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1 Summary

Music perception of Cochlear Implant Users

Lydia Timm

A cochlear implant (CI) allows humans with sensori-neural hearing loss to overcome the

state of deafness. Even though language may be well transmitted and speech perception

is satisfying to a certain degree, music perception still remains poor. We thus tested, with

behavioral and objective measures of auditory evoked potentials (AEPs), the abilities of

CI users and normal-hearing (NH) controls to detect changes in musical sound. To test

for a wide spectrum of musical features, we applied two paradigms examining prominent

AEPs such as the N1, P2 and mismatch negativity (MMN) to (i) manipulations of

temporal envelopes and (ii) the MMNs to categories of pitch, timbre, intensity and

rhythm. Our results showed smaller N1 and P2 amplitudes as well as delayed N1 latencies

and a lack of MMN in CI users for the first study. We therefore conclude a hampered

perception of the manipulation of the temporal envelope in CI users, when compared to

NH controls, which exhibited robust and earlier N1 and MMNs. The second experiment

showed significant MMNs in the CI users group for musical features such as pitch, timbre

and intensity, but not for the rhythm feature. In the NH controls group we found larger

amplitudes and significant MMNs for all features. Thus, CI users may detect di!erences

in sound, when these are presented within a certain experimental set up, but still perform

poorer than the NH controls. Further research with a parametric approach and within a

longitudinal design is necessary to extend the knowledge of CI users music perception.
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2 Zusammenfassung

Musikwahrnehmung bei Cochlea Implantat Trägern

Lydia Timm

Cochlea Implantate ermöglichen Menschen, trotz sensoneuralem Hörverlust Höreindrücke

wahrzunehmen.

Obwohl zufriedenstellende Ergebnisse im Bereich Sprachverstehen erreicht werden können,

ist die Wahrnehmung von Musik nur eingeschränkt möglich. In dieser These wurden mit

Hilfe von Verhaltenstests und objektiven Methoden, wie auditiven evozierten Potentia-

len (AEP), die Fähigkeiten von Cochlea Implantat (CI) Trägern und normalhörenden

(NH) Kontrollen, Veränderungen in musikalischen Klängen wahrzunehmen, untersucht.

Um ein breites Spektrum von musikalischen Merkmalen zu erfassen, wurden zwei Pa-

radigmen genutzt. AEPs wie die N1, P2 und die Mismatch Negativity (MMN) wurden

durch (i) Manipulation der Hüllkurve und (ii) verschiedener Kategorien wie Tonhöhe,

Klangfarbe, Lautstärke und Rhythmus evoziert. Unsere Ergebnisse der ersten Studie

zeigten kleinere N1 und P2 Amplituden und Latenzen, sowie fehlenden MMNs für die

Gruppe der CI Träger. Daher schlussfolgern wir eine verminderte Wahrnehmung für

Hüllkurvenmanipulationen bei CI Trägern im Vergleich zu NH Kontrollen, welche deut-

lich frühere N1 und robusterer MMNs zeigten. Im zweiten Experiment fanden wir in

der Gruppe der CI Träger signifikante MMNs für musikalische Merkmale wie Tonhöhe,

Klangfarbe und Lautstärke, jedoch keine für Rhythmus. Für die NH Kontrollen fan-

den wir größere Amplituden and signifikante MMNs für alle musikalischen Merkmale.

CI Träger können o!ensichtlich Unterschiede von Klängen erkennen, wenn diese in ei-

ner optimierten experimentalen Umgebung dargeboten werden, zeigen aber dennoch

Einschränkungen im Vergleich zu NH Kontrollen. Weitere AEP Forschungen mit para-

metrischen Ansätzen und einem longitudinalem Design sind notwendig, um das Wissen

über die musikalische Wahrnehmung von CI Patienten zu erweitern.
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3 Introduction

Music gives a soul to the universe,

wings to the mind, flight to the

imagination and life to everything.

Plato

A cochlear implant (CI) is a device developed to overcome sensory neural hearing

loss. It allows bypassing the middle and inner ear, and applies direct stimulation of

the hearing nerve fibres inside the cochlear. Since the first implants were developed in

the late 50s, the signal processing and computational technology has emerged and the

numbers of electrodes have increased whereas the sizes of an implant and its batteries

have decreased. This has made the CI the most successful neural prosthesis, as it allows

restoring of basic sensory function and gives sound to the deaf ear.

CIs were primarily designed to enable speech discrimination, therefore the main as-

pects of research and subsequent development of CI technologies had focused on algo-

rithms which were concerned with speech intelligibility or hearing in noise. Although the

sounds transmitted by the implant may still be unnatural and impoverished, CI users

are able to gain meaningful information (KRUEGER et al. 2008) and thus can reach

conversational skills near to a normal hearing individual. The plastic capacities of the

brain and the ability to adapt to new conditions and sound input are of certain impor-

tance for the CI users’ rehabilitation. Children implanted early with a CI show plastic

changes and electrophysiological responses similar to those of normal-hearing children

(KRAL et al. 2002). Sharma and colleagues showed how specific auditory evoked po-

tentials (AEPs) that are important for sound feature extraction and stimuli processing

maturate in children provided with a CI. Furthermore, their AEPs latencies and am-

plitudes converge over time with those of normal-hearing children (EGGERMONT u.

PONTON 2003; SHARMA u. DORMAN 2006). Although the brains’ ability for plastic

changes that lead to satisfying results might be best in a critical time window in the
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groups of early implanted children, the number of elderly people supplied with an im-

plant is increasing and strategies need to be developed to assess their plastic changes

and capabilities as well.

Over the last decades, providing speech intelligibility lead to decent hearing with

a cochlear implant, since the restoring of basic communicative functions was crucial.

However, language and acoustic cues needed for a proper understanding of this item are

di!erent from music. As language comprehension was the main aspect and required to

be well implemented in the devices at first hand, musical sensations were reported poor

and not enjoyable by most CI users.

Music

As a considerable factor of life quality, the enjoyment while listening to music is impor-

tant for CI users (GFELLER et al. 1998; WRIGHT u. UCHANSKI 2012). Even after

years of successful use of the implant for speech perception, most CI users consider mu-

sic listening as unpleasant and di"cult. The diminished socio-cultural life resulting from

this situation may even have negative e!ects which might lead to discouragement of the

CI users’ to participate in rehabilitation. The importance of music can also be seen from

the perspective of language. Musical abilities are related to prosody, which is necessary

to understand semantics in tonal languages such as Mandarin, but also for the emotional

content of language in non-tonal languages (PATEL 2008).

Additionally, improved perception of music may have considerable positive implica-

tions for other aspects of hearing as well, since it has been shown, for example, that brain

areas associated with language processing show activation under complex musical tasks

(LEVITIN u. MENON 2003; VUUST et al. 2006). Language comprehension may benefit

from enhanced abilities of auditory skills such as pitch, timing, and timbre (KOELSCH

et al. 1999; ALTENMULLER 2008). In noisy environments, pitch cue perception allows

one to separate targets from the background (SONG et al. 2012), while di!erentiation

of speaker voices is depending on the extraction of timbre cues (ROUGER et al. 2011).

