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ABSTRACT

This work presents a brief review on hearing witbcldear
implants with emphasis on music perception. Althowapeech
perception in noise with cochlear implants is stile major
challenge, music perception is becoming more andremo
important. Music can modulate emotions and stineuthe brain
in different ways than speech, for this reason,iencan impact in
quality of life for cochlear implant users. Ingtpaper we present
traditional and new trends to improve the perceptibpitch with
cochlear implants as well as some signal processethods that
have been designed with the aim to improve musicgpion.
Finally, a review of music evaluation methods Wi presented.
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1. INTRODUCTION

Cochlear implants are implanted medical devices ¢ha restore
hearing to people with profound hearing loss [1ppPoximately
more than 200,000 patients today have receivedeachmplants
worldwide. Speech recognition for cochlear implesttipients in
noisy conditions and music perception are sevdrelged with
these devices. A factor that determines hearinfppeance is the
signal processing method used in cochlear implaritsrefore, a
great deal of research is focused on designing sewnd
processing methods.

Generally aCochlear Implants (Cl) (Figure 1) consists of two
parts: the external part and the internal part. €keernal part
contains a microphone, a sound processor and sntidimg coil.
The internal part is surgically implanted inside fhatient’'s head
and consists of a receiving coil or antenna, a decacand
stimulator, and the electrode array. Actual eletgrarrays contain
8 to 22 electrodes. In actual commercial systench efectrode
can only be stimulated at a fixed rate between 25@&ht 2320
Hz. The rate of stimulation is the same for all cledes.
Compared to an intact natural cochlea, which cost#iousands
of hair cells performing an accurate temporal asialpf sound,
ClI systems still only provide reduced auditory infiation.

Figure 1: External and Internal parts of a Cochlear |mplant
System

In Cls the audio signal is picked up by the micropd and is
processed in the digital sound processor. The squndessor
decomposes the incoming sound into different fraquebands
(sub-bands) and calculates the electric charge liaat to be
applied to each electrode depending on the enefggach
frequency band. This information is then encoded aent
through the external transmitter-coil. The internedeiver takes
the coded electrical signals and delivers therhéocurrent source
in the stimulator. Commonly, electrodes are actiglatith charge
balanced symmetrical biphasic pulses to avoid ¢hgrgnd thus
damage of tissues in the cochlea. When an electsodetivated,
the auditory nerves close to that electrode wéttstio send action
potentials to the brain. Therefore, the sound pewoe activates
electrodes close to the base of the cochlea wherintoming
sound contains high frequency components, and aetv
electrodes towards the apex of the cochlea whensthend
contains low frequency components. Each electrarte as a
channel that conveys information of a determineddency and
bandwidth to the central mechanisms of the audisgsgem. This
functionality mimics the action of the basilar meane and the
inner hair cells in the human auditory system.

Signal Processing and Audio coding strategies play a very
important role in maximizing the user’s overall communicative
potential. Over the years different signal proaggsilgorithms
and CI strategies have been developed to mimingfipatterns
inside the cochlea as naturally as possible [2jufé 2 shows a
block diagram with the different processing stagssd in a ClI
processor. The block diagram of Figure 1 is comgdsg two
parts: the signal processing algorithms (whichyaeahnd process
the sound), and the CI sound coding strategy (whatwverts or
codes the sound into electrical stimulation thatsémt to the
electrodes).

The analog signal is picked up by the microphordiggized and
is sent to a front-end processing block that tideslean the noise
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Figure 2: Block diagram showing the cochlear implant strategy
composed by the signal processing and the sound coding stage. In
this document the cochlear implant strategy refers to all
algorithms applied in a cochlear implant system just after the
signal is captured by the microphone. The signal processing part
includes noise reduction, classification of the sound environment
and adaptive gain control. The sound coding strategy is defined
as the stage that converts the audio signal into electrical signals
that are presented to the auditory nerve using electrodes
(filterbank, envelope and map)

2. Hearing with Cochlear Implants

Users of cochlear implants do not hear as wellasal hearing
listeners. Three possible reasons for this ar¢, fire degradation
of sound perception derived from the channel intéoas
produced when the electrodes are stimulated [Joi®® cochlear
implant users obtain worse pitch perception in cargon to
normal hearing listeners [4]. Third, cochlear inmplaystems use
a simple model to mimic the functionality of a n@am

cochlea [5] [6].

