impressang 7 (maximal impression).

In total, four subjects preferred more melodies nvpeesented with the CIS strategy, four
subjects preferred the melodies when presented twéhRateCIS strategy and one subject

found no difference.
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The ratings of the different items for the appriaish music in the questionnaire
concerning sound quality and preferences are shovag. 36. The ratings are scored from
the minimal answer ‘1’ to the maximal answer ‘7t gach of the items. The averaged ratings
over all nine subjects are shown for both strategidere are only small and not significant
differences (t-test, p<0.05) in the ratings betwden two strategies. Fohythm detection,
clarity andpleasancehere is hardly any difference. The RateCIS sisateas preferred for
the detection of a melody and for the item of gle@eral impressiownf the sound. However,
the CIS strategy was preferred for the intonatibthe melody and was judged as having a

brighter timbre.

5. Discussion

The new RateCIS strategy was designed in ordergit®@ a more detailed
representation of the spectral information of th@ming signal. The expectation was that the
sound quality of speech and especially music wonoldrove. Figure 37 shows the total
preference of the subjects. The subjects were askéth of the strategies they would prefer
in daily life considering speech perception andimapproval. Concerning speech perception
six of nine subjects preferred the CIS strategyveéneer, for the perception of music six
subjects preferred the RateCIS strategy. In sumntlagyresults show that there is hardly any
difference between the two strategies but someestgjend to prefer a certain strategy for a
certain sound. It seems as if the preferences oame generalized for all subjects but are
very individual.
The stimulation of some electrodes with a lowemnstation rate than the normally used CIS-
stimulation rate results mainly in a lower timbrfespeech and music. This was reported by
the subjects during the experiments and is alsevisha the ratings of the questionnaires.

Interestingly, this effect is not present for thergeption of musical sounds where no
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difference in terms of clarity between CIS and RaBwas observed. It seems as if the effect
of a rate reduction is less disturbing for the pptmn of music than for speech perception.
As a result of experiment 3 (page 30), the stinmabdf electrodes with a lower stimulation
rate below 566 Hz results also in a more buzzinghdayuality. This is noted in the result of

the questionnaire where speech is rated much cleate the CIS than with the RateCIS

strategy.
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FIGURE 37. Number of subjects which preferred the CIS or REge€lirategy for the

perception of speech and music.

Concerning the general impression, there is aepeate for the CIS strategy when
processing speech uttered from a female speakeera&d speech uttered from a male
speaker, shows no difference in terms of the gémenaression. It seems as if mainly the
brightness of the speech causes a difference imativegs of the general impression for the
female speaker utterances because for the male&kespetere is no difference in the
brightness and general impression between the tnategies and all other items were rated

independently of the gender of the speaker. It seemif the different allocation of the band
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pass filters and the smaller bandwidth per barttienRateCIS strategy is affecting the sound
of speech signals and that this effect is moreceable for female than for a male voices.
Increasing the number of band pass filters foxadiband width of the incoming signal from

12 to 18 results in a displacement of the frequaa®ilectrode allocation (see Table III).

TABLE Ill. Cut off frequencies of the band pass filters fer @S and RateCIS strategy.

Electrode El | E2 | E3 E4 E5 E6

cIs lower cutoff 300 | 390 | 507 659 857 1115

higher cutoff | 390 | 507 | 659 857 1115 1449
RateCIS lower cutoff 300 | 357 | 426 | 507 604 | 720 857 |1021 1217
higher cutoff | 357 | 426 | 507 | 604 720 | 857 1021|1217 1449
Electrode E7 ES8 E9 E10 | E11 | E12
cIs lower cutoff 1449 1884 2450 3185|4141 5384
higher cutoff 1884 2450 3185 4141|5384 | 7000
RateCIS lower cutoff |1449 1726|2056 2450|2918 3476|4141 |4933|5876
higher cutoff | 1726 2056 | 2450 2918|3476 4141|4933 |5876 | 7000

This is mainly noticeable for the most basal etattss E10 to E12 which are stimulated at a
fixed stimulation rate of 1515 pps in either thasslical CIS or the RateCIS strategy. The
frequencies analyzed by E10 are shifted up forRaeeCIS strategy (filter band with cutoff
frequencies 4141 and 4933 Hz) in comparison toGlHe strategy (filter band with cutoff
frequencies 3185 and 4141Hz). This shift causeseseptation of signal components at the
same electrode place with a lower frequency for @8 strategy than for the RateCIS
strategy which results in the perception of a beghimbre.

The effect of a perception of brighter timbre wile CIS strategy is also observed for
music perception. In contrast to the rating ofdlkeeral impression of female voices, this test
item is considered better for the RateCIS thanHerCIS strategy. Probably, a lower timbre is
perceived as being more natural for music tharhfemperception of female voices.

In addition to the brightness of the sound therene other aspect which is reported

for both speech and music perception. The intonaifcspeech and music is not increased by
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the adaptive pulse rate switching in the RateQi&exy. On average, speech and music were
rated as being more intonated when presented atiCtS strategy. Some of the subjects had
a problem with the content of this question folomdtion of speech or music. It is possible
that those subjects were rating the amount of esipbs more than the intonation in terms of
the amount of melodic contours in speech or a highgunt of different tones for music. If
this is the case, then the difference betweenvibestrategies can be explained by this means:
in the CIS strategy, there is a constant stimutatibeach electrode and therefore a very fast
and constant transmission of amplitudes in eachl Ipass filter. With the RateCIS strategy,
some electrodes are stimulated at a lower stinmiatite depending on the incoming signal.
The consequently longer time distance between #imouns might result in a softer
perception of the sound because there is less mogigon of the stimulation amplitudes in
the CIS cycle. This might result in a weak transmois of the loudness when several channels
are stimulated at a lower pulse rate and caussseel®phasized speech and music perception.
The individual ratings of speech and music presegim attachments 6 and 7 support
the impression that the preference for one or thercstrategy is very individual. For speech
perception and quality subjects S1, S7, S10, S1@,a8d S17 preferred CIS and subjects S5,
S6 and S15 preferred RateCIS. Concerning the aggbrai music, subjects S1, S7 and S10
preferred CIS and subjects S5, S6, S12, S15, SA&an preferred RateCIS. The preference
of CIS for speech sounds can be explained by tbetfat all of the subjects were well
experienced users of the CIS strategy. Althoughptioeessing of the CIS strategy with the
Research Interface Box and the ‘Matlab’® code d&fen some points from the actual CIS
strategy used in the most recent version of thepbsispeech processor, most subjects did
not experience extremely large differences to thermal listening program. And this despite
the fact that they were not used to the fittingaadaily used listening program because the
adjustments of the single electrodes were only asecomfortable loudness and threshold

levels.
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TABLE IV. Disabled electrodes and total band width of thejetts’ regular speech

processors fitting.