Music as a complex entity of di!erent instruments, melodies, timbre and rhythm re-

quires accurate perceptual abilities to enfold its beauty. Accurate pitch perception is

necessary to follow a melody and is unfortunately narrowed by the spectral information

that the CI is capable of reproducing. Understanding an auditory scene as given in any
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musical piece, in which several instruments are interacting, is dependent on abilities in-

cluding timbre perception. A musical piece is recognized by most CI users by the lyrics

or rhythms, but not by melody and instrument identification like in normal-hearing

(NH) controls (GFELLER et al. 2002a). This musical-lyrical recognition works poorly

for songs known prior to CI implantation (GFELLER et al. 2005), and is even worse for

music/songs acquainted with after beginning of CI usage. CI users are rarely capable of

adapting to new musical pieces and have problems in recognizing newly learned musical

patterns.

The technological process and the refined mapping strategies are of great importance

allowing a better music perception, but there has also been evidence that CI users

may overcome the technological limitations and revive their music enjoyment through

infrequent exposure to music and accompanied music training (FU u. GALVIN 2008;

GALVIN et al. 2008). When it comes to music perception, one has to bear in mind

that there is a large variety among CI users. In the following, the heterogeneous results

obtained in studies of CI users in regard to di!erent musical features will be examined.

Timbre

Correct timbre (tone-color) perception has proven to be extremely challenging as seen

in studies testing for CI users instrument identification skills (GFELLER et al. 1998).

Timbre is that attribute of sound by which a listener can judge that two instruments

played at the same pitch and loudness are dissimilar (ANSI 1973). The acoustic proper-

ties needed for this judgment are the timing (temporal envelope) and the spectra (ratios

of harmonics to the fundamental frequency) of a sound. Gfeller and colleagues have

shown that CI users are significantly less accurate in discrimination of di!erent musical

instruments. When CI users were undergoing a period of timbre training, their hit rates

increased for a certain amount of time in timbre related tasks. However, when these

training sessions were withdrawn, CI users were not able the keep this accuracy rate

while showing an increased error rate similar to that of the pre-training testing period

(GFELLER et al. 2002b).

So far, spectral and temporal cues have been tested di!erently in CI users. Kong et al.

have shown that CI users are likely to rely on the temporal information, as the spectral

envelope is poorly transferred via the envelope (KONG et al. 2011). This thesis was
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fostered by Heng and colleagues who tested the perception of auditory chimeras (one

instrument’s spectral envelope mixed with a second instrument’s temporal envelope)

(HENG et al. 2011). Even though both studies show evidence that CI users primarily

relied on temporal fine structure, they still encoded this feature poorer than the NH

controls.

Pitch and melody

Based on the limited number of electrodes (16-22) the CI is not capable of adequately

coding the spectrum of sounds needed to adequately perceive musical pitch. CI users

are significantly less accurate in pitch perception, specifically in pitch change detection

and respective direction (MCDERMOTT 2004). In order to enable correct melody per-

ception, an accurate pitch perception is inevitable, since a melody is created as a series

of pitches which are sequentially and temporally organized. These musical phrases vary

in musical contour and interval, thus requiring fine discrimination of directional pitch

changes as well as the degree of change.

Early studies by Fujita and colleagues have shown that across CI users the pitch

discrimination ranges from correctly identifying changes of four semitones to the inability

of correctly identifying a di!erence of one octave (FUJITA u. ITO 1999). More recent

studies have corroborated these findings and showed an average pitch discrimination

threshold of 4.11 semitones (GFELLER et al. 2002a; SUCHER u. MCDERMOTT 2007).

In all studies, CI users di!ered significantly in their accuracy from those of the NH

controls.

Hampered melodic contour perception is directly resulting from this hampered pitch

perception, as could be seen in a recent study by Galvin and colleagues. When asked

to identify the melodic shape (up or down), NH controls achieved an accuracy of 95%,

whereas the CI users’ accuracy varied from 14 to 90% (GALVIN et al. 2007). When Lean

and colleagues confronted CI users with nursery songs, they found a higher accuracy for

songs with verbal cues than those presented without such cues, indicating that CI users

are relying more on the lyrical information which was provided by the song than on the

melodic contour or melody (LEAL et al. 2003).
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Rhythm

Numerous studies have been carried out which investigated CI users’ perception of rhyth-

mic information (GFELLER et al. 2002a; LEAL et al. 2003; KONG et al. 2004; DON-

NELLY et al. 2009). These studies agree that rhythm in general is the most readily

perceived musical feature. This holds true for the macroscopic temporal features (scaled

in order of seconds), as opposed to the fine scale temporal features (in milliseconds)

important for the perception of pitch and timbre. CI users’ song recognition is mainly

relying on this most easily assessable feature. When Kong and colleagues presented fa-

miliar melodies with original rhythm and rhythm manipulations, CI users were able to

identify two thirds of the melodies for the original condition. This identification decreased

significantly for the manipulated rhythmic condition, where CI users failed to identify

the former melodies (KONG et al. 2004). Additionally, they showed that CI users and

NH controls performed comparably in terms of tempo discrimination, when confronted

with rhythmic patterns played in four di!erent tempi. In summary, behavioral studies

emphazise the importance of rhythm for CI users to get a basic understanding of a

musical piece.

Auditory evoked potentials

Several studies have been performed during the last decade assessing the performance

of CI users during musical tasks that were related to pitch, timbre, rhythm, instrument

identification, and melodic contours (GFELLER et al. 1998; GFELLER et al. 2005; OL-

SZEWSKI et al. 2005; COOPER et al. 2008; GALVIN et al. 2009). Behavioral measures,

however, imply a number of confounding factors, such as di!erences between CI users

and normal controls in terms of familiarity as well as the underlying motivation for

performing auditory tasks. These limitations might be overcome by the usage of brain

scanning techniques, as it is desirable to understand the neuronal underpinning of sound

perception of CI users. Even though they have shown promising results, functional neu-

roimaging techniques, such as positron emission tomography (PET) or functional mag-

netic resonance imaging (fMRI), appear less feasible to study brain functioning in CI

users, because of their invasive characteristic or because of safety concerns (GIRAUD et

al. 2001). Limb and colleagues have used PET to be able to monitor the activity in the

auditory cortex while listening to simple children songs (“Twinkle, twinkle little star”,
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“Mary had a little lamb”) and found a greater cortical activity in the auditory cortex of

CI users than in NH controls. They propose that this successful recruitment is needed

to assist the processing of sensory information received through the implant. Besides the

more intense recruitment, the behavioral data show significant di!erences in terms of

the respective melody recognition, namely lower hit rate in CI users than in NH controls

(LIMB u. RUBINSTEIN 2012). To overcome these disadvantages in CI users, several

studies point to the usability of auditory evoked potentials (AEPs) as a biomarker for

perceptual changes and brain plasticity (KRAUS et al. 1993; SHARMA u. DORMAN

2006).

In electroencephalographic research, di!erent potentials are known to reflect di!erent

sound processing steps. These potentials may be altered in latencies or amplitudes while

additionally showing a di!erent morphology in terms of topographical distribution in

clinical populations.

The primarily studied AEPs are the P1, the N1, the P2 and the P3. While the first two

deflections represent exogenous components known to reflect the sound onset and the

encoding of physical attributes such as pitch and attentional processes, the latter two are

described as endogenous components known to represent the first cognitive processing

steps, where the sound information is integrated (SCHROGER 1994; SCHROGER et al.

2000; DUNCAN et al. 2009). Accordingly, Tremblay and colleagues have suggested that

the N1-P2 complex could be used to monitor neurophysiologic changes during auditory

training for CI users (K. TREMBLAY et al. 2001; K. L. TREMBLAY et al. 2009).

