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Abstract

Objective: Compare the processing of music-syntactic irregularities and physical oddballs between cochlear implant (CI) users and

matched controls.

Methods: Musical chord sequences were presented, some of which contained functionally irregular chords, or a chord with an

instrumental timbre that deviated from the standard timbre.

Results: In both controls and CI users, functionally irregular chords elicited early (around 200 ms) and late (around 500 ms) negative

electric brain responses (early right anterior negativity,ERAN and N5). Amplitudes of effects depended on the degree of music-syntactic

irregularity in both groups; effects elicited in CI users were distinctly smaller than in controls. Physically deviant chords elicited a timbre-

mismatch negativity (MMN) and a P3 in both groups, again with smaller amplitudes in CI users.

Conclusions: ERAN and N5 (as well as timbre-MMN and P3), can be elicited in CI users. Although amplitudes of effects were

considerably smaller in the CI group, the presence of MMN and ERAN indicates that neural mechanisms of both physical and music-

syntactic irregularity-detection were active in this group.

q 2004 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Electrical stimulation of the auditory nerve by a cochlear

implant (CI) can restore hearing in profound bilateral

deafness of sensorineural origin. Implants allow adults to

recover speech comprehension and children to acquire

language. In pre-lingually deaf adults, implants restore

auditory alerting functions, but rarely speech

comprehension.

Compared to an intact natural cochlea, CI systems still

provide only reduced auditory information, and there is

demand for implant systems that better meet the hearing

needs. While many CI users enjoy success regarding speech

understanding, most of them are still frustrated by their

inability to accurately hear music. Moreover, the ability for

an accurate differentiation of pitch information is crucial for

the understanding and production of a tone language

(e.g. Cantonese, or Mandarin), in which changes of the

fundamental frequency pattern within a phonemic segment

determine the lexical meaning. CI users in countries with

tone languages do not seem to derive the same benefit as

individuals who speak non-tonal languages (Fu et al., 1998;

Cruz and Zeng, 2001), and the pattern of (Cantonese) tone

perception development of children with CIs does not seem

to follow that of normal children (Lee et al., 2002).

Up to now, numerous studies investigated speech

recognition in CI users, but only few reports on how

musical sounds are perceived through a CI have been

published (Eddington et al., 1978; Pijl and Schwarz, 1995a,

b; McDermott and McKay, 1997; Fujita and Ito, 1999;

Gfeller et al., 1997, 1998; Gfeller and Lansing, 1991, 1992;
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see also Beynon et al., 2002). With regard to typical music

listening experiences, implant recipients enjoy music less

post-implantation than prior to hearing loss.

The major focus of the present study was to investigate

electric brain potentials in CI users while they listen to

music, and compare these potentials to those elicited in

normal (control) listeners. Recent studies investigating

music perception with a very similar experimental design

(Maess et al., 2001; Koelsch et al., 2000, 2002a,b), showed

that within a musical context, music-syntactically irregular

chords elicit early and late event-related brain potentials

(ERPs). These ERPs were denoted as early right anterior

negativity (ERAN, maximal around 200 ms after the onset

of an irregular chord) and N5 (maximal around 500 ms). In

these studies, as in the present study, sequences consisting

of 5 in-key chords were composed in a way that

progressing chords built up a musical context (top row of

Fig. 1). Such a musical context buildup correlates with the

buildup of expectancies in listeners for harmonically

regular chords to follow (Krumhansl and Kessler, 1982;

Bharucha and Krumhansl, 1983). Infrequently, an irregular

chord function (Neapolitan sixth chord) was presented at

either the third or the fifth position of a chord sequence

(see also Fig. 1). The irregular chord functions violate the

regularities of (major-minor tonal) musical structure. The

ERAN is taken to reflect the processing of such music-

structural, or music-syntactic, violations (Koelsch et al.,

2000; Maess et al., 2001). The ERAN is usually followed

by a later negativity (the N5) which is maximal around

500–550 ms. The N5 is taken to reflect processes of

harmonic integration (Koelsch et al., 2000).

Note that Neapolitans at the fifth position were, from a

music-theoretical view, more irregular than at the third

position: a Neapolitan instead of a tonic at the end of a

sequence is highly irregular, whereas a Neapolitan instead

of a subdominant at the third position is only moderately

irregular (a Neapolitan is classically used as a subdominant-

variation and pre-dominant chord; for more detailed

descriptions see Maess et al., 2001; Koelsch et al., 2000,

2002a,b). That is, the degree of music-syntactic irregularity

was varied, and a corresponding variation of ERP

amplitudes is taken to reflect music-syntactic processing

(for details see Koelsch et al., 2001).