Electrodes

switched off

for normal Analyzed bandwidth
Index use for normal use
S1 El, E2 350-5500
S2 E7 300-7000
S3 E12 300-8500
S4 El, E2, E3 300-8500
S5 El, E2 300-5500
S6 - 300-7000
S7 - 300-7000
S8 - 300-5500
S10 - 300-7000
Si11 E2, E3, E12 300-7000
S12 - 300-7000
S13 E5, E6 300-8500
Si14 - 300-7000
S15 - 300-7000
S16 - 300-7000
S17 E2 300-5500

Furthermore, differences occurred for those subjémt whom mostly one or two of
the most apical electrodes were disabled in tlegular processor fitting due to an unpleasant
sound quality (S1, S5, S17, see Table 1V). Diffeemnalso occurred for those subjects who
were using a different totally analyzed band wi@81, S5, S17, see Table IV). It seems
certain that for those three subjects the sourférdiices in comparison to their daily used
speech processor fitting were noticeable for bdtiategies. The individual preferences
however show that these effects were not dominakiaglecision criteria for one or the other
strategy as the ratings of those three subjecteemyedifferent.

Three subjects (S1, S7, S10) preferred the Cégegly for both speech and music. It is
possible that for those subjects the pulse ratécking at a selection of electrodes was
perceived as an extremely changing pitch percepbioras an extremely reduced sound

quality. Regarding the influence of pulse rate demnon pitch perception (experiment 2,
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Fig. 8, page 27) there is a large influence of @uéte on perceived pitch height for subjects
S7 and S10, whereas for S1 there is only a smahgd of perceived pitch height depending
on stimulation rate. Concerning the influence oispurate switching on sound quality
(experiment 3, Fig. 11, page 32), there is a charigaund quality with stimulation rate at
the basal electrodes for S1 but only up to a sttt rate of 238 pps which is not
influencing sound perception for a stimulation rate252 pps in the RateCIS strategy. For
subject S7, there is no change in the sound quaitty changing stimulation rate; for subject
S10, however, there is a significant change of doguality with stimulation rate up to
566 pps for E1, E3 and E7 whereby E1 and E7 actretees with switching stimulation rate
in RateCIS. That means that the results of experisn2 and 3 can not explain the preferences
of subjects S1, S7 and S10 for the CIS strategwnuse they are not consistent for those
subjects.

The RateCIS strategy was tested in comparison taghClIS strategy for speech and
music perception. There were preferences for bathtegies which can only partly be
explained by the effects of pulse rate switchimg, different set of band pass filters or the
previously achieved results for pulse rate chamgeke individual experience of the listeners
who tested the strategies. In summary, the Ratesit8egy should be further evaluated
because no time of adaptation could be given tosthgects. It is possible that the subjects
will rate the two strategies very differently whesing it in daily life. The RateCIS strategy
was successful mainly concerning the appraisal udiowhich is an interesting step towards

an especially designed music program.
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V. GENERAL DISCUSSION

1. Hearing experiments

This thesis describes different experiments whigére conducted in order to
investigate parameters and effects of pitch peimemlicited by electrical stimulation of the
auditory nerve in cochlear implants. The perceipitch height - and the way to influence it -
is an important topic for the cochlear implant t@glie because current cochlear implant
devices only provide a limited representation ad #pectral fine structure in the incoming
signal. Nevertheless, cochlear implants allow npadients to understand speech without lip
reading. However, there are some restrictions isynenvironments and losses concerning
the quality of speech sounds and especially theadaf music. Therefore, the experiments
described in this thesis were conducted with thieative to find parameters to enlarge the
representation of the spectral fine structure énitttoming signal.

The hearing experiments in this thesis were peréor with subjects implanted with
the MED-EL COMBI 40+. This device has an electr@teay which allows an especially
deep insertion of the stimulating electrodes ifte tochlea and provides a large distance
between neighbored electrodes of 2.4 mm. Thedpgproach in this thesis was to investigate
whether this large electrode distance provides ridiigable pitch perceptions for all
neighbored electrodes over the whole range of ligrede array. The hearing experiment 1
(page 16) showed that for the average user, tltretie distance of 2.4 mm of this device is
wide enough to elicit discriminable pitch percepso This result corresponds to previous
electrode discrimination experiments conducted wathdevice with a smaller electrode
distance (Busby & Clark, 1996; Collins et al., 198[&lson et al., 1995; Pfingst et al., 1999;
Tong & Clark, 1985). Those experiments showed thate are some cochlear implant users
who can discriminate neighbored electrodes witlelaatrode distance as small as 0.75 mm
(Nelson et al.,, 1995). For the average user, howethe discrimination performance

improved with increasing distance between the coetpalectrodes. Therefore, an electrode
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distance of about 2 mm seems sufficient in ordexltaw the average cochlear implant user to
discriminate between all neighbored electrodes.

Besides the place of stimulation — that meansldbation of the electrode in the
cochlear - a different parameter to change thehpiterception is the stimulation rate. In
experiment 2 (page 24) a scaling of the pitch heidépending on rate and place of
stimulation was performed. This experiment showed thanges in the stimulation rate up to
283 pps are influencing the pitch perception. Thated pitch height increases at all tested
electrodes with increasing pulse rate. Previousareh reported varying upper limits of the
stimulation rate to influence the pitch perceptignto 1000 pps (Hochmair-Desoyer et al.,
1983; Shannon, 1983; Tong & Clark, 1985; Pijl & ®elnz, 1995; Fearn & Wolfe, 2000;
Zeng, 2002). For the average user however, expatitheonfirms a limit of about 300 pps.

During the experimental run of experiment 2 a ¢fwag sound quality with changing
stimulation rate was additionally reported by thartigipating subjects. Therefore in
experiment 3 (page 30), the effect of the stimatatiate on the sound quality of the stimulus
was investigated. The scaling of the sound quatitgxperiment 3 showed that the sound
quality increases with increasing stimulation rageto about 566 pps. In the literature there
are hardly any reports about this effect. Somestigators noted that there was a reduction of
the sound quality when using extremely low stimolatrates (Fearn & Wolfe, 2000;
McDermott & McKay, 1997).

The scaling experiments on pitch height and sapraldity confirmed in some aspects
the expectations based on psychoacoustic ideaspittte perception in normal hearing is
composed of place and temporal coding. First, ddipgnon the frequency of the incoming
signal, the traveling wave of the fluid inside tbechlea has different oscillation maxima.
Those maxima occur at the apex of the cochleadwrftequencies and at the base of the
cochlea for high frequencies. This oscillation \aaes spiral ganglion cells which are

associated with the inner hair cells at differeotations along the cochlea and which
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represent the spectral information of the signalh@ auditory brainstem. A second coding
mechanism consists of temporal cues. The activaifotiie neurons occurs in combination
with the oscillating frequency of the basilar meerie. Therefore the neurons deliver
information to the brain in a resembling temporait@rn as it consists in the incoming signal.
The combination of both, place and temporal codmdurther processed in the auditory
nuclei of the brainstem.