Other studies by Sharma and colleagues have shown how the P1 of children is altered in

early states of cochlear implant use and how the children’s AEPs are normalizing in a

comparable way to those of NH control children during CI use over the years (SHARMA

et al. 2009). Furthermore, the mismatch negativity (MMN), an AEP component elicited

by infrequent auditory stimuli deviating from regular standard sounds, has emerged as

a reliable marker for CI users’ ability to accurately discriminate stimuli (KELLY et al.

2005; SANDMANN et al. 2010; ZHANG et al. 2011; TORPPA et al. 2012).

The mismatch negativity (MMN) is known to indicate the detection of di!erences

between the sensory memory trace of a preceding stimuli and the present one (DUNCAN

et al. 2009). It is sensitive to small changes in stimulus features near to the just notable

di!erence thresholds and largely attention-independent (NAATANEN et al. 2007). The
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MMN is typically elicited in a time window of 100 to 250 ms after stimulus onset; its

distribution is largest on the fronto-central electrodes, and shows a polarity reversal over

temporal electrodes. The MMN is not detectable, like other peaks, over the time course of

an epoched EEG; instead it is feasible after the AEPs of the presented standard sounds

that are subtracted from those of the infrequent occurring deviants (NAATANEN u.

KUJALA 2011; NAATANEN et al. 2011a; NAATANEN et al. 2011b). Although AEPs

have a high temporal but limited spatial resolution, we propose event-related potentials

as the current optimal technique to gain objective insights to the neural and cognitive

mechanisms underlying the behavioral performance of CI users.

Thesis research

The research described in this thesis examined how music perception in CI users can be

assessed by means of EEG, and how auditory evoked potentials might be an indication for

performance in music perception. I therefore conducted two studies in which I examined

music perception abilities of CI users by means of the MMN while comparing it to those

of NH controls.

In the first study, my focus was on the timbre perception. In this study, 24 subjects

participated - 12 were post-lingually deafened CI users and 12 age-matched NH controls.

A cornet sound with a manipulated temporal envelope was used. First, I conducted an

analysis of the signal to noise level of the N1 in CI users and NH control to assess AEP

quality for the two di!erent groups. Second, the CI users’ N1-P2 complex as well as

the MMN in response to the stimuli manipulation was investigated, to further examine

whether the encoding of temporal sound features in CI users was appropriately repre-

sented in auditory sensory memory. Analysis of a behavioral musical score test showed six

musical trained CI users in the CI users group. Thus, I examined the AEP components

respectively to the musical training the CI users had received in a subanalysis.

In the second study, I examined the musical perception in a broader context. By

means of MMN, I used a multi-feature paradigm to approach di!erent musical features

and their representations in CI users and NH controls. Crucial musical features such

as pitch, timbre, rhythm and intensity were implemented in a musical figure (Alberti

bass’). Sounds were presented within this figure as standards (50%) and deviants (50%),

allowing for an analysis of the MMN. In this musical complex paradigm, 24 participants
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(12 CI, 12 NH controls) listened to the stimuli in a passive mode (for the MMN paradigm)

and a slightly di!ering active part for the behavioral condition. The hypothesis contained

the di!erences in amplitude and latencies of the MMN to di!erent features within the

groups, as well as group specific di!erences depending on normal or bionic hearing. The

analysis of the hit rates of the behavioral task and the MMNs were correlated with each

other and with the CI users’ patient demographics respectively.



11

4 Manuscript I

Published in PloSone E.pub 21.09.2012, DOI 10.1371/journal.pone.0045375

Temporal Feature Perception in Cochlear Implant Users

Timm, L.1,Agrawal, D.1, Viola, F.C.2, Sandmann, P.2, Debener ,S.2, Büchner, A.3,

Dengler, R.4, Wittfoth, M.1,4

1 Department of Neurology, Hannover Medical School, Hannover, Germany

2 Department of Psychology, Neuropsychology Lab, Carl von Ossietzky

University of Oldenburg, Germany

3 Department of Otorhinolaryngology, Hannover Medical School,

Hannover, Germany

4 NeuroImaging and Clinical Applications (NICA), Hannover, Germany

Abstract

For the perception of timbre of a musical instrument, the attack time is known to hold

crucial information. The first 50 to 150 ms of sound onset reflect the excitation mech-

anism, which generates the sound. Since auditory processing and music perception in

particular are known to be hampered in cochlear implant (CI) users, we conducted an

electroencephalography (EEG) study with an oddball paradigm to evaluate the process-

ing of small di!erences in musical sound onset. The first 60 ms of a horn sound were

manipulated in order to examine whether these di!erences are detected by CI users

and normal-hearing controls (NH controls), as revealed by auditory evoked potentials

(AEPs). Our analysis focused on the N1 as an exogenous component known to reflect

physical stimuli properties as well as on the P2 and the Mismatch Negativity (MMN).

Our results revealed di!erent N1 latencies as well as P2 amplitudes and latencies for the

onset manipulations in both groups. An MMN could be elicited only in the NH control

group. Together with additional findings that suggest an impact of musical training on
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CI users AEPs, our findings support the view that impaired timbre perception in CI

users is at partly due to altered sound onset feature detection.
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5 Manuscript II

Distinct musical feature extraction in CI users revealed by

MMN

Timm, L.1,Vuust, P.2,3, Brattico, E.4,5, Agrawal, D.1, Debener, S.6, Büchner, A.7,

Dengler, R.1, Wittfoth, M.1,8

1 Department of Neurology, Hannover Medical School, Hannover, Germany

2 Center of Functionally Integrative Neuroscience, Aarhus University,

Denmark

3 The Royal Academy of Music, Aarhus/Aalborg, Denmark

4 Cognitive Brain Research Unit, Institute of Behavioral Sciences,

University of Helsinki, Finland

5 Finnish Centre of Excellence of Interdisciplinary Music Research,

University of Jyväskylä, Finland

6 Department of Psychology, Neuropsychology Lab, Carl von Ossietzky

University of Oldenburg, Germany

7 Department of Otolaryngology, Hannover Medical School, Hannover,

Germany.

8 NeuroImaging and Clinical Applications (NICA), Hannover, Germany

5.1 Abstract

Auditory processing in general and music perception in particular are hampered in

cochlear implant (CI) users. To examine the perceptual skills and their underlying neural

correlates, we conducted an EEG study and additional behavioral sound discrimination

tests, comparing CI users with normal-hearing controls (NH controls). We used a newly

developed musical multi-feature paradigm, which allows for testing of six di!erent de-

viant categories in a musical enriched setting lasting only 20 minutes. For the CI users,
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we found five significant MMNs while obtaining significant results for all the six MMNs

in the NH group. MMNs in CI users and NH controls di!ered significantly in ampli-

tude size and were elicited significantly later in CI users than in NH controls for feature

deviations of pitch and guitar timbre. No di!erences for MMN amplitudes and laten-

cies where found for intensity and saxophone timbre. Furthermore did the MMNs in

CI users reflect the behavioral scores and were correlated with patients demographics.

This indicates that even though CI users are not performing on the same level as NH

they have potential processing abilities for music listening. However MMNs in CI user

for rhythm were abstinent indicating diminished feature detection ability for rhythmic

changes within a melodic pattern under passive conditions. The multi-feature paradigm

may hence provide an objective measure for assessing music perception abilities in a

complex listening environment in CI users.

5.2 Introduction

The number of people supplied with Cochlear Implants (CIs) in one or in both ears is

growing rapidly. In 2010 there were 150.000 CI users worldwide reported (Peters et al.,

2010). A CI is a device, which can restore hearing in patients with severe and profound

sensori-neural hearing loss. The outer and middle ear is bypassed with a microphone

and a speech processor, which converts the acoustical signals into electric pulses. These

pulses are brought into the cochlear nerve via the transmitter coil and thus stimulate

directly the hearing nerve fibres. Sound perception through electrical activation via a CI

still di!ers fundamentally from natural hearing.