Channel interaction can occur with simultaneous aroh-

simultaneous stimulation. The activation of an etste causes
the stimulation of a large population of auditogrves around
this electrode, as fluids in the cochlea are redtivgood

conductors. This phenomenon is known as currergaspiWhen
more than one electrode stimulates the same orlappéng

regions of the auditory nerve, the stimuli may bercpptually
confused. This fact causes that underlying pomratof auditory
nerves would receive the combined stimulus andtm®iseparate
stimuli from each electrode. This limits the numbef

independent information channels conveyed to thatrake
auditory mechanisms and can degrade speech reicogrStudies
on normal hearing listeners have demonstrated thét
independent bands are too few for speech recogndind 30
bands give no improvement in accuracy over 20 badds
However, studies on cochlear implantees have shbainspeech
recognition scores do not improve as the numbeitegitrodes are
increased beyond four to seven [8]. One reasomdiweexplain

this, is that as the number of electrodes is irsmea the
probability for current field interactions betwedaatrodes is also
increased. This causes the information betweertreties not to
be dependent. A negative correlation has been shmtween
electrical field interaction and speech recognitjperformance

[3].

Pitch perception can be obtained by cochlear intplacipients
using two known mechanisms [9]: The temporal pitchpitch

rate and the place pitch. The first mechanism iatedl to the
temporal pattern of stimulation. The higher theqfrency of
stimulation, the higher is the pitch perceived. ldoer, most
patients do not perceive differences in the freqyerof
stimulation at individual electrodes as differendes rates of
stimulation above 300 Hz [10]. Temporal pitch ciresochlear
implants have shown to provide a means for fund&ahen
frequency discrimination [11] and melody recognitif9]. The
fundamental frequency is important for speaker gad®mn and
the improvement of speech intelligibility. For exalm in tonal
languages (e.g. Cantonese, or Mandarin), changésegbattern
within a phonemic segment determine the lexical nimen
Cochlear implant users in countries with tone latgs do not
seem to derive the same benefits as individuals spleak non-
tonal languages [12].

The second mechanism, the place pitch, is relatetie spatial
pattern of stimulation. Electrodes located towatdsbase of the
cochlea produce higher pitch sensations than elesr located
towards the apex of the cochlea. The resolutiomplate pitch
might be limited by the low number of electrode teats and the
current spread produced in the cochlea when eamttretle is
activated. When the listening environment becontedlenging,
increased spectral resolution is required to sépapeech from
noise or to distinguish multiple talkers [13]. lahbeen shown
that increased spectral resolution is requiredet@give harmonic
pitch and to identify melodies and instruments [14§ many as
100 bands of spectral resolution are required fasimperception
in normal hearing subjects [13]. Moreover, the igbifor an
accurate differentiation of place pitch informatios also
important for the perception of the fundamentafjfrency [11].
The simple modeling of the electrode-nerve intexfat cochlear
implants that is intended to substitute for the leails inside the
cochlea is clearly not as sophisticated as a ffligctional
cochlea. Today's systems attempt to mimic thousafdserve
fibers using electrode arrays that contain, at m8stio 22
electrode contacts. Furthermore, the use of relgtilow and
fixed stimulation rates and the use of biphasic gul$or
stimulation seems to produce non-natural resporsfeshe
auditory nerve in comparison to a normal cochles.[Finally,
large adaptive non-linear effects in loudness anidasp
relationships between different sections of thehte are still not
modeled in actual cochlear implant devices [5] [Bjerefore, it
becomes apparent that the way in which these featredes are
selected and activated by the signal processos @asey role in
helping cochlear implant subjects to improve sopexteption.

2.1 Music Perception with Cochlear I mplants

An improvement of music perception with hearinggtheses can
lead to improved quality of life and improved souperception
abilities (including speech in noise). Many CI ahelaring aid
users are unsatisfied with their music perceptiofiera
implantation. In order to increase the qualityifef (QoL) for this
population [16] [17] further research is needederception and
enjoyment of music. Additionally, recent researnbicates that
musical experience modulates auditory functions niormal
hearing listeners, leading to easier perceptionspéech in
difficult listening situations or scenes. This fing implies that
musical experience can positively affect the apilibf
understanding speech in noise.