Due to this psychoacoustic background the expeantdbr the experiments with
changing electrical stimulation rate was that thveoeld be differences in the influence on the
pitch perception depending on the place of stinmmatlt was expected that low stimulation
rates would reduce the sound quality less at apieales of stimulation because the activated
neurons and the related auditory nerve fibers wbeltuned to low frequencies. Furthermore,
it was expected that there would be less influesfcstimulation rate on pitch height in the
basal region of the cochlea than in the apicaloregif the cochlea because the neurons and
related auditory nerve fibers would not be tunedldw frequencies. The results of
experiments 2 and 3 have shown that the pitch héngiheases along the same slope at all
four different places of stimulation. That meanattthe temporal coding of pitch height
works independent of cochlea region and that tleer® tuning of neurons or auditory nerve
fibers related to a distinct frequency range infleiag the processing of temporal
information. Furthermore, the results of the soguodlity scaling (experiment 3) have shown
that sound quality is reduced for low stimulati@tess at more basal places of stimulation in
the cochlea. That means that concerning the souatity there is a kind of tuning of the
auditory nerve fibers and the central processinfpénbrain because a shift of low stimulation
rates to basal places causes a reduced soundyqtiivever, this effect is not as strong as
expected because at all stimulated cochlear pléteslope of the perceived sound quality up

to 566 pps was similar.
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The small range of perceived pitch height whemgi®y the stimulation rate led to
experiment 4 (page 36), which investigated the pagiceable difference in stimulation rate.
The results of experiment 4 showed that in compari® normal hearing subjects, the
changes in stimulation rate must be considerablyelain order to evoke a different pitch
sensation. In the most interesting range whergitich percept also changes on the subjective
scale, the pulse rate difference limen amounteabtiut 25% of the base rate (200 pps). This
might be due to different influences like the liedtrange of stimulation in the cochlea, the
mismatch of rate and place of stimulation and thgh Hevel of hearing loss before
implantation.

Furthermore, the discrepancy in the pulse ratemfice limen between acoustic and
electrical stimulation might be caused by the défe excitation pattern which is evoked in
the auditory nerve fibers (Hartmann et al., 1998)e response of the nerve fibers to an
acoustic stimulus is much more stochastic thanrédsponse to an electric stimulus. This
difference might influence the detection of smainslation rate changes. Consequently, in
experiment 5 (page 47) a more stochastic excitgpaitern was evoked using amplitude
modulated stimuli. The high carrier rate of 508% p@as expected to cause a more stochastic
response of the auditory nerve and to decreasdiffieeence limen for amplitude modulated
stimuli. The results of experiment 5 however shbat the amplitude modulation difference
limen was significantly higher than the pulse rditerence limen for the same base rates.
That means that the stimuli used in this experincentd not support the theory that the more
stochastic excitation pattern would cause a bd#tzction of temporal changes.

In experiment 6 (page 51) the topic of the thesisrned to the place of stimulation.
Experiment 1 (page 16) had shown that the electdistance of 2.4 mm was wide enough to
provide discriminable electrodes on what concehaspterceived pitch height. However, the
amount of the perceived difference in pitch heighiresponding to a shift in electrode place

remained unclear as well as the range of the padepitch height when stimulating the
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electrodes along the cochlea. Therefore, in exparirt the task of six subjects with residual
hearing in the low frequency region at the non-anped ear was to adjust the frequency of an
acoustic stimulus in a way to perceive the samehieight as it was elicited by electrical
stimulation of one electrode at the implanted ddre experiment showed that the pitch
perception at the electrically stimulated side dobkrdly be compared with the pitch
perception at the acoustically stimulated side thuehe great hearing loss. The adjusted
frequencies for the most apical electrode variemvéen 150 and 350 Hz. Between the two
most apical electrodes there was no significarfedihce in the adjusted frequencies. The
increase in adjusted frequency with increasingtedde number from apex to base up to
electrode E6 was linear. This is in contrast to ésémated frequency-place allocation for
normal hearing where there is a logarithmical inseefrom apex to base (Zwicker & Fastl,
1999). However, the results should be considereefdéy due to the high level of hearing

loss in the non-implanted ears of the participasinjects.

2. New speech processing strategies

The aim of the actual thesis was to implementréseilts of the hearing experiments
into a transformed speech processing strategyderdo enlarge the representation of the fine
spectral structure in the incoming signal. The R#$estrategy presented in this work (chapter
[Il and IV) involves a pulse rate switching at destion of electrodes. It was tested for speech
perception and music appraisal in nine subjectspe the fact that all subjects were used to
the classical CIS strategy, the RateCIS strategy weay well accepted by all listeners and
yielded comparable results for the tests of numlzard polysyllables. For the average
listener, there was a slightly better score ofexity recognized words with the classical CIS
strategy only for the sentence test. An additignalled out questionnaire revealed that six

out of nine subjects preferred the classical Ciatesgjyy and three out of nine subjects
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preferred the RateCIS strategy for the transmissibrspeech signals. Concerning the
appraisal of music, there was a clear advantagthéoRateCIS strategy which was preferred
by six out of nine subjects. Due to hardware litiotas, the RateCIS strategy could not be
tested in live speech modus. Therefore, only a Vienited acclimatization time could be
given to the subjects. Despite this, it seemshatin the actual implementation, the RateCIS
strategy is a reasonable alternative to the clals€i¢S strategy and might be preferred
especially for the presentation of music.

There are a lot of other approaches of investigato try to find new ways of signal
processing or stimulation techniques in order toa@ce the speech understanding in noise or

the sound quality of music. In the following, thesh promising topics are presented.

a) Reducing the neural spread of excitation
i) New electrode array design

One of the most important topics concerning a beftesentation of spectral
information is the matter of discriminable elecesdIn all current cochlear implant systems
the incoming signal is band pass filtered and tifermation of each band pass filter is
transmitted to a different electrode. The represént of the incoming signal by a fixed
number of band pass filters and allocated electr@ishethe current systems there are between
12 and 22 channels) is only highly effective if allectrodes evoke a different pitch
perception. There are different approaches in ai@rovide a better discrimination for the
average user especially for cochlear implant systesith an electrode spacing of 0.75 mm
(Cl124 by Cochlear) or 1.1 mm (HiRes90K by Advan&aanics).