Despite the limitations of their implant, most CI users are able to interpret sounds

as meaningful and can derive information for speech intelligibility. Since the CI was

mainly created as a prosthesis to enhance speech perception, music perception remains

comparably poor (Cooper et al., 2008; Gfeller et al., 2006; Koelsch et al., 2004; Limb

and Rubinstein, 2012). Perceiving music successfully in terms of a pleasant sensation

is reported in only a small number of patients. As a considerable factor of life quality,

enjoyment of listening to music is important for CI users (Gfeller et al., 1998; Wright

and Uchanski, 2012) and something most CI users wish for. Features such as pitch and

timbre are usually more di"cult to perceive by CI users as indicated by behavioral
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studies, whereas rhythm perception seems to be less problematic (Gfeller et al., 2008;

Leal et al., 2003; Limb and Rubinstein, 2012). These di!erences arise mainly because

of the missing spectral fine structure information, which is not well implemented in the

current CI technology (McDermott, 2004).

Subjective behavioral measures of CI users auditory capabilities, however, implies a

number of confounding factors such as di!erences between CI users and NH controls in

familiarity with and motivation in relation to performing auditory tasks. In comparison,

brain scanning techniques may provide e!ective, objective measures that in addition

provide information on the neuronal underpinning of the sound perception of CI users.

Due to the magnetic coil under the heads surface of a CI user, functional MRI studies

are still limited and auditory evoked potentials (AEPs) are currently the best option

for brain functioning studies. Even though the number of neurophysiologic experiments

so far is very small, the Mismatch Negativity (MMN) has emerged as a reliable marker

for CI users ability to accurately discriminate stimuli without the trade-o! of subjective

behavioral responses (Kelly et al., 2005; Sandmann et al., 2010; Torppa et al., 2012;

Zhang et al., 2011).

The MMN is a component of the auditory event-related potential (AEP) recorded

with electroencephalography (EEG) related to change in di!erent sound features such

as pitch, timbre, location of sound source, intensity, rhythm or in any abstract rule

(Naatanen, 1992; Naatanen et al., 2011a; Naatanen et al., 2001). It peaks around 100-

200 ms after change onset and the amplitude and latency of the MMN depends on

deviation magnitude and related perceptual discriminability, such that larger deviations

yield larger and faster MMNs (Naatanen et al., 1987). The amplitude and latency of the

MMN indeed is closely linked with auditory behavioral measures (Lang et al., 1990; Sams

et al., 1985), with a correlation between these two measures of neurocognition (Novitski

et al., 2004; Tiitinen et al., 1994). Furthermore, the MMN is sensitive to discrimination

learning (Naatanen et al., 1993) and hereby also to auditory and musical competence.

(Brattico et al., 2009; Tervaniemi, 2009; Vuust et al., 2005; Vuust and Roepstor!, 2008).

It is sensitive to small changes of stimulus features near to the just notable di!erence

thresholds (Naatanen et al., 2007) and provides an objective measure since it is elicited

pre-attentively requiring neither subjects behavioural response nor attention towards

the sounds (Alho, 1992; Brattico et al., 2006; Naatanen et al., 1978; Paavilainen et al.,
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1993).

Sandmann and colleagues successfully used a new multi-feature mismatch negativity

paradigm developed by Naatanen and colleagues showing that MMNs may be elicited

in CI users (Naatanen et al., 2004; Pakarinen et al., 2009; Sandmann et al., 2010). This

paradigm allows testing for several deviant categories in a shorter amount of time and is

thus more suitable for musical aspects, such as pitch and timbre within one experimental

block. The multi-feature paradigm, however, presents deviating sound features within the

very simple context of a repeated note. Recently, Vuust and colleagues have introduced

the new fast musical multi-feature paradigm that tests sound feature deviations in a

much more complex setting. This paradigm can be used as an indicator for musical

expertise in normal hearing listeners (Vuust et al., 2011; Vuust et al., 2012b; Vuust et

al., 2012c). Since sound context is of the essence to the auditory perception of CI users,

we here want to use this paradigm to test the auditory and musical perception of CI

users to better understand the precise nature of their abilities in these domains.

In the musical multi-feature paradigm, standard and deviant sounds are embedded in

a musical context (‘Alberti bass’), while testing for several features of musical deviations

such as pitch, timbre, intensity, and rhythm. The ‘Alberti bass’ represents a common

musical figure in Western classical music, consisting of a 4-note pattern, changing over

several keys. For our purpose the third note in this pattern was altered on every second

4-note pattern. The stimuli are therefore more complex ecologically valid than if they

would have been presented within a normal stream of standards and deviants. Based on

the correlation between musical expertise and the amplitude of the MMN obtained in

a normal hearing population including musicians (Vuust et al., 2012b) we hypothesized

that CI users would show distinct MMNs for musical features with di!erent magnitudes

of deviations depending on the feature and the characteristics of their corrected hearing.

Compared to NH controls, we anticipated longer latencies in the CI users groups as well

as smaller MMN amplitudes.
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Subject Age Sex Implant type Duration of Age at Etiology Freiburger

profound implantation monosyllabic

deafness (years) in quiet (%)

(years)

P1 34 f AB Clarion CII 1.59 26 sudden 90

P2 55 m AB HiRes 90 K 6.76 53 progressive 65

P3 56 f AB HiRes 90 K 10.3 52 genetic 90

P4 44 f Nucleus RE 24 17 39 measles 85

P5 43 m AB HiRes 90 K 0.34 42 progressive 90

P6 40 m Medel SONATA <0.2 35 hypoxia 65

P7 50 m Nucleus RE 24 <0.2 47 otosclerosis 45

P8 46 f Nucleus RE 24 3.17 40 genetic 90

P9 35 f Nucleus RE 24 5.67 29 progressive 90

P10 21 f Nucleus RE 24 7 13 genetic 65

P11 48 f Nucleus RE 24 17.75 43 mumps 90

P12 51 m Medel SONATA 1.25 6 sudden 80

Table 5.1: Patient demographics

5.3 Materials and methods

Participants

Twelve adult CI users (age range in years: 21-56, mean: 43.5, SD: 9.97) and twelve age-

and sex-matched, right-handed participants with normal hearing ability (age range in

years: 21-57, mean: 43.3, SD: 11.09) were included. Prior to the experiment, all CI users

had been using their implant for at least 12 months (please see Table 5.1 for detailed pa-

tient demographics). All procedures were approved by the local ethics committee and the

study protocol was conformed according to the Declaration of Helsinki. Participants gave

written informed consent before data collection and received monetary compensation for

their time.

Stimuli

The auditory stimuli in the present experiment were similar to the musical multi-feature

paradigm developed by Vuust et al (Vuust et al., 2011), with only small adaptations
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due to the specific patient group. Di!erent to the oddball paradigm, this paradigm

allows us to record AEP responses to many auditory feature deviations in a relatively

short time and an comparably good signal-to-noise ratio. Instead of a usual stimulus

probability (80% standards; 20% deviants), the optimal paradigm allows each ‘standard’

to be followed by a ‘deviant’ resulting in an equal probability of standards and deviants.