The ERAN shares some important features with the

mismatch negativity (MMN, e.g. Schröger, 1998), most

obviously scalp distribution, and sensitivity for auditory

events that do not match with a previously presented group

of events (for more detailed descriptions see Koelsch et al.,

2000, 2001, 2002a). However, note that it has previously

been shown that effects of Neapolitans are not due to a mere

physical ‘oddball’ characteristic, but that the ERAN elicited

by irregular chord functions mainly reflects processing of

musical structure. Thus, the ERAN may not be regarded as a

physical (frequency) MMN (Koelsch et al., 2001).

It is an open question if ERAN and N5 can be elicited in CI

users. To investigate this issue, the experimental paradigm

described above was presented to postlingually deafened CI

users and age- as well as gender-matched controls. To test if

the same groups of subjects also show an MMN-response to

physically deviant auditory stimuli, infrequently a chord of a

sequence was played with a timbre that deviated from the

standard piano timbre (see Section 2). Based on previous

studies investigating other MMN-types in CI users (Kraus

et al., 1995; Ponton et al., 2000; Wable et al., 2000), a timbre-

MMN was expected to be elicited in CI users.

2. Methods

2.1. Subjects

Twelve CI users (mean age 51.8 years, range 34–77,

9 women) and 12 age- and gender-matched normal hearing

subjects (mean age 49.8 years, range 34–62, 9 women)

participated in the experiment. All CI users were post-

lingually deafened. Eleven participants used the Combi

40 þ implant (MED-EL) with the CIS strategy (Wilson

et al., 1991), one participant used the Nucleus 24 implant

(cochlear) with the ACE strategy (Table 1).

2.2. Stimuli

The musical stimulus was virtually identical to 4

previous studies (Maess et al., 2001; Koelsch et al., 2000,

Fig. 1. Examples of chord sequences: sequences exclusively consisting of

in-key chords (top row); sequences containing a Neapolitan chord at the

third position (second row), and sequences containing a Neapolitan at the

fifth position (third row), Neapolitan chords are indicated by arrows. During

the experiment, chord sequences were presented in direct succession

(bottom row).
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2002a, 2003). Two-hundred-sixty chord sequences (each

sequence consisting of 5 chords) were played under

computerized control via MIDI on a Roland JV-2080

synthesizer with a piano sound. One-hundred-seventy-two

different chord sequences were composed: The first chord

was always the tonic of the following chord sequence.

Chords at the second position were tonic, mediant,

submediant, subdominant, dominant to the dominant,

secondary dominant to mediant, secondary dominant to

submediant, secondary dominant to supertonic. Chords at

the third position: subdominant, dominant, dominant 6–4

chord, Neapolitan sixth chord; at the fourth position:

dominant seventh chord. Chords at the fifth position: tonic

or Neapolitan sixth chord.

Neapolitan chords at the third position never followed a

secondary dominant. Neapolitan chords at the fifth position

never followed a Neapolitan chord at the third position.

Both Neapolitan chords occurred with a probability of 25%

(resulting in the presentation of 65 Neapolitans at the third,

and 65 at the fifth position). Presentation time of chords one

to 4 was 600 ms, the fifth chord was presented for 1200 ms.

In 15% of the sequences an in-key chord from position two

to 5 was played by an instrument other than piano (e.g.

Trumpet, organ), resulting in a total of 40 chords played on

deviant instruments. All chords were on average physically

identical with respect to their loudness. There was no silent

period between chords or chord sequences; one chord

sequence directly followed the other (bottom of Fig. 1).

Sequences were presented via speakers (see also below).

2.3. Procedure

Participants were seated in a comfortable chair in an

electrically and acoustically shielded room. They were

instructed to keep their eyes open and to look at a fixation

cross. They were only informed about the deviant instru-

ments, not about the Neapolitan sixth chords or their nature.

An example of a chord sequence played with piano sound

and of a chord sequence in which one chord was played by a

deviant instrument (organ) was presented to each participant

before starting the electroencephalogram (EEG) measure-

ment. For the CI users, loudness was individually adjusted

in a way that patients reported that they could comfortably

hear the musical stimulus. For the controls, the musical

stimulus was presented with a loudness of approximately

60 dB (all control subjects reported that they comfortably

heard the stimulus). Participants were instructed to ignore

the harmonies and to count the deviant instruments. Six

times during the experimental session the stimulation was

briefly paused, and two numbers were presented on the

computer screen. Participants were instructed to indicate

which of these two numbers corresponded to the number of

deviant instruments by pressing one of two response

buttons. After such an inquiry, sequences were presented

in a tonal key that differed from the tonal key used before

the inquiry (preventing the musical stimulus from becoming

monotonous).