It is considered that indiscriminable electrode aaused by a large spread of the
electric field when stimulating a single electrodehe electric fields of two adjacent
electrodes may overlap and that way elicit the spitad perception. One approach in order

to avoid a broad spread of neural excitation cos®i the idea to move the electrode array
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closer to the modiolar wall in the cochlea where fibers of the auditory nerve are located.
This approach has been realized for the Cochle24 €ystem and the Advanced Bionics CII
Bionic Ear and HiRes90K system. The precurved mddetarray of the ClI24 Contour is held
straight by a stylet which is withdrawn after orridg the insertion of the array into the
cochlea (Cohen et al., 2001). The array then curvasway to be close to the modiolus. The
studies of Tykoncinski et al (2001) for adults @warkinson et al. (2002) for kids show that
lower thresholds can be reached with the Cochlda4 Contour electrode. The Advanced
Bionics’ approach for the CllI Bionic Ear was theertion of an additional positioner into the
cochlea in order to locate the electrode arrayecltsthe modiolus (Kuzma & Balkany, 1999;
Fayad et al., 2000). The most current implant byakated Bionics, the HiRes90K uses the
HiFocus electrode which is also precurved in otddoe located closer to the modiolus after
the insertion like the Cochlear CI24 Contour. Thedges of Donaldson et al. (2001) and
Young & Grohne (2001) describe lower threshold tfee CIl system with positioner. This
means that the electrodes are located closer t@auldé@ory nerve because less current is
necessary to reach the same perception of loudgrgessth the normal electrode array. One
can suppose that the described lower thresholdshencloser position of the electrodes to the
auditory nerve are related with a better discrimioraof adjacent electrodes. However, a very
recent work by Boéx et al. (2003) reveals that éhex no difference in the electrode
interaction between the Ineraid system and thei@laystem with positioner. In the future
multicentre studies will address the question [jsats implanted with electrode arrays which
are positioned closer to the modiolar wall will exte better speech perception especially in

noise compared to subjects implanted with straggittrode arrays.

i) Different shape of the electric field
A different approach in order to decrease chametaction is to minimize the spread

of the electric field and therefore to reduce tpesad of neural excitation. Early cochlear
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implant systems used a monopolar stimulation modergby the electric field spreads
between one active electrode on the intracochleay aand a reference electrode which is
located outside the cochlea. Other cochlear impégstems use bipolar stimulation. With
bipolar stimulation the electric field spreads betw two electrodes on the array inside the
cochlea. Bushy et al. (1994) showed in a subjentgof nine postlingually deafened users of
the Cochlear CI22M that higher thresholds are néedéh bipolar stimulation compared to
monopolar stimulation. However, they also repotteat there are more pitch reversals and a
reduced range of pitch perceptions with monopolamwation compared to bipolar
stimulation. Kral et al. (1998) have shown thatighbspatial resolution can be reached with
tripolar stimulation (the electric field then sptsabetween three electrodes on the array)
when measuring electric potential distributionse Btudy was conducted with the Cochlear
CI22M electrode array in a tank filled with saliselution but also in cat cadaver cochleae
and living cat cochleae. Jolly et al. (1996) suggesjuadrupolar stimulation mode. Their
models show a highly focusing action and a grecteice of parameters to shape the electric
field with quadrupolar stimulation. However, Millet al. (2003) argue that monopolar
stimulation needs less current and that the laspeead of the electric field means that a
larger number of fibers remain unsaturated; thisuld/accorrespond to a greater stochastic
behavior of the fibers which is more similar to #wecitation pattern in normal hearing. In
current cochlear implant systems, different sohgi@are provided. The devices by Cochlear
(Melbourne, Australia) allow different ways of stifation depending on the implant type and
the strategy which is chosen. The most currenegaysthe CI24M, works mostly with bipolar
stimulation. The Advanced Bionics system (Sylmanjtédd States of America) also allows
different speech processing strategies using a pwapo or bipolar stimulation mode. The
MED-EL system applies monopolar stimulation withthe possibility to modify the wiring

of the electrodes. One can assume that with tlge latectrode spacing of 2.4 mm there is

much less spread of the electric field. Therefbie system uses the monopolar stimulation
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mode in order to reduce the consumption of eleattirent. Besides, the system works
according to the idea of a more stochastic stinariaas suggested by Miller et al. (2003)
described above. In the implementation of the fransed CIS strategy, the RateCIS strategy,
the stimulation mode was monopolar due to manufactestrictions. As the results of the
actual thesis have shown that the electrode distah2.4 mm is wide enough for the average
user to evoke discriminable pitch perceptions wkémulating neighbored electrodes, it
seems reasonable to keep the actual monopolarlatiorumode. It can hardly be assumed
that additional effects of the RateCIS strategy ten expected when using a bipolar

stimulation mode.

b) Desynchronization of the neural response

The fact of a stochastic behavior of the auditaywe fibers was already observed by
Hartmann et al. (1984) who found a more stochast@itation pattern of the auditory nerve
fibers in cats as a response to an acoustic than &ectric stimulus. Rubinstein et al. (1999)
have developed a model in order to achieve moratapeous like activity of the auditory
nerve fibers. They used a high rate pulse trai@@5pps) with fixed current amplitude of
sufficient magnitude to evoke highly synchronoukepin all 300 axons and showed that the
representation of the electric stimulus waveformghe temporal discharge pattern of the
auditory nerve fibers improved. The spontaneous &ktivity of the auditory nerve fibers
leads to a better temporal resolution. This waygmady Litvak et al. (2003) who measured
the activity of auditory nerve fibers in cats wremitching a sinusoidal modulator on and off.
The unmodulated responses showed a hyper synchtimmzand a narrow dynamic range
whereas the fibers were sensitive to modulationthdepf 0.25% for a modulation rate of
417 Hz and a larger dynamic range could be meas@reer a 20 dB range of modulation
depth there were resembling responses to normahigedhe fact of a larger dynamic range

is correlated with better speech perception (Loizdlal., 2000a) and especially a better
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speech perception in noise (Boike & Souza, 2000¢. dffect of the larger dynamic range was
also investigated by Hong & Rubinstein (2003). The&y the first hearing experiments with a
conditioning pulse train in human cochlear implanteubjects. The amplitude of the
conditioning pulse train was set at a level at Wwhicwas not perceptible after five minutes.
The levels of additional presented sinusoids weeasuared at different rates (202, 515 and
1031 Hz). A larger dynamic range with the conditngnpulse train was found with variations
of the location of the electrode. They thereforepaised the implementation of a conditioning
pulse train at different levels for different elede pairs because different electrode pairs
may generate different dynamic range patterns. Metyal. (2003) have tested the frequency
discrimination of sinusoid burst at single elecesdwith and without an additional
conditioning pulse train. They found a better dreanation at 200 Hz by 13.5% for the
average data of 13 subjects. This means that @igadof a conditioning pulse train not only
decreases the thresholds but it also enhancesrtipotal and spectral resolution which might
altogether lead to a better speech perception.appeoach of a more spontaneous activation
of the auditory nerve fibers in the actual thesiaswnvestigated by running a hearing
experiment with amplitude modulated stimuli. Instltase the expected stochastic excitation
pattern did not decrease the discrimination of rin@dulation rate. Therefore, in the new
RateCIS strategy, the idea of a stochastic exoitghattern was not implemented. However,
the detection of differences in the modulation rdiféers from the idea of a conditioning
pulse train and the so far reported effects ofrgeladynamic range and better frequency
discrimination seem to be promising. Further woik have to prove the thesis of a better
speech perception with conditioning pulse trainsaohlear implanted subjects.