The musical multi-feature paradigm is an extension of the “optimal paradigm” (Naata-

nen et al., 2004) but with a richer musical context and higher complexity by presenting

standards and deviants within an ‘Alberti bass’ configuration. This configuration is com-

monly used in the Western musical culture in both classical and improvisational music

genres. For the present study we presented this musical 4-tone pattern, with a key change

between F-major, G-major, A-major, or C-major on every 6th measure. The keys were

kept in the middle register of a piano with the bass note between F3 and E4, while their

order was pseudo-randomized; each key was repeated six times during the experiment.

Sound stimuli were generated using the sample sounds of an acoustic piano (Wizoo) from

the software sampler Halion in Cubase (Steinberg Media Technologies GmbH). Deviant

patterns were similar to the standards, except that the third tone of the pattern was

modified with Pro Tools (Pro Tools 7.4, Avid) as illustrated in Figure 5.1.

The first pitch deviant (Pitch1D1) was created by exchanging the third tone of the

Alberti pattern with a sound which was two semitones higher. The second pitch deviant

(Pitch2D2) was created in the same manner using a four semitone higher substitute.

The two timbre deviants were created by exchanging the third note into either a guitar

(GuiD3) or a saxophone (SaxD4) sound (both timbre deviants were normalized in loud-

ness according to the standard pattern). The intensity deviant (IntD5) was generated by

reducing the original loudness by 12 dB of the third tone, whereas the rhythm deviant

(RhyD6) was created by moving the third note 60 ms in time compared with when it

was expected. Each single note was presented in stereo, 44.100 Hz sample frequency, and

with duration of 200 ms, resulting in an inter-stimulus-interval of 5 ms. The stimuli were

presented with Presentation software (Neurobehavioral Systems). The duration of the

complete experiment was 20 minutes.
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Figure 5.1: The main stimulus: ‘Alberti bass’ patterns alternating between standard se-

quence and a deviant sequence played with a piano sound. Patterns were

periodically transposed to four di!erent keys with an interval of 6 bars. Each

tone was 200 ms in duration, with an inter stimulus interval of 5 ms, yielding

a tempo of approximately 140 beats/min. Comparisons were made between

the third note of the standard sequence and the third note of the deviant

sequence.
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Procedure

Behavioral discrimination task

A behavioral discrimination task was performed by all participants after the EEG record-

ings to measure a behavioral index of the auditory discrimination accuracy. In this three

alternative choice task, participants were presented with the same 4-tone-pattern as used

in the previous EEG experiment. The pattern was presented three times in a row (3 x

4-pattern), twice in the standard condition and once with a deviant. The deviating pat-

tern could either occur in the first, the second, or the last position in the 3 x 4-pattern,

alike to those used in the EEG paradigm. All deviant conditions were presented equally

often and were repeated 10 times in random order. Participants were instructed to press

a corresponding key (1, 2, 3) indicating at which position the deviating pattern had

occurred. Hit rates of CI users and NH controls were analyzed and averaged across the

six deviant conditions.

EEG recording and data analysis

Participants were comfortably seated in a shielded chamber and passively listened to the

auditory sequences via loudspeakers positioned on their left and right side with an angle

of 45 degrees. Loudness was kept at a sound pressure level of 60 dB. All participants

watched a silenced documentary throughout the whole experimental procedure. The

EEG was recorded from 30 scalp channels using active electrodes (Acticap, Brain Prod-

ucts, Munich, Germany) placed according to the 10-20 system (Klem et al., 1999). For

the CI users, three to six channels mainly from the temporal (T12/T8) to the occipital

electrodes (P08) had to be unattached due to interferences with the implant transmis-

sion coil (channels range: 3-6, mean: 3, SD: 1). Two electrodes were attached to record

the EOG (below and at the outer canthus of the right eye). The reference electrode was

attached to the nose-tip and was used as the common reference. Sampling rate was 250

Hz, the data were analogue filtered (0.1 to 80 Hz), and electrode impedances were kept

below 10 k#.

EEG data were analyzed in MATLAB (Mathworks, Nattick, MA, USA) environment

using EEGLAB 9.0.5.6b (Delorme and Makeig, 2004). Data were filtered o$ine using

a FIR filter with the lower edge of the frequency pass band at 1 Hz and a higher edge
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of the frequency pass band at 30 Hz. The recordings were screened for infrequent or

un-stereotyped artifacts using an inbuilt probability function (pop jointprob) with a

threshold of three standard deviations (Debener et al., 2008). After performing an Info-

max independent component analysis (ICA), ocular and cardiac artifacts were identified

using the CORRMAP plug-in (Viola et al., 2009) and removed from the data. Artifacts

caused by electrical interference of the CI were identified with respect to their inde-

pendent components (ICs) (Debener et al., 2008; Viola et al., 2012; Viola et al., 2011).

Evaluation of whether an IC was artifact driven was done by (i) visual inspection of ICs

scalp projection (e.g. centroid of activity on the implanted side), (ii) on and o!set of the

component were in phase with stimulus on and o!set, or (iii) the activity power spec-

trum of the IC showed a periodic-like spectral distribution in the frequency domains up

to 20 Hz (Torppa et al., 2012). Consequentially, ICs found to reflect an artifact induced

by the implant were removed from the data.

For the CI users, the missing channels were spherically interpolated with respect to

the neighbouring channels to enable voltage topographic maps. Following ICA-based

artifact attenuation, data were segmented in 100 ms pre-stimulus and 400 ms post-

stimulus epochs. After baseline correction (-100 ms to 0 ms), single subject averages

of the six types of deviant stimuli as well for the standard stimuli were conducted.

Single subject MMN latencies and amplitudes were measured by subtracting the AEP

waveform of the deviant from the standard waveform resulting in six di!erence-waves.

For the MMN quantification, group- and deviant-specific time windows of 40 ms were

chosen from the respective grand average MMN peak amplitude (see Table 5.3 for time

windows). Single-subject MMN latencies were then defined as the most negative peak

in the predefined time windows of the di!erence-wave. MMN amplitude voltages were

calculated as the mean amplitude in the respective 40 ms time window. In line with

previous studies (Duncan et al., 2009; Naatanen et al., 2007) reporting that the largest

negative MMN peak is typically obtained at Fz, MMN significance analysis was carried

out on electrode Fz. Since the mastoids were not accessible in all CI users, we chose P08

to evaluate possible polarity reversals of the MMNs (Sandmann et al., 2010).
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Statistics

Two-tailed t-tests were carried out for all six deviant categories in both groups to ascer-

tain that MMN amplitudes di!ered significantly from zero. A repeated measure ANOVA

with within-subjects factor deviation (5 levels: Pitch1D1, Pitch2D2, GuiD3, SaxD4, IntD5)

and group as between-subjects factor was computed for MMN latencies. For further sta-

tistical analysis, the e!ects of feature deviation on the MMN amplitudes and scalp dis-

tributions in terms of frontal and central electrodes as well as group specific di!erences

were calculated on a subset of electrodes (F3, Fz, F4, C3, Cz, C4). A general linear

model (GLM) with repeated measures ANOVAS were performed on the MMN mean

amplitudes and latencies. Within-subjects factors were deviation (5 levels: Pitch1D1,

Pitch2D2, GuiD3, SaxD4, IntD5), frontality (2 levels: F-line, C-line), and laterality (left,

middle, or right), while group was between-subjects factor. A Greenhouse-Geisser cor-

rection was applied when necessary, and will be indicated in the following results part

with epsilon, degrees of freedom will be presented uncorrected. Post-hoc t-tests were

used to reveal group specific di!erences.