So far, it was believed that Cls cannot conveyfihe temporal
and frequency information to the auditory nerve pimperly

perceive music. The reason for this is the poanstrassion of
information from the electrodes to the auditoryveej6]. Usually

the electrodes inside the cochlea produce venelaxgitation
patterns in the cochlea that difficult clear petamp of

frequencies with these devices. A better percepifdrequencies,
or pitch, might help to improve perception of musieveral
studies investigating the different properties ofisim tried to
identify the major difficulties for music perceptiowith CI

subjects [18] [19]. The outcome of these studieswsd that
rhythmical structures are perceived by Cl usersatras good as
by normal hearing listeners [20]. Melody recognitis a difficult

task for adult CI recipients. The perception o€piin CI subjects
is worse than the sensitivity found in normal hegrsubjects
[21]. Pitch in CI recipients is important for melpdecognition

[22] and musical interval identification [18]. Normisteners

achieve pitch thresholds of around 0.2 semitonesreds Cl users
achieve between 2 to 7 semitones [23]. There islation

between the bad pitch perception scores and thenielddy

recognition with Cl. Timbre perception, which islated to

musical instrument identification, seems to perfosimilar to

normal hearing. Therefore, Cls provide meaninghfbimation

for timbre cues, even though they might be diffefeom what

listeners were used to hear before implantatiof [18

2.2 Techniquesto improve pitch perception
Historically, the number of electrodes in a systeas defined the
number of spectral bands of stimulation [13]. Thene the
spectral resolution was limited to the maximum nemlof
electrodes. Given the fixed number of electrodesareters have
investigated mechanisms to enhance spectral résolutithout
adding additional electrodes. It has been repofd4] that
additional pitch perceptions can be created by utiting two
electrodes at the same time. This technique isrregfeto as
current steering (Figure 3). A study showed thatghrception of
pitch could be varied systematically by adjusting proportion of
current delivered simultaneously to two electrod2s]. The
additional pitches were perceived as one pitcherathan two
separate pitch components and were intermediathetitches
heard when either electrode was stimulated alone.

Further research in this field found that for mesijects, the
loudness perception for either of the adjacent teldes
stimulated alone was equivalent to the loudnessgpéion when
the current delivered simultaneously to two elebt® was
apportioned by linear interpolation [26]. Recentlystudy on a
larger group of Cll and HiRes90k users [27] hasmested that
the number of virtual channels or intermediate lgtcalong the
electrode array range from 8 to 466, with an aweray93. It
should be remarked that for cochlear implants vatily one
current source, the ability to steer current is possible [13].
Researchers have found another mechanism that nses
simultaneous stimulation for producing pitch petsethat are
intermediate to those evoked by the electrodes vgtianulated
alone [28]. Pitch percepts can be created whenngighboring
electrodes are stimulated sequentially but at & hige. In this
case, the spread of the electrical field may catiseulgtion on
adjacent electrodes to overlap in time. Howeverhas been
suggested that sequential or non-simultaneous dledtrode
stimulation may be more complicated to control érnts of
loudness as compared to simultaneous dual elecstirdalation.
A strategy, termed SineEXx, that uses the curreetrisig technique

to deliver frequency information has been desigfigd]. In
current steering, pairs of electrodes are stimdlatemultaneously.
SineEx models the audio signals with sinusoids@nedents only
the frequencies of these sinusoids using currestrisig. SineEx
was designed parallel to the F120 strategy of AdedrBionics.
Both strategies are the first signal processing tegfies
implemented in a commercial device using the cuirsteering
technique. These strategies were evaluated in anichistudy
comparing them to the standard and non-currentistestrategy,
HiRes. It seems that current steering strategiesvsh trend for
improved frequency discrimination than non-curresieering
strategies.

To further evaluate sound performance with currstgering

strategies, a questionnaire was used to evaluasecrand speech
preference. The SineEx strategy obtained betterecépe
naturalness and pleasantness. Music quality witheEBS{ was

rated more clear, natural and pleasant than withsHiSubjective
tests have shown a preference for current steesirgfegies

against sequential strategies.

The small improvements observed with current stgestrategies
might be caused by the fact that channel intenastin a cochlea
might smear the information transmitted. Recentlyrrent
focusing has been proposed to increase the nunfbdistinct
perceptual channels available to ClI users by adgisturrents
applied simultaneously or-non-simultaneously to tipld CI
electrodes. New developments in Cls try to imprihveelectrode
nerve interface by applying current steering anderu focusing
which allows a much finer transmission of frequescfrom the
electrodes to the nerve. Current focusing in Cts loa achieved
by multi-polar stimulation ([29]), this techniquea$ been
proposed to confine better the electrical fieldd enprove speech
and music perception with these devices. However,potential
of current steering and current focusing has to fleher
investigated. Recently the benefits of currentufiieg in pitch
perception have been shown in patients ([30]).

The range of pitch sensations that can be evokectldgtric
stimulation of the cochlea in a cochlear implanswzought to be
limited by the position of the most apical and badectrodes in
the cochlea. Recently a new technique has beenlogpedk to
produce pitch sensations that are lower than thet rapical
electrode or higher than the most basal electrétis technique
has been termed Phantom. In 10 subjects it wasrskimat a shift
of betweerl to 2 electrodes was possible [32].