The effect of spontaneous like activity of the itary nerve is somehow incorporated
in the idea of Benham & Zeng (2003) who claimed tha presentation of an additional noise
would enhance the spectral resolution in cochleaplant systems. They measured the

discrimination of vowel like sinusoids with an atioinal Gaussian noise at single electrodes
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and found a better discrimination than without &ddal noise. A similar model was already
proposed by Morse & Evans (1999) who observed thsgmtation of the first formant seen in
amplitude changes of the simulated discharges model of the auditory nerve. They
therefore expected that the coding of temporalrinédion would enhance using an additive
noise.

A different idea leading to the same effect ofripaeous like activity of the auditory
nerve fibers was investigated by Loizou et al. ()0 They found a better word recognition
when stimulating the electrodes with a very highspuate of 2100 pps compared with a
stimulation rate of 800 pps in the MED-EL systerartker experiments have to be conducted
in order to prove whether a conditioning pulse nyaan additional noise or a higher

stimulation rate are increasing the speech pexepticochlear implant subjects.

¢) Reducing the mismatch of frequency-place allocation

Another often discussed approach in the signalgssiog and electrode allocation is
the question of frequency-place mismatch. Figushdws that the most apical electrode of
the Nucleus and Clarion system is located in a@a a&rethe cochlea where a frequency of
600 Hz is having its maximal oscillation frequenicy normal hearing. The most apical
electrode of the MED-EL system is located in theaaof the maximal oscillation frequency
of 200 Hz. Nevertheless the signal processing Iafyattems consists of a band pass filtering
in a spectral region minimally 180 and maximally8@0 Hz. This means that spectral
information of the signal is contributed to eledes which are located in a region of the
cochlea where different frequencies are locatechonmal hearing and this results in a
frequency-place mismatch. Baskent & Shannon (20@R)e investigated the effect of a
matching frequency-place allocation in comparisathva compression and expansion in
normal hearing listeners using a noise band vocsidaslating different insertion depth of the

electrode array and different numbers of electrodégy found that speech perception was
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best for the matched condition. The MED-EL devichiok was used for the hearing
experiments in this thesis is probably offering best match of frequency-place allocation.
Additionally, in order to keep the number of chathg@rameters concise, the filter bank used
for the implementation of the RateCIS strategy wasntained as it is proposed for the CIS
strategy. Furthermore, the results of experimelipae 51) have shown that the average
frequency for the most apical electrode was adjuste 277 Hz. Therefore a filter bank
between 300 and 7000 Hz seems reasonable for rttpkanmt type. However, the cut off
frequencies of the filter bank should be generatljusted individually for this implant type
according to the electrode position of the mostapelectrode in order to provide an optimal

match of the frequency-place allocation.

d) Better transmission of the fundamental frequency

Geurts & Wouters (2004) propose a different tramsftion of the signal processing.
They think that it is very important to better tsamt the fundamental frequency of complex
sounds in order to achieve an enhanced discrimmadf complex sounds with different
fundamental frequencies. Therefore they implemerdedew filter bank in the signal
processing of the LAURA implant. The new filter lbais designed in order to analyze the
first harmonic of a complex sound in two adjaceltérf bands. It is implemented using a so-
called tree structure resulting in 12 filters. Ase tLAURA implant only provides eight
electrodes, the eight highest filter bands are ¢oetbto four broader and flat filter bands. In
the frequency region below 450 Hz, there are fdtarfbands. All filters are overlapping and
based on a simple loudness model. They are caliadgte filter due to their frequency
response which is approximated with &"i&der infinite impulse response (lIR) filter. The
new filter bank was tested for the discriminatidnsgnthetic vowels in four subjects. The
results with the new filter bank were significanbgtter than the results with the classical

filter bank. That means that the new filter bankn garovide information about the
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fundamental frequency of a complex sound in additathe information which is coded by
temporal envelope fluctuations. This idea seemyg weasonable and should be investigated
for different cochlear implant systems with diffetelectrode numbers. The filter types used
in the work of Geurts & Wouters (2004) should aiddially be tested in comparison with the
actual filter types in all cochlear implant systemsorder to find the best combination of

electrode array and signal processing.

€) I ntegrating rate information

Lan et al. (2004) also incorporated the informatd the fundamental frequency in the
signal processing and proposed a dynamic modulaifoftequency and amplitude. They
presented frequency modulated pulses whereby thdulaitmon frequency was chosen
according to the fundamental frequency in each mlaiThe signal processing was especially
designed to enhance the speech perception of lemmglages which include more tonal codes
than western languages. This signal processingegiravas tested in comparison with the
signal processing of the classical CIS strateggarmal hearing subjects. In both cases the
filter bank consisted of only four channels. Withist signal processing strategy a better
perception of Chinese tones, phrases and senteraseachieved. The approach of Lan et al.
(2004) is based on the representation of the fued#hfrequency in each channel as it was
analyzed for the respective channel. It seems the ifransmission of spectral information in
their signals when presented to normal hearingesibjwas improved. For cochlear implant
users, however, only changes in the modulationab®5% of the base rate could be detected
in experiment 6 of the actual thesis. It is pogstblat modulation rate changes in all channels
simultaneously might increase the ability of coenlenplant users to detect changes in the
modulation rate. Furthermore, it might be the dhse the tonal information in their speech

stimuli can be transmitted by changes of 25% otidee rate.
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Another approach with a redesigned filter bank wasented by Fearn (1999) in his
doctoral thesis for the Cochlear CI22 implant. Heplemented ten channels analyzing
frequencies below 1000 Hz. For his InstrumentLtsgw the electrodes allocated to those ten
channels were additionally stimulated at varyingstation rates according to the analyzed
frequency in the according band. In a second apprba used the classical filter bank but for
his VocL strategy there were five channels belo®w0lBiz which were stimulated at varying
stimulation rates according to the analyzed frequeim the associated band. The new
strategies were tested in live speech modus withingcal speech processor over a testing
period of a few months in four subjects. In onejscithe pitch discrimination ability for half
tones was tested and showed an improvement witm#teimentL strategy after one month.
The second subject immediately performed betten wie VocL strategy than with the ACE
strategy concerning the determination whether ovi@$ were the same or different. All four
subjects reported that music had a better sourtd ImstrumentL and VocL, speech however
had a better sound with the classical ACE strat@ggording to the hearing experiments on
stimulation rate conducted in this thesis it seamtsreasonable to change the stimulation rate
in a range up to 1000 Hz or to allow very fine d in the stimulation rate at each
electrode. Experiment 2 (page 24) has shown thaulkttion rate changes are only noticeable
up to 300 pps for the average user. Furthermoreexperiment 4 (page 36) a pulse rate
difference limen of 25% of the base rate was datexdh Therefore, in contrast to Fearn
(1999) the basic idea of RateCIS was not to trainimi exact frequency analyzed within a
filter band to the allocated electrode but to eggathe spectral information in a way to create

pitch perception between two adjacent electroddfs aviixed change in stimulation rate.
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3. Prospects

Although the proposed RateCIS strategy yieldednmsimg results especially for the
perception of music, additional work is necessargrder to further enhance the quality and
perception of speech and music.