5.4 Results

Results of the post-experimental behavioral task

All subjects showed a high accuracy with above-chance hit rates. We found lower hit rates

for CI users compared to NHs in most feature deviation categories, including Pitch1D1

(t= -2.69, p=.013), Pitch2D2 (t=2.46, p=.022), GuiD3 (t=2.86, p=.009), and the devi-

ation IntD5 (t=2.45, p=0.22), whereas the groups did not di!er for the SaxD4 (t=.684,

p=.50), or RhyD6 (t= .01, p=1.0) deviations.
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CI user hit rate NH controls hit rate

% SD % SD

Pitch1D1 65 2.42 87 0.90

Pitch2D2 74 3.07 98 0.40

GuiD3 85 1.12 97 0.64

SaxD4 92 1.20 96 1.20

IntD5 68 3.20 92 1.42

RhyD6 77 2.40 76 2.01

Table 5.2: Hit rates of CI users and NH controls
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Figure 5.2: Grand average AEPs for CI users and NH controls for six types of deviations

recorded at Fz. Standard (red), deviant (blue), di!erence wave (black), po-

larity reversal was obtained at P08 (dotted line). The rhythm deviant was

shifted in time.

MMN amplitudes

In NH controls the fast multi feature paradigm elicited significant MMNs in all six

feature deviations, whereas in CI users significant MMNs were found for all but the

RhyD6 (see Table 5.2 and Figure 5.2). For the MMN amplitudes, we found significant

within-subjects e!ects for factors deviation (F4,88= 4.57; p< .001), frontality (F1,22=

9.79; p=.005) and laterality (F2,44= 33.62; p< .001; !=.614). Significant interactions

were given for laterality with group (F2,44= 5.20; p=.02), deviation and group (F4,88=

3.86; p= .008), frontality with laterality(F2,44= 17.68; p<.001 !=.666) and a three-way

interaction of frontality by laterality and group (F2,44= 10.74; p= .001). Additionally,

a three-way interaction of frontality by deviation and group (F4,88= 5.48; p= .004)

could be found, along with a significant between-subjects e!ect (F1,22= 8.57; p= .008).

Post-hoc t-tests for amplitude at Fz in respect to deviation showed the largest di!er-

ences between the two groups for the Pitch1D1 (t=3.64; p=.001) and Pitch2D2 (t=4.39;
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p<.001) deviations. A significant di!erence was also found for the GuiD3 with smaller

amplitudes in the CI users than in NH controls (t=3.03; p=.006). We found no significant

di!erences for the MMN amplitudes of saxophone and intensity between CI users and

NH controls (SaxD4: t=1.4, p=.17; IntD5: t=.20, p=.83). MMN amplitude for RhyD6

di!ered significantly between CI users and NH controls (t=4.57, p<.001). As illustrated

in Figure 5.4, and indicated with post hoc paired t-test the topography maps show that

the MMNs of CI users were di!erently lateralized than those of the NH controls. Sig-

nificant lateralization were obtained for feature deviations Pitch1D1 (comparing F3-F4:

t=3.32, p=.007) and GuiD3 (F3-F4: t=2.33, p=.040) no significant di!erences for F-line

vs. C-line were observed for the di!erent feature deviations (all p>0.6) in CI users. In

the NH controls both pitch deviants showed a more frontal (Pitch1D1 F4-C4: t=2.49,

p=.030; Pitch2D2 F4-C4: t=4.94, p<.001) and rightwards lateralization(Pitch1D1 F3-

F4: t=7.83, p<.001; Pitch2D2 F3-F4: t=3.51, p=.005). The MMN to feature deviation

GuiD3 showed strongest amplitude on the C-line, with no significant lateralization e!ect

(all p>.061). The MMN to SaxD4 showed a similar pattern and strongest amplitude in

the central regions (Fz-Cz: t=2.62, p=.023) and was shifted to the right (C3-C4: t=2.70,

p=.021) while IntD5 showed a equally fronto-central distribution and only for leftwards

lateralization (F3-F4: t= 2.47, p=.031) a significant di!erence was obtained.

MMN latencies

The MMN latencies were modulated by the six feature deviations in both groups as

tested with GLM and showed significant within-subject e!ects (F4,88= 13.75, p<.001)

as well as an interaction of deviant and group (F4,88= 22.16, p<.001). We also found

group specific di!erences in MMN latencies (F1,22= 125.42, p<.001). The two MMNs

with the longest latency in the CI users were elicited by the pitch deviations and di!ered

significantly from the two pitch MMN latencies of the NH controls (Pitch1D1: t=8.74;

p<.001; Pitch2D2: t=8.50; p<0.001). The shortest MMN latency for the NH group was

obtained for the GuiD3. This latency di!ered significantly from the one observed in CI

users (t=5.32; p<.001). Comparable to the results of the MMN amplitudes, we found

no group specific di!erences for the SaxD4 MMN latency (t=.645, p=.52) or the IntD5

MMN latency (t=1.78, p=0.88). The RhyD6 MMN, which was found for the NH controls

only, peaked in a mid-latency range (see Table 5.3 for detailed latency and amplitudes
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CI users NH controls

Deviant Interval Amplitude t SD latency Interval Amplitude t SD latency

(ms) mean (ms) (ms) mean (ms)

(µ V) (SD) (µ V) (SD)

Pitch1D1 180-220 - .616 - 2.81! .75 202 (15.3) 136-176 - 1.80 - 7.45!! .83 148 (14.4)

Pitch2D2 180-220 - .71 - 3.11! .79 206 (19.7) 136-176 - 2.48 - 7.48!! 1.15 148 (12.3)

GuitD3 140-180 - 1.38 - 5.07!! .94 165 (14.1) 120-160 - 2.72 - 7.76!! 1.23 134 (14.0)

SaxD4 140-180 - 1.10 - 5.22!! .73 169 (14.7) 140-180 - 1.71 - 4.53!! 1.31 165 (13.0)

IntD5 138-178 - 1.49 - 4.77!! 1.08 150 (17.3) 138-178 - 1.39 - 4.22!! 1.14 162 (16.4)

RhyD6 128-168 - .24 - 1.41 .74 143 (11.1) 128-168 - 1.91 - 6.50!! 1.01 140 (14.1)

Table 5.3: Amplitudes and latencies of the MMN in response to di!erent musical features

for CI users and NH controls

(!p=0.01;!!p=<0.001).

measures).

Additional correlations for the CI users group only, including MMN amplitudes at

Fz, patient demographics, and hit rates showed significant positive correlations for

the Freiburger speech score and hit rates for Pitch2D2 (r=.597, p=.04), GuiD3(r=.704,

p=.011) and RhyD6(r=.801, p=.002). The same hit rates were also significantly nega-

tively correlated (e.g. the higher the hit rate the larger the MMN amplitude) with the

MMN amplitude for feature deviation Pitch1D1 (Pitch2D2: r= -.588, p=0.044; GuiD3:

r= -.586, p=.045; RhyD6: r= -.747, p=.005). Age was negatively correlated with the hit

rate for IntD5 (r= -.688, p=.013) and the MMN latency for feature deviation Pitch1D1

(r= -.619, p=.032) with older CI users showing prolonged latencies for the MNN (see

Figure 5.3).
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Figure 5.3: A: Hit rate of CI users and NH controls. B: Correlations of hit rate for

intensity with age in CI users. C: Correlations of di!erent hit rates with the

Freiburger monosyllabic speech scores in CI users. D: Correlations of di!erent

hit rates with MMN amplitude for deviation Pitch1 in CI users.
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Figure 5.4: Topographies and grand average di!erence waves of CI users and NH controls

A: EEG voltage isopotential maps of the di!erence between the responses

to deviants and standards averaged at maximal peak amplitudes. B: Grand

average di!erence waves of CI users and NH controls.
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5.5 Discussion

Our current results show evidence for CI users processing of prominent sound features

embedded in a complex sound context. CI users in our study were able to produce

five robust MMNs out of six conditions for categories formerly described as di"cult to

perceive. Di!erences between both groups could mainly be found for the MMN amplitude

and latencies depending on the feature deviation, especially for the two pitch deviations.