2.4. EEG measurements

The EEG was recorded from 19 scalp sites of the 10–20

system (AESN, Sharbrough, 1991): Fz, F3, F4, F7, F8, FC3,

FC4, FT7, FT8, Cz, CP5, CP6, Pz, P3, P4, P7, P8, O1, O2.

For CI users, the mastoid electrode contralateral to the

implanted side was used as reference electrode. Reference

for control subjects was the left mastoid. Sampling rate was

250 Hz per channel (lowpass 40 Hz). Horizontal and vertical

electrooculograms were recorded bipolarly. Raw data were

filtered off-line using a 0.25–25 Hz bandpass filter (1001

points, FIR). Subsequently, epochs with artifacts caused by

eye- and body movements were rejected based on visual

inspection.

Table 1

Clinical profiles of implant patients

Patient Sex Age

(years)

Etiology Duration of CI-type Strategy Side of implant

Deafness Rehab

I M 52 Ab SNHL 2 1 Combi 40 þ CIS L

II F 45 Hereditary 25 2.8 Combi 40 þ CIS L

III F 48 Hereditary 2 1.2 Nucleus ACE L

IV M 63 Otosclerosis 33 6 Combi 40 þ CIS Bilateral

V F 42 Meningitis 5 4.2 Combi 40 þ CIS R

VI F 52 Unknown origin 5 2.3 Combi 40 þ CIS R

VII M 63 Otoslerosis 33 3.9 Combi 40 þ CIS R

VIII F 44 Otoslerosis 11 1.2 Combi 40 þ CIS L

IX F 34 Ab SNHL 5 0.6 Combi 40 þ CIS R

X F 77 M. meniére 10 6.9 Combi 40 þ CIS R

XI F 52 Meningitis 4 1.3 Combi 40 þ CIS L

XII F 50 Unknown origin 7 2.1 Combi 40 þ CIS L

Ab, abrupt deafness; SNHL, sensorineural hearing loss; and rehab, rehabilitation.
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2.5. Data analysis

For statistical analysis, electrodes were grouped into

regions of interest (ROIs) by computing the mean score of

the amplitudes elicited at the electrodes of a ROI (Oken and

Chiappa, 1986). For statistical analyzes that included data

from the CI group, a frontal ROI was computed comprising

the electrodes Fz, F3, F4, FC3, and FC4, and a parietal ROI

comprising the electrodes Pz, P3, P4, CP5, and CP6. In

order to analyze lateralization of frontal effects in the

control group, two frontal ROIs were computed: left (F3,

F7, FC3, FT7) and right (F4, F8, FC4, FT8).

Variances of ERPs were analyzed by repeated measures

analyzes of variance (ANOVAs). Time windows for

statistical analyzes were centered around the maxima of

ERP effects. The time windows for the control group

correspond to the time windows analyzed in previous studies

(Koelsch et al., 2000, 2001, 2002b): 150–250 ms (early time

window), and 500–600 ms (late time window). The early

time window for the CI users was 200–400 ms, the late time

window was the same as for the control group (500–600 ms).

After statistical analysis, data were filtered with a 20 Hz low-

pass filter (41 points, FIR) for presentation purposes.

3. Results

3.1. Regular and irregular chords

ERP waveforms of the chords at the fifth position are

shown in Fig. 2. In controls, the irregular (Neapolitan)

chords elicited distinct effects: an ERAN was maximal

around 180 ms, and strongest over right-anterior electrode

leads. The ERAN was followed by a late bilateral negativity

with frontal preponderance that had an onset around 400 ms

and was maximal around 500 ms (the N5). In CI users,

irregular chords at the fifth position also elicited early and

late effects (ERAN and N5) that were considerably smaller

compared to those elicited by the control group (see also

Fig. 5). The early negativity had a longer duration in CI

users (around 200–400 ms), and early and late effects were

less clearly distinctive compared to controls.

ERPs elicited at the third position are shown in Fig. 3. In

controls, irregular chords elicited an ERAN and an N5, with

a clearly smaller amplitude than at the fifth position. In CI

users, neither ERAN nor N5 were elicited by the irregular

chords at the third position (see also Fig. 5).