First, the varying stimulation rate in each charsheuld be fitted individually in order
to create a type of tonal scale for all combinatiohplace and rate of stimulation.

Second, a new filter bank should be tested inldae frequency range in order to
reduce the frequency-place mismatch. The new fileerk could also be fitted individually
according to the electrode allocation controlled Stenvers’ view x-ray scans. A different
filter bank should be tested according to the emtith pitch for the different electrodes in
experiment 6 (page 51).

Third, the fitting of the new RateCIS strategy @ldobe optimized by means of a
loudness growth control with small band noisesiffédent frequency regions in order to find
a more equalized and individually adopted fittinigiehh might cause additional differences in
the sound perception when compared with the clalsSiS.

Fourth, the RateCIS strategy should be tested fonger period in live speech modus
in order to get repeatable or improved results &teéme of acclimatization. This way, more
difficult speech recognition tasks might be testewl allow a comparison with CIS in a
situation with additional background noise.

Fifth, the RateCIS strategy should be tested duarfirst fit session with cochlear
implant patients in order to test whether the los@und of the RateCIS strategy is easier to
adopt after implantation and whether it sounds nmateiral than the CIS strategy to patients

without experience with the CIS strategy.
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SUMMARY

A study comprised of six hearing experiments wasducted in order to
investigate parameters to influence the pitch peiroe elicited by direct electric stimulation
of the auditory nerve. In addition, a new stimuwatistrategy for the cochlear implant
COMBI 40+ (MED-EL, Innsbruck, Austria) was develop&nd tested.

The results derived from a total number of 16 stilsjeeveal a dominating influence
of the place of stimulation in contrast to the rafestimulation on pitch perception. It was
shown that the electrode distance of 2.4 mm far dlevice is sufficient to allow discriminable
electrodes in pitch along the whole array. Theuigrfice of stimulation rate on pitch is limited
to pulse rates up to about 300 pps. Within thigyearthe just noticeable change of pitch
elicited by pulse rate as well as modulation rateants to about 25% of the base rate. In
addition it was observed that the sound qualityaases with increasing pulse rate up to
about 566 pps independent of electrode locatiobjeSts with residual hearing at the non-
implanted ear revealed that the pitch elicited by most apical electrode depends on the
insertion depth of the array and is linearly insieg with electrode location (40 Hz/mm).

The results of the hearing experiments were implged to modify the well known
CIS strategy. The new development (termed Rate@tS) designed in order to increase the
amount of transmitted spectral information, thugs thumber of effective channels. Six
electrodes were selected to switch adaptively batveehigh stimulation rate (1515 pps) and a
low stimulation rate (252 pps). A test of the Rd&®Gtrategy showed that results for speech
recognition are comparable to the CIS strategy. RageCIS strategy was subjectively
preferred by some of the subjects although the mitvajoreferred the CIS strategy for speech
recognition and sound quality. Concerning the redan and appraisal of music however,
the RateCIS strategy was preferred by the majafitgubjects. Regarding the fact, that the
tests were conducted during one day without timefaptation to the new signal processing,

the RateCIS strategy could serve as an interegptign especially for music appraisal.
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ZUSAMMENFASSUNG

Sechs Horversuche wurden durchgefihrt, um heraustanf, welche Parameter die
Tonhéhenwahrnehmung bei direkter elektrischer Satian des Hornervs beeinflussen.
AulRerdem wurde eine neue Signalverarbeitung flr Alsteuerung des COMBI 40+
Implantats (MED-EL, Innsbruck, Osterreich) entwiktkend getestet.

Die Horversuche zeigen einen dominierenden Einftless Stimulationsorts tber die
Stimulationsrate auf die Tonh&henwahrnehmung. Esnte gezeigt werden, dass ein
Elektrodenabstand von 2.4 mm ausreicht die Elektmodntlang der gesamten Cochlea
anhand der TonhOhe zu unterscheiden. Der EinflasSStimulationsrate auf die Tonhohe ist
limitiert in einem Bereich bis 300 pps. In dieserar&ch betragt der gerade wahrnehmbare
Pulsratenunterschied ca. 25%. Zusatzlich sinkikdgagqualitdt ab einer Rate von 566 pps.
Bei Versuchspersonen mit Restgehér auf dem nicplaimtierten Ohr konnte gezeigt werden,
dass die Tonhthe bei Stimulation der apikalstenktklde von der Einfuhrtiefe des
Elektrodentragers abhangt und linear mit dem Ebeldnort ansteigt (40Hz/mm).

Die Ergebnisse aus den Hoérversuchen wurden in euragewandelten CIS-
Sprachstrategie (genannt RateCIS) verarbeitet. eDEsategie wurde entwickelt um die
Information an spektralen Eigenschaften und sondt Ahzahl an effektiven Kanélen zu
erhohen. Sechs Elektroden wurden ausgewahlt umiadagschen einer hohen (1515 pps)
und einer niedrigen (252 pps) Stimulationsrate achgeln. Ein Test der neuen RateCIS-
Strategie zeigt vergleichbare Ergebnisse im Speathhit der CIS-Strategie. Die RateCIS-
Strategie wurde subjektiv fur die Wahrnehmung vpraShe von weniger Versuchspersonen
bevorzugt als die CIS-Strategie. Fur die Wahrnelgnuom Musik jedoch wurde die RateCIS-
Strategie von der Mehrheit der Versuchspersoneorhkagt. Wenn man beriicksichtigt, dass
die Evaluierung der RateCIS-Strategie an einem dlage Moglichkeit zur Eingewbhnung
durchgefuhrt wurde, koénnte die RateCIS-Strategie ain interessantes zusatzliches

Programm speziell fir die Wahrnehmung von Musikwastdet werden.
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ATTACHMENTS

Attachment 1: Stimulation matrix of three stimuli with gaps

First stimulus (pulsel) channel 10 with high stiatidn rate (736 pps)

Second stimulus (pulse 18) channel 10 with higngation rate (736 pps)

Third stimulus (pulse 35) channel 10 with low stlation rate (453 pps, every“stimulation
for a stimulation rate of 906 pps)

download and stimulation tool V.2.05 for the RIB
>>>>>>>> SERIAL PORT: 2
>>>>>>>> BAUD RATE: 115200