We also found that the timbre and intensity deviants elicited comparable MMNs in

both groups showing that the di!erences in perception are not mandatory prominent for

all musical feature deviations. CI users did not elicit a significant MMN for the rhythm

feature deviation, which might be explained with the musical complexity of our paradigm

and the comparably small deviation magnitude.

With the current study, we were also able to successfully show the usability of the

multi-feature MMN paradigm for the clinical population of CI users. We have extended

the findings of earlier MMN studies (Ponton and Don, 1995; Sandmann et al., 2010;

Zhang et al., 2011), showing that CI users may be able to process musical features such

as pitch and intensity even in a complex musical context with our findings of instrument-

specific MMNs (e.g. timbre) for guitar and saxophone, although with remarkable di!er-

ences between groups in some feature MMN parameters. Our results of the NH controls

are comparable to a recent musical multi-feature paradigm study, in which Vuust and

colleagues tested the paradigm on non-musicians and musicians while finding robust

MMNs for both groups in all six deviation categories (Vuust et al., 2012a). The di!er-

ences in the MMN scalp distributions and latencies between the di!erent deviant types

observed in the present study extend previous results suggesting that partially separate

MMN generators for di!erent sound features reflect separate processes of auditory sen-

sory memory of pitch, timbre and intensity (Caclin et al., 2006; Naatanen et al., 2011b).

Hemispheric asymmetries between CI users and NH controls for AEPs have been shown

earlier by studies indicating a topographical (e.g. more ipsilateral) displacement due to

the implantation (Gordon et al., 2010; Sandmann et al., 2009).
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Pitch

The findings of the Pitch1D1 in CI users indicate the possibility of CI users to perceive

di!erences as little as two semitones. However, less neural e"ciency for pitch processing

was observed with CI users as evidenced by their diminished MMN amplitudes and lower

hit rates to both pitch deviants compared to controls. Especially under consideration of

the correlation with the Freiburger monosyllabic speech scores, the pitch results indicate

a dependency between the perception of small pitch di!erences and good speech percep-

tion. This extends the results of Torppa and colleagues (Torppa et al., 2012) who found

that small pitch deviations might be su"ciently salient thus eliciting a MMN. However,

in that study children early implanted with a CI were examined and found to show

adequately and equally good processing of pitch when compared to NH control children

for deviation of three to four semitones of repeated piano tones without any musical

context or minimal acoustic variation. In our study, we elicited MMN in CI users with a

deviation as little as two semitones, showing that the general processing of pitch is not

limited to the often referred five to seven semitones, when tested behaviorally (Donnelly

et al., 2009; Gfeller et al., 2002).

We also found a robust MMN in CI users for the second pitch deviation with four

semitones. The threshold of 2-4 semitones eliciting a MMN in CI users is considerably

good. Behavioral studies, which indicated pitch thresholds of at least five to seven semi-

tones in CI users, often involve judgments of the direction of pitch di!erences (Drennan

and Rubinstein, 2008; Gfeller et al., 2002). Our findings, on the contrary, reflect that

neural detection (Naatanen et al., 2011a) of a change in relation to complex pitch pat-

terns, takes place even with smaller deviations. Similar findings were reported by Peretz

and colleagues, who found a MMN to small pitch changes in patients with congenital

amusia, beside no conscious awareness of those changes (Peretz et al., 2009). Since the

MMN is an index of pre-attentive processing, however, this neural detection may not be

su"cient for participants to make clear behavioral discriminations. This explanation is

also supported by Leal and colleagues who described the di!erences between pitch dis-

crimination and pitch identification abilities in CI users and the impaired prerequisite

for the latter to detect the direction of the pitch change (Leal et al., 2003).
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Timbre

Both timbre feature deviations (e.g. guitar and saxophone) elicited MMNs in CI users

and NH controls. This corroborates earlier findings by Koelsch and colleagues show-

ing significant MMNs for timbres di!ering from the standard piano sound in CI users

(Koelsch et al., 2004), however these timbre deviants were implemented in a less mu-

sical complex setting. Timbre discrimination accuracy in general have been shown to

be reflected by the MMN for timbre changes (Naatanen et al., 2007). The timbre of an

instrument is mainly defined by its temporal and spectral envelope. The gross tempo-

ral envelope and the sound onset are comparably good perceived by CI users, whereas

the spectral envelope and especially the fine structure are partly missing (Drennan and

Rubinstein, 2008; Heng et al., 2011). This might explain the comparable morphologies

between the CI users and NH controls in the di!erence-waves for the two timbre de-

viations, specifically to the guitar deviant. The guitar as a plugged string instruments

has a sharper attack time, and therefore a steeper envelope compared to the slower, by

air excited saxophone. Again, there is need to di!erentiate between the acoustic change

mechanism underlying the two MMNs in our experiment and the general timbre iden-

tification abilities in CI users which have been reported to be hampered (Galvin et al.,

2009). Sound identification and instrument discrimination is one of the main factors of

both auditory scene analysis and auditory object recognition. Poor abilities of CI users

in these aspects lead to general impairment in complex sound environments (Moore,

2003).

Intensity

Although hit rates for intensity di!ered significantly in both groups, we found no di!er-

ences in the amplitudes or latencies of the MMN between groups. Instead, the intensity

deviation showed the most comparable morphologies between both groups along with

the timbre deviations. This is not surprising since intensity is usually well implemented

in CI users. It is, however, plausible that CI users would be more uncertain about what

they hear in general, and therefore perform worse than NH despite the apparent simi-

larity between the neural responses between the groups on this sound parameter. This

assumption is further supported by our findings of the negative correlation between the

intensity hit rate and the CI users age. However, the amplitude range of the MMN in CI
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users was remarkably good compared to earlier studies (Sandmann et al., 2010; Torppa

et al., 2012) and fosters the reliability of the current musical multi-feature paradigm.

Rhythm

In music, changes in sound duration are necessary in order to be able to detect changes

in rhythm and tempo. Interestingly, the rhythm deviant did not elicit a MMN in the CI

users. Behavioral studies have shown quite often that the rhythm perception is working

well for CI users (Drennan and Rubinstein, 2008; Limb, 2006). However, the complexity

and lack of attention towards the auditory stimuli in our experiment may have driven

the lack of MMN in this feature deviation, as already indicated by the low behavioral

hit rate. This may give rise to the question whether all of the rhythmic tests, currently

used with CI users give reliable results about their musical rhythm perception. It may

rather be that simple clapping or single note rhythms are more easily perceivable with

a CI, whereas rhythm nuances embedded in an auditory scene becomes more di"cult to

extract. This argument is corroborated by the relative minimal deviation of 60 ms used

in our study, since various studies have indicated that CI users have di"culties in more

complex rhythm discriminations with small rhythmic changes (Kong et al., 2004; Leal

et al., 2003).