Observations were corroborated by statistical analyzes: a

global ANOVA for the frontal ROI with factors chord-type

(regular chords, irregular chords), group (CI users, con-

trols), position (third, fifth), and time-window (early, late;

see Methods) revealed an effect of chord-type

(Fð1; 22Þ ¼ 26:99; P , 0:0001; reflecting that the irregular

chords elicited significant effects), an interaction between

factors chord-type and group (Fð1; 22Þ ¼ 23:43;

P , 0:0001; reflecting that effects had a larger amplitude

in controls than in CI users), and an interaction between

factors chord-type and position (Fð1; 22Þ ¼ 15:45;

P , 0:001; reflecting that the effects were larger at the

fifth than at the third position). Analogous ANOVAs

conducted separately for controls and CI users yielded

significant interactions of factors chord-type and position

for both groups (controls: P , 0:0006; CI users: P , 0:05;

indicating that the amplitude difference of effects between

fifth and third position was significant for both groups).

Effects elicited at the fifth position were significant in both

groups (controls: Fð1; 11Þ ¼ 103:27; P , 0:0001; CI

users: Fð1; 11Þ ¼ 5:66; P , 0:05). Separate analyzes for

Fig. 2. Grand-average ERP-waveforms elicited by chords at the fifth position, separately for controls (A); and CI users (B). In controls, irregular chords elicited

early and late negative effects (ERAN and N5). CI users showed similar effects, although effects had a considerably smaller amplitude. Time windows used for

statistical analyzes are indicated by the grey-shaded areas.
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the ERAN and the N5 time windows at the fifth position

indicated significant effects for both groups (control group:

P , 0:001; CI users: P , 0:05 in each analysis). At the third

position, effects were significant only in the control group

(controls: Fð1; 11Þ ¼ 13:13; P , 0:005; CI users:

Fð1; 11Þ ¼ 1:55; P . 0:2).

To test the lateralization of the ERAN in controls, an

ANOVA was computed for the early time window with

factors chord-type, position, and hemisphere (left, right

frontal ROI, see Section 2). Results revealed an interaction

between factors chord-type and hemisphere (Fð1; 11Þ ¼

5:87; P , 0:05; no 3-way interaction was indicated, as

expected). The analogous ANOVA for the late (N5) time

window did not reveal an interaction between factors chord-

type and hemisphere (P . 0:98; reflecting that the N5 had a

bilateral scalp distribution). Because of the effect of the CI on

the ERPs (in most participants implanted unilaterally), no

laterality of effects was analyzed in the group of CI users.

3.2. Deviant instruments

Behaviorally, the control group achieved 79% correct

responses (range: 66–100%), whereas the CI group had

only 66% correct responses (range: 33–83%), the beha-

vioral difference between groups being significant

(P , 0:05; one-tailed t test).

In both groups, ERP-waves of deviant instruments

(compared to chords played with the standard piano

sound) elicited a distinct timbre-MMN (Toiviainen et al.,

1998; Tervaniemi et al., 1997), probably with additional

contributions of an enhanced N1 and an N2b (Fig. 4). The

negative effect was followed by a P3 (maximal around

400 ms over parietal electrode sites). Effects were clearly

smaller in CI users than in controls (see also Fig. 5),

corresponding to the behavioral data. The early negative

effect was observable in all CI users, a correlation between

hit rate and amplitude of ERP-effects was not significant,

neither for the early negativity, nor for the P3 (probably due

to the low number of trials with deviant instruments which

led to ERPs with a relatively low signal-to-noise ratio).

An ANOVA with factors instrument (chords played on a

piano, chords played on a deviant instrument) and group for

the early negative effect (150–250 ms time window, frontal

ROI) revealed an effect of instrument (Fð1; 22Þ ¼ 44:61;

P , 0:0001), and an interaction between the two factors

(Fð1; 22Þ ¼ 11:63; P , 0:003). When analyzing both

Fig. 3. ERPs elicited at the third position. In controls (A), irregular chords elicited a small ERAN, and a small N5. In CI users (B) the two waveforms virtually

did not differ from each other.

Fig. 4. ERPs elicited by the chords played with deviant instrumental timbre compared to chords played on a piano, separately for controls (A); and CI users (B).

In both groups, deviant instruments elicited a timbre-MMN and a P3. Effects had smaller amplitudes when elicited in the CI group.
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groups separately, a significant effect of instrument was

indicated in both groups (controls: P , 0:0001; CI users:

P , 0:02). The analogous ANOVA for the P3 time window

(350–450 ms, parietal ROI) indicated an effect of instru-

ment (Fð1; 22Þ ¼ 110:67; P , 0:0001), and an interaction

between the two factors (Fð1; 22Þ ¼ 4:67; P , 0:05), effects

of instrument were indicated for both groups (P , 0:0001 in

both groups).