44 pulses in 33 words:
1 0.000ms: ch1l0 amp104 rngwlid 16 md 815
2 1.358ms: ch1l0 amp 104 rngwlid 16 md 815
3 2717ms: ch10 amp 104 rngwlid 16 md 815
4 4.075ms: ch10 amp 104 rngwid 16 md 815
5 5433ms: ch10 amp 104 rngwlid 16 md 815
6 6.792ms: ch10 amp 104 rngwlid 16 md 815
7 8150ms: ch10 amp 104 rngvid 16 md 815
8 9508ms: ch1l0 amp O rngvlid 16 md 662 zeros
9 10.612ms: ch10 amp O rngwlid 16 md 662 zeros
10 11.715ms: ch10 amp O rngwlid 16 md 662 zeros
11 12.818 ms: ch10 amp rngwlid 16 md 662 zeros
12 13.922ms: ch10 amp rnovlid 16 md 662 zeros
13 15.025ms: ch10 amp rngwlid 16 md 662 zeros
14 16.128 ms: ch 10 amp rngwlid 16 md 662 zeros
15 17.232ms: ch10 amp rnovlid 16 md 662 zeros
16 18.335ms: ch10 amp rngwlid 16 md 662 zeros
17 19.438 ms: ch10 amp rngwlid 16 md 662 zeros
18 20.542ms: ch10 amp 104 rngaid 16 md 815
19 21.900ms: ch10 amp 104 rngwiid 16 md 815
20 23.258ms: ch10 amp104 rngaid 16 md 815
21 24617ms: ch10 amp 104 rowid 16 md 815
22 25975ms: chl10 amp104 rngaid 16 md 815
23 27.333ms: ch10 amp104 rngaid 16 md 815
24 28.692ms: ch10 amp 104 rowid 16 md 815
25 30.050ms: ch1l0 amp rngwlid 16 md 662 zeros
26 31.153ms: ch10 amp O rngwlid 16 md 662 zeros
27 32.257ms: ch10 amp rnovlid 16 md 662 zeros
28 33.360ms: ch1l0 amp rngwlid 16 md 662 zeros
29 34.463ms: ch1l0 amp rngwlid 16 md 662 zeros
30 35567ms: ch10 amp rnovlid 16 md 662 zeros
31 36.670ms: ch10 amp rngwlid 16 md 662 zeros
32 37.773ms: ch1l0 amp rngwlid 16 md 662 zeros
33 38.877ms: ch10 amp rnovlid 16 md 662 zeros
34 39.980ms: ch1l0 amp rngwlid 16 md 662 zeros
35 41.083ms: ch1l0 amp112 rngaid 16 md 662
36 42.187ms: ch10 amp O rngvwid 16 md 662 zeros
37 43.290ms: ch10 amp112 rngaid 16 md 662
38 44.393ms: ch1l0 amp O rngwlid 16 md 662 zeros
39 45497ms: ch10 amp112 rowid 16 md 662
40 46.600ms: ch10 amp O rngvlid 16 md 662 zeros
41  47.703ms: ch10 amp 112 rnowid 16 md 662
42 48.807ms: ch10 amp O rngwlid 16 md 662 zeros
43 49.910ms: ch10 amp 112 rngwid 16 md 662
44 51.013ms: ch1l0 amp O rngwld 16 md 662 zeros
duration 31270 bits, 52.117 ms
>>>>>>>> COMMAND: Execute 00 1

[eNoNoNeoNoNoNe]

o

[eNoNoNeoNoNoNeNe)
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Attachment 2: Preemphasis digital filter
Transfer function of the first order digital filtapplied for preemphasis. Magnitude and phase

(dashed line).
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Attachment 3: Stimulation matrix for
two pure tones

Frequencies between band filters of E6

(low-high)

2413
2414
2415
2416
2417
2418
2419
2420
2421
2422
2423
2424
2425
2426
2427
2428
2429
2430
2431
2432
2433
2434
2435
2436
2437
2438
2439
2440
2441
2442
2443
2444
2445
2446
2447
2448
2449
2450
2451
2452
2453
2454
2455
2456
2457
2458
2459
2460
2461
2462
2463
2464
2465
2466
2467
2468
2469
2470
2471
2472
2473
2474
2475
2476
2477
2478

132.660 ms:
132.715 ms:
132.770 ms:
132.825 ms:
132.880 ms:
132.935 ms:
132.990 ms:
133.045 ms:
133.100 ms:
133.155 ms:
133.210 ms:
133.265 ms:
133.320 ms:
133.375 ms:
133.430 ms:
133.485 ms:
133.540 ms:
133.595 ms:
133.650 ms:
133.705 ms:
133.760 ms:
133.815 ms:
133.870 ms:
133.925 ms:
133.980 ms:
134.035 ms:
134.090 ms:
134.145 ms:
134.200 ms:
134.255 ms:
134.310 ms:
134.365 ms:
134.420 ms:
134.475 ms:
134.530 ms:
134.585 ms:
134.640 ms:
134.695 ms:
134.750 ms:
134.805 ms:
134.860 ms:
134.915 ms:
134.970 ms:
135.025 ms:
135.080 ms:
135.135 ms:
135.190 ms:
135.245 ms:
135.300 ms:
135.355 ms:
135.410 ms:
135.465 ms:
135.520 ms:
135.575 ms:
135.630 ms:
135.685 ms:
135.740 ms:
135.795 ms:
135.850 ms:
135.905 ms:
135.960 ms:
136.015 ms:
136.070 ms:
136.125 ms:
136.180 ms:
136.235 ms:
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ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9

amp
amp

amp 20
amp 10
amp 22

amp 25
amp
amp
amp
amp
amp
amp
amp
amp 20
amp 10
amp 22
amp 0
amp 25
amp 6
amp 0
amp 4
amp 17
amp 4
amp 17
amp 0
amp 20
amp 10
amp 22
amp 0
amp 25
amp 0
amp 1
amp
amp
amp
amp
amp
amp 20
amp 10
amp 22

oo PO PMMOO
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oo PO BN

amp 25
amp
amp
amp
amp
amp
amp

o~ OPMOO

g 2
g 2
g 2
g 2
g2
g 2
g 2
g2
g2
g 2
g 2
g2
g 2
g 2
g 2
g 2
g 2
g 2
g 2
rng 2
mg 2
g2
g 2
rng 2
g 2
g 2
g 2
g 2
g 2
g 2
g 2
g 2
mg 2
g2
g 2
rng 2
g 2
g2
g 2
g 2
g 2
g2
g 2
rng 2
mg 2
g2
g 2
rng 2
g 2
g2
g 2
g 2
g 2
g 2
g 2
rng 2
mg 2
g2
g 2
rng 2
g 2
g 2
g 2
g 2
g 2
g 2

wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16
wid 16

2479
2480
2481
2482
2483
2484
2485
2486
2487
2488
2489
2490
2491
2492
2493
2494
2495
2496
2497
2498
2499
2500
2501
2502
2503
2504
2505
2506
2507
2508
2509
2510
2511
2512
2513
2514
2515
2516
2517
2518
2519
2520
2521
2522
2523
2524
2525
2526
2527
2528
2529
2530
2531
2532
2533
2534
2535
2536
2537
2538
2539
2540
2541
2542
2543
2544