Another method to extengitch sensation beyond those obtained
by the apical electrode in the cochlea has beesepted in [31].
Their technique is based on the assumption that giases are
more effective (i.e. need less charge to evokeséimee loudness)
than longer phases and that anodic (positive) phase more
effective than cathodic (negative) ones [31]. Theywe shown
that at low pulse rates, these stimuli elicit a dovplace-pitch
percept than symmetric pulses presented in monopmiain
bipolar mode and that they allow the subject tc@iee increases
in temporal pitch up to higher rates than for otimtra-cochlear
stimulation sites and/or pulse shapes.

More recently a new cochlear implant strategy base&hantom
technique and bandwidth extension towards the i@guencies
has been developed and evaluated in Cl users byajar m
manufacturer with the aim to improve music percaptf these
devices ([35]). A music questionnaire was desigte@valuate



music perception with this strategy and comparepégception
against a commercial current steering strategeddfl120. Three
music tokes were selected and presented througludspeaker
and a subwoofer. Using both strategies, music \&ag ® follow,

with a small advantage for Phantom. With Phantonsimwas

perceived slightly more natural than with F120. Teeund

balance with Phantom was rated to be more neuta twvith

F120. Finally, the overall impression of music wiRhantom was
significantly better than with F120. These devetepts show the
great interest of the industry in the field of naubut also show
the need to create better evaluation methods faiarthan just
using subjective questionnaires.

Cochlear implant
internal receiver

Higher Pi Lower Pitch
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Pitch Location

Figure 3: Current steering paradigm. Current isdelivered to
two electrodes simultaneously (EI12 and EI13). Changing the
proportion of current between both electrodesit ispossible to
represent intermediate pitch per ceptions. In thefigurethe
proportions delivered to each electrode are represented by
100/0, 70/30, 50/50, 30/70, and 0/100

These new techniques to improve pitch perception \ary

promising and will allow the creation of new sigrmabcessing
strategies that hopefully can enhance the peraepfiespeech and
music with cochlear implants.

3. Evaluation methodsto assess music

perception in Cochlear Implants

During the past decades many evaluation proceduaes been
developed in order to assess speech understandinglifferent
signal processing algorithms in hearing prosthebegerms of
music perception however, there is a need to furtineestigate
evaluation methods. This includes subjective qoestires or
psychophysical measures of basic properties of ddintluding
pitch, timbre, etc) and more cognitive processeslifding music
memory, emotion, etc). Few standardized test £xestguantify
music perception in a clinically practical mann28]

Typically subjective sound perception with new deeh implant

strategies is evaluated using questionnaires thsgsa how the
user takes advantage of the CI in daily life. Ulyal
questionnaires ask questions regarding pleasantdissisctness,
naturalness, and overall perception of music.

Psychophysical measures of basic properties ofcsthane been
also used to assess music perception outcomesaw@h This
includes tests to evaluate basic properties of gdike pitch and
timbre and tests to evaluate features of musicitiseument and
number of instrument identification as well as odgl
recognition tasks.

However it has been found that in some cases niagtery tests
to predict performance with a Cl do not necessaulyelate with
the subjective enjoyment of music in daily life[33for this
reason, there is a need to investigate new measoresaluate
music and their correlation to everyday perceptibmusic using
Cls. Just as an example, the perception of emotfonsigh music
and Cls might be an interesting topic to focus on.

Finally, music battery tests can be used to agsa$srmance but
probably can be also used by CI users directlyaim themselves
when hearing into music. Research has shown thhbuh

cochlear implant users generally find music to s lenjoyable
following implantation, training may help some m@ents to

improve their music perception.

4, Summary

This paper has presented a brief overview on howochlear
implant works and how hearing is perceived withsthéevices.
Currently, a number of techniques and approachesbaing
proposed to improve pitch perception with cochlegslant users,
including frequency extension, improved pitch cadithrough
current steering and focusing as well as extensiotemporal
pitch. Improved pitch perception will hopefullyalé to improved
music perception with these devices. If successthlese
approaches could improve the quality of life forplantees by
improving communication and musical and environraknt
awareness. Moreover, the approach used to evalbese new
techniques will play a major role, the combinatiwinsubjective
appreciation questionnaires and its correlatiomtoe objective
measures like pitch, timbre, melody or instrumetentification
tasks has to be better understood as well as tegration of
emotion tests in order to assess how music is peden daily
life.
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