4. Discussion

In the present experiment, irregular chord functions

(Neapolitan sixth chords) elicited early and late negative

brain responses (ERAN and N5) in both controls and CI

users. The amplitudes of effects were considerably smaller

in CI users than in controls. Note that in controls (for whom

tests of lateralization of effects could be performed), the

ERAN was lateralized, whereas the N5 was bilateral (in

accordance with previous studies, e.g. Koelsch et al., 2001).

This difference in lateralization indicates that ERAN and N5

reflect separate cognitive processes (and are not merely a

single tonic negative effect). The finding that effects were

smaller in CI users reflects that the amount of sensory

information received through a CI is smaller compared to an

intact natural cochlea. The lower amount of information

decreased the saliency of the musical violations, and it has

been shown in previous studies, that the amplitudes of

ERAN and N5 are dependent on the saliency of musical

violations (e.g. Koelsch et al., 2000).

Importantly, amplitudes of effects differed within groups

between the two positions of the chord sequences (third and

fifth) at which the Neapolitans were presented. That is, in

both groups the amplitudes of ERAN and N5 varied

according to the degree of music-syntactic irregularity.

This variation demonstrates that both groups processed the

chords according to the regularities of (major-minor tonal)

musical structure (effects related to the processing of a

physical deviancy do not differ in amplitude between third

and fifth position, Koelsch et al., 2001, see also Section 1).

Note that a Neapolitan chord itself is a perfectly common

major triad, it is mainly the musical context in which a

Neapolitan has a harmonic function that sounds peculiar.

With this respect, the present results suggest that, despite

the limited amount of sensory information provided by a CI,

postlingually deafened CI users process musical infor-

mation (as indexed by the ERAN and the N5) with the same

neural mechanisms as normal hearing controls (but note that

ERP-effects had clearly smaller amplitudes). That is,

although many of the CI users investigated reported that

they had difficulties in discriminating musical information,

and that they are generally frustrated by their inability to

accurately hear music, the presence of the ERP-effects

observed indicates that brain functions that process musical

irregularities were still active.

It seems very likely that a cognitive representation of the

major-minor tonal system had been established before the

patients lost their hearing, and that this representation is still

a basic reference for musical analysis. That is, attempts to

improve accuracy of music perception in CI users by

modifying their processors can rely on an intact represen-

tation of musical regularities in CI users.

It is interesting to note that, according to the present

results, fast and fairly automatic processes of music-

syntactic analysis (as indicated by the ERAN) are active

in CI users: Fast and automatic processes of syntactic

analysis of language, although reminiscent to those of music

processing (Maess et al., 2001; Koelsch et al., 2000), were

not observed in CI users in a recent study (Hahne et al.,

2001). One explanation could be that the musical stimulus

was easier to decode than speech, resulting in an ERAN

during the processing of music, but not in analogous

operations during the processing of language. Another

possible explanation is that the music was equally, or even

more difficult to decode than speech, but that the fast and

automatic processes of structural analysis are regained

faster in the musical than in the linguistic domain. This issue

remains to be specified.

Chords infrequently played by deviant instruments

elicited a timbre-MMN in both CI users and normal-hearing

controls. Although the amplitude of the MMN was smaller

in CI users than in controls, findings indicate that a timbre-

MMN can be elicited in CI users. This implicates that the

automatic change detection mechanism of the auditory

sensory memory was operating, independent of whether the

stimulus was processed through a normal cochlea or

mediated by a CI (in accordance with results from previous

studies investigating the MMN in CI users, see Kraus et al.,

1993, 1995; Wable et al., 2000).

Fig. 5. Mean amplitude values and standard errors of effects (ERAN and

N5: regular chords subtracted from irregular chords; MMN: standards

subtracted from deviants), calculated for the time-windows and electrodes

of interest used in the statistical analysis. Mean amplitudes of all effects

differed significantly between controls and CI users. In CI users, irregular

chords presented at the third position of the chord sequences neither elicited

an ERAN, nor an N5. Note that in both groups amplitudes of effects were

considerably larger at the fifth than at the third position of the sequences.
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In summary, the present study demonstrates that ERAN,

N5, and timbre-MMN can be evoked in patients with

cochlear implants, although with clearly reduced amplitudes

compared to normal hearing control subjects. That is,

although amplitudes of deviance-related negativities were

considerably smaller in the CI group, the presence of these

effects indicates that both physical and music-syntactic

irregularities were neurally detected by the subjects. The

presence of the music-related effects in CI users shows that

CI users (still) have a representation of regularities of the

major-minor tonal system, even after an extended period of

hearing loss. Note that the ERAN reflects mechanisms

which process musical information fast and fairly automati-

cally, and that the ERAN was observed in CI users despite

the reduced auditory input provided by a CI. Future studies

might investigate the development of musical functions in

children with a CI.
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