136.290 ms:
136.345 ms:
136.400 ms:
136.455 ms:
136.510 ms:
136.565 ms:
136.620 ms:
136.675 ms:
136.730 ms:
136.785 ms:
136.840 ms:
136.895 ms:
136.950 ms:
137.005 ms:
137.060 ms:
137.115 ms:
137.170 ms:
137.225 ms:
137.280 ms:
137.335 ms:
137.390 ms:
137.445 ms:
137.500 ms:
137.555 ms:
137.610 ms:
137.665 ms:
137.720 ms:
137.775 ms:
137.830 ms:
137.885 ms:
137.940 ms:
137.995 ms:
138.050 ms:
138.105 ms:
138.160 ms:
138.215 ms:
138.270 ms:
138.325 ms:
138.380 ms:
138.435 ms:
138.490 ms:
138.545 ms:
138.600 ms:
138.655 ms:
138.710 ms:
138.765 ms:
138.820 ms:
138.875 ms:
138.930 ms:
138.985 ms:
139.040 ms:
139.095 ms:
139.150 ms:
139.205 ms:
139.260 ms:
139.315 ms:
139.370 ms:
139.425 ms:
139.480 ms:
139.535 ms:
139.590 ms:
139.645 ms:
139.700 ms:
139.755 ms:
139.810 ms:
139.865 ms:

ch 4
ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch 12
ch 1
ch 7
ch 2
ch 8
ch 3
ch 9
ch 4
ch 10
ch 5
ch 11
ch 6
ch 12

amp 7
amp 20
amp 10
amp 22
amp 0
amp 25
amp
amp
amp
amp
amp
amp
amp 7
amp 20
amp 10
amp 22
amp 0
amp 25
amp
amp
amp
amp
amp
amp
amp 7
amp 20
amp 11
amp 22
amp 18
amp 25
amp 0
amp 0
amp 4
amp 0
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amp

amp 7
amp 20
amp 11
amp 22
amp 22
amp 25
amp 0
amp 0
amp 4
amp 0
amp 4
amp 0
amp 7
amp 20
amp 12
amp 22
amp 27
amp 25
amp 6
amp 0
amp 4
amp 18
amp 4
amp 17
amp 7
amp 20
amp 13
amp 22
amp 31
amp 25

mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
g2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
g2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
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g2 wid 16
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mg2 wid 16
mg2 wid 16
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g2 wid 16
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mg2 wid 16
g2 wid 16
g2 wid 16
mg2 wid 16
mg2 wid 16
g2 wid 16
rmg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
g2 wid 16
rmg2 wid 16
mg2 wid 16
g2 wid 16
g2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
mg2 wid 16
g2 wid 16
mg2 wid 16
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md 33
md 33
md 33
md 33
md 33
md 33
md 33
md 33
md 33
md 33
md 33
md 33
md 33
md 33
md 33
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md 33
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md 33
md 33
md 33
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Attachment 4: Questionnaire for speech perception

Fragebogen Sprache Programm A - Programm B

Datum: Name:

1) Klangfarbe

a) Klarheit der Sprache:

extremunklar 1 2 3 4 & 7
Programm A OO000O00a0
Programm B OO000O00a0

extrem klar

b) Wohlklang:
extrem unangenehm 1 2 3 4 576 extrem angenehm

Programm A O00000O0
Programm B OO0O00000

c) Gesamthoreindruck (Mannerstimme):
extrem schlechte 1 2 3 4 576 extrem gute Qualitat

Programm A OO0 00000
Programm B OO0 00000

d) Gesamthoreindruck (Frauenstimme:
extremschlechte 1 2 3 4 657 extrem gute Qualitat

Programm A OO0 00000
Programm B OO0 00000

e) Beurteilen Sie die Helligkeit des Klanges fur die Mnnerstimme:
extremdunkel 1 2 3 4 5 7 extrem hell

Programm A OO000O0O000
Programm B OO000O0O000

f) Beurteilen Sie die Helligkeit des Klanges fur di€&rauenstimme:
extremdunkel 1 2 3 4 5 7 extrem hell

Programm A O0O0000od
Programm B O0O0000od

g) Beurteilen Sie die Natirlichkeit des Klanges:

extrem unnaturlich 1 2 3 B8 6 7 extrem natirlich
Programm A OOoOoOoOoOod
Programm B OOoOoOoOoOod

124
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h) Beurteilen Sie die Intonation in der Stimme:

extrem eintoniger Klang 1 2 3# 5 6 7 extremmelodidser Klang

Programm A OO0 00000
Programm B OO0 00000

2) Wie anstrengend ist es die Sprache zu verstehen:

extrem wenig anstrengend 1 2 8 5 6 7 extremanstrengend

Programm A OO0O0000o.d
Programm B OO0O0000o.d

3) Bei welchem Programm ist die Sprache deutlicher zb6ren?

Programm AL Programm ]
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Attachment 5: Questionnaire and evaluation for muss perception
Fragebogen Musikhdren Programm A — Programm B

Datum: Name:

Bitte kreuzen Sie die zutreffenden Antworten an.

4) Melodieerkennung

Keine Melodie erkannt 1 2 3 86 7 viel Melodie erkannt
Programm A OO00000m08
Programm B OO00000m08

5) Rhythmuserkennung
Keinen Rhythmus erkannt 1 2 3 5 6 7 viel Rhythmus erkannt
Programm A OO0O00000
Programm B OO0O00000

6) Klangfarbe
a) Klarheit der Musik:

extremunklar 1 2 3 4 & 7 extremKklar

Programm A OO000O0O000
Programm B OO000O0O000

b) Wohlklang:

extremgering 1 2 3 4 5 6 &xtremhoch
Programm A OO000O0O000

Programm B O000000

c) Gesamthoreindruck:
extremschlecht 1 2 3 4 5 76 extrem gute Qualitat

Programm A OO000O0O000
Programm B OO000O0O000

d) Beurteilen Sie die Helligkeit des Klanges:
extremdunkel 1 2 3 4 5 7 extrem hell
Programm A OO000O0O000
Programm B OO000O0O000
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e) Beurteilen Sie die Intonation/Betonung der Melodie:
extremwenigbetont 1 2 3 8 6 7 extrem betont

Programm A OO0O0000dd
Programm B OOdOoOodn

7) Welches Programm wirden Sie bevorzugen um Musik zbren?

Programm ALl Programm ]

8) Instrumentenerkennung:

4 Instrumente vorspielen mit Programm A und B abhsetnd

XY 0PN o e

9) Melodieerkennung:
6 Songs vorspielen mit Programm A und B abwechselnd

BN C NN o
HEANSCNEN. .. o e
KUCKUCK .. e e e e e e e e e e e et e
Y= Vg ] = o P

MUNIE o
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Attachment 6: Individual ratings for speech percepton

i

512

517

Holg

oo
Scaujeiniep)

( s=aUybung

() ssauyflng

(0 1duy jelauan
(LY ado (rl1auan
AIlUESER| 4
AUeD

=10

Hojg

Lo Uol)|
SsalEINIER

i1 ssauybILg

o ssauyfng

(0 1duy jelauan
(Nt [N W = TN =Ty
allesea| 4
ALE|D

a1

Ll Tt

— Rat=ClIs

=1

815

1 o i

Houg

Loedo)|
scaulelniep)

i =sauybug

() ssauyfng
(o) |el1auan
(LU Jel) elauas
ajleseald

AEND

G| o CI5

i
g
]
4
3
2
1



129

Attachment 7: Individual ratings for music appraisal
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