5.6 Summary

In summary, our findings extend the insight into the abilities of complex sound and mu-

sical feature perception in CI users. CI users showed distinct MMNs to di!erent musical

features embed in a musical surrounding and thus indicated promising feature encoding

abilities. The musical multi-feature paradigm with which we tested these perceptual abil-

ities is advantageously short and musically enriched compared to previous music-related

MMN studies. Within 20 minutes, we were able to test for six types of deviations within

an ecologic musical setting. Our findings imply that it might be necessary to work under

real life conditions in regard to the stimulus material and how it is presented in order

to overcome di!erences in behavioral data and AEPs as shown here in relation to the

rhythm deviant. The paradigm is suitable for clinical routine as it may give objective

data of the capability of current implants in an everyday-like listening condition. How-
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ever, to meet this goal future research in AEP method needs to reach higher sensitivity

at the single subject level to enhance reliability of individual multi-attribute profiles of

sound discrimination abilities. Further experiments should include a more parametric

approach towards the single deviant categories leading to a more pronounced MMN and

specific information about a magnitude of deviance e!ect (Horvath et al., 2008; Naata-

nen, 2009). Additionally, di!erences between uni- and bilateral CI users could be tested

giving more information concerning the lateralization of the MMN. This paradigm might

also be suitable for auditory brainstem responses. Therefore experiments including pa-

tients which have been received an auditory brainstem implant are warranted, since there

is evidence that the novelty detection reflected by the MMN might be driven by much

earlier processes of deviant detection encoding mechanisms (Slabu et al., 2012).
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6 Comprehensive Discussion

For the current thesis the aim was to assess CI users music perception by means of elec-

trophysiological recordings (AEPs), behavioral tasks, and questionnaires. The results

indicate variability in CI users perceptional abilities if confronted with musical features.

The 24 CI users participating in the two studies gave heterogeneous answers to their

extend of music appreciation and engagement. Most of the CI users reported that they

tend to listen to music, but they complained about the artifical sound provided by the

CI. Some of the CI users noted that they have stopped listening to music and try to avoid

any activities including music due to the hampered sound perception. Still others are

trying to overcome impoverished music perception by starting to play an instrument and

thus training their auditory abilities. This variability across CI users in terms of music

perception has also been reported by former behavioral studies investigating the appre-

ciation of music and behavioral scores (GFELLER et al. 2002; GFELLER et al. 2005;

GFELLER et al. 2008). The results of our EEG studies confirm the findings from behav-

ioral studies reporting impaired music perception in CI users. In particular, both studies

found that CI users musical sound perception is impoverished and that this impairment

is reflected in AEPs to musical sounds. These findings extend the knowledge about the

abilities of CI users to perceive complex sounds, in particular specific features of musical

sounds. With our general investigation of the temporal envelope feature encoding we

corroborated the literature on the use of AEPs as an objective measure in CI research

(DEBENER et al. 2008; SANDMANN et al. 2009; VIOLA et al. 2011). We showed that

even small sound di!erences might be appropriate to assess the general hearing abilities

of CI users. The lack of significant MMNs in our first study might reflect the impairment

of CI users to properly integrate deviating onsets. These di"culties in auditory process-

ing may explain altered musical sound perception in CI users, in particular in terms of

the perception of timbre. Additionally we propose new training methods, including a
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stronger musical impact as indicated in the first study. Our results showed that musical

training leads to an alteration in AEP latencies and amplitudes of the N1-P2 complex in

CI users, approaching the morphologies of NH controls. We therefore encourage musical

training in CI users since it appears to a!ect AEPs in this clinical population. With our

second study and the paradigm of the musical multi-feature paradigm, we were able to

examine music perception in CI users systematically by means of six di!erent musical

features within an ecological musical setting. Thus, we tested perceptual abilities in an

advantageously short and musically enriched surrounding compared to previous music-

related MMN studies. CI users showed distinct MMNs to di!erent musical features in a

musical surrounding, indicating that these individuals have promising feature encoding

abilities. However, not all musical sound features seem to be perceived equally well. Dif-

ferent musical features have shown certain deficits (pitch, timbre), whereas others have

been on the same perceptual level of NH controls (intensity).

Our findings imply that it might be necessary to work under real life conditions in

regard to the stimulus material and how the stimuli should be presented in order to

overcome di!erences in behavioral data and AEPs as shown in relation to the rhythm

deviant. The paradigm is suitable for clinical routine as it may give objective data of

the capability of current implants in an everyday-like listening condition. Additionally

the close link between a good speech perception and a good music perception is in need

of further investigation, as we have shown significant positive correlations between the

Freiburger speech score and the MMN amplitude of CI users. If music is an indicator

for a good speech perception it might have very practical applications for the clinical

routine and CI users rehabilitation to increase performance. Based on our results it can

be hypothesized that intensive musical training might not only improve musical sound

perception but may also a!ect speech perception ability with a CI. However, further

research is needed to better understand how musical training can influence musical and

speech sound processing in CI users. Our studies provide important insight into the

processing of complex sounds in CI users, in particular in the context of music. A com-

prehensive understanding of the neurophysiological mechanisms of music perception in

CI users seems to be important as it may help achieve the long-term goal of a more

complete restoration of hearing with a CI.

However, future research in AEP methods needs to reach sensitivity at the single



41

subject level to enhance reliability of individual multi-attribute profiles of sound dis-

crimination abilities. Further experiments should include a more parametric approach

towards the single deviant categories and include a comparison of di!erent processing

strategies such as MP3000 vs. ACE (HORVATH et al. 2008; NAATANEN 2009). Ad-

ditionally, di!erences between uni- and bilateral CI users could be tested giving more

information concerning the lateralization of AEPs and advantages in musical sound pro-

cessing in uni vs. bilateral stimulation in general. The multi feature paradigm might also

be suitable for auditory brainstem responses. Experiments including patients with an au-

ditory brainstem implant would be interesting, since there is evidence that the novelty

detection reflected by the MMN might be driven by much earlier processes of deviant

detection encoding mechanisms, located in anatomically lower regions than the auditory

cortex (SLABU et al. 2012). Additionally new testing paradigms, similar to those of the

second study are needed in order to examine the CI users in more ecologically valid situ-

ations. Nevertheless, we have shown that in complex environments the behavioral results

might di!er from those observed in the electroencephalographic recordings. This holds

true for both of the studies carried out for this thesis. However, similar discrepancies be-

tween behavioral and electrophysiological measures have also been observed in previous

studies testing the CI users in more simple, artificial conditions (e.g., Sandmann et al.,

2011). Given this discrepancies between the di!erent measures, further investigations

are needed to better understand the connection between AEPs and behavioral results.

Nevertheless, AEPs seem to be a suitable tool for the objective evaluation of auditory

processing in CI users in the clinical context. Therefore more refined paradigms, testing

for biomarkers such as P1 and MMN in a parametric approach should be developed to

allow more insight into the adult CI users perceptual abilities as it has been shown for

children (SHARMA u. DORMAN 2006). A future direction might be to test for further

prerequisites for a good music perception in CI users. In both of our studies, we did

not find a correlation between the duration of implant use and the AEP or behavioral

results. This might imply a need for a certain degree of musical processing strategies as

a prerequisite in the CI users and not vice versa a longer usage of the implant to gain a

good music perception. To test this hypothesis, further studies with a more longitudinal

approach would be necessary.

Restauration of basic sensory function is crucial and providing a decent speech per-
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ception with a CI is still the most important aim. Nevertheless is a normal hearing,

which provides the complex sound sensation of music and thus, its beauty desirable, a

goal future research should meet
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