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Abstract.

The present study investigated simultaneous processing of language and music

using visually presented sentences and auditorily presented chord sequences.

Music-syntactically regular and irregular chord functions were presented synchro-

nously with syntactically correct or incorrect words, or with words that had either a

high or a low semantic cloze-probability. Music-syntactically irregular chords elici-

ted an early right anterior negativity (ERAN). Syntactically incorrect words elicited

a left anterior negativity (LAN). The LAN was clearly reduced when words were

presented simultaneously with music-syntactically irregular chord functions. Pro-

cessing of high and low cloze-probability words as indexed by the N400 was not

affected by the presentation of irregular chord functions. In a control experiment,

the LAN was not affected by physically deviant tones that elicited a mismatch ne-

gativity (MMN). Results demonstrate that processing of musical syntax (as reflected

in the ERAN) interacts with the processing of linguistic syntax (as reflected in the

LAN), and that this interaction is not due to a general effect of deviance-related ne-

gativities that precede an LAN. Findings thus indicate a strong overlap of neural

resources involved in the processing of syntax in language and music.
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Introduction

The question of (non)specificity of neural mechanisms that underlie the processing of

music and language has appreciated increasing interest in cognitive neuroscience dur-

ing the past years (Zatorre & Peretz, 2001; Patel et al., 1998; Besson et al., 1998; Maess

et al., 2001; Koelsch et al., 2002a; Patel, 2003; Koelsch et al., 2004). A study from Patel

et al. (1998) compared structural processing in music and language. Results showed

that the processing of structural incongruities in both domains elicits a P600 that

does not differ between domains, presumably because the same neuronal resources

are involved in processes of structural integration (Patel, 1998). Based on these find-

ings, Patel (1998, 2003) suggested the shared syntactic integration resource hypothesis

(SSIRH) which assumes that the overlap in the syntactic processing of language and

music can be conceived of as overlap in the neural areas and operations which pro-

vide the resources of syntactic integration.

Similarly, an early left anterior negativity (ELAN) which is taken to reflect ini-

tial syntactic structure building (Friederici, 2002) resembles the early right anterior

negativity (ERAN) which is taken to reflect processing of music-syntactic informa-

tion (Koelsch & Friederici, 2003). The similarity of ELAN and ERAN has also been

suggested to be due to overlapping neural resources involved in the processing of

syntactic information in language and music. Corroboratingly, the neural genera-

tors of the ERAN have been localized in the inferior fronto-lateral cortex (inferior

BA44, Maess et al., 2001), areas that are also involved in the processing of syntac-

tic information during language perception (Friederici, 2002). Similar activations of

inferior fronto-lateral cortex have been reported by functional imaging studies in-

vestigating the processing of musical structure (Tillmann et al., 2003; Koelsch et al.,

2002a; Patel, 2003; Parsons, 2001; Janata et al., 2002; Platel et al., 1997, for a review

see Koelsch, in press). However, so far there is a lack of studies investigating the

simultaneous processing of syntax in language and music (for studies investigating

simultaneous processing of structure in music and semantics in language see Besson
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et al., 1998; Bonnel et al., 2001; Poulin-Charronnat et al., 2004, see also below).

The present study focuses on the question of whether processing of syntax in music

interacts with the processing of syntax and semantics in language during the simulta-

neous processing of music (chords) and language (words). In the language domain,

we investigated the left anterior negativity (LAN, e.g. Friederici, 2002) elicited by a

(syntactic) gender violation1, and the N400 (e.g. Kutas & Federmeier, 2000) elicited by

words with a semantic low cloze-probability. In the music domain, we investigated

the ERAN, and the N5. The ERAN can be elicited within harmonic progressions by

music-syntactically irregular chords (Koelsch et al., 2000; Maess et al., 2001; Koelsch

et al., 2002c). Usually, the ERAN is followed by a late negativity (N5) which is taken to

reflect processes of harmonic integration and is reminiscent of the N400 (Koelsch et al.,

2000, 2003b).

As linguistic stimuli we used visually presented sentences that were similar to those

used in a previous ERP-study (Gunter et al., 2000). Likewise, the auditorily presented

chord sequences used in the present study were virtually identical to those of some

previous ERP-studies (e.g., Koelsch et al., 2000, 2002b,c, 2003a). Here, the mentioned

language study (investigating LAN and N400) and previous music studies (investiga-

ting ERAN and N5) are combined: 5-word sentences were presented visually simulta-

neously with auditorily presented 5-chord sequences. Each word was presented with

the onset of a chord (Figure 1).

—————————————————–

Figure 1 around here

—————————————————–

Corresponding to Gunter et al. (2000), three different sentence types were used:

The first type was a syntactically correct sentence in which the final noun had a high

semantic cloze-probability. The other two types were modified versions of the first sen-

tence type: (i) a sentence in which the final noun had a low semantic cloze-probability,
1For details concerning grammatical gender and the German gender system see Gunter et al. (2000).
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and (ii) a sentence with a gender disagreement between the last word (noun) on the

one hand, and the prenominal adjective as well as the definite article that preceded the

adjective on the other (see Figure 1).2

Half of the musical sequences ended on a regular tonic chord, the other half ended

on a music-syntactically irregular chord function (Neapolitan sixth chord). The irre-

gular chords were major chords that sound normal when presented in isolation, mod-

erately unexpected when presented instead of a subdominant (a Neapolitan may be

regarded as a subdominant variation), and strongly unexpected when presented in-

stead of a tonic at the end of a harmonic progression (e.g. Koelsch et al., 2000). The

regularities that guide the arrangement of chord functions within harmonic progres-

sions have been denoted as part of a musical syntax (Sloboda, 1985; Tillmann et al.,

2000; Koelsch & Friederici, 2003).

Sentences and chord sequences were combined in a 3 x 2 design (3 sentence types,

2 chord types) so that six different experimental conditions could be investigated: Fi-

nal nouns of sentences that were syntactically correct and had a high cloze-probability

were presented simultaneously with either a regular or an irregular final chord func-

tion. Analogously, syntactically correct, but semantically unexpected (low cloze-

probability) final words were presented with either a regular, or an irregular chord

sequence ending. Likewise, final words of sentences with a syntactic gender disagree-

ment (and high semantic cloze-probability) were presented with either a regular, or an

irregular chord function (Figure 1). Participants were asked to ignore the musical stim-

ulus, to concentrate on the words, and to answer in ten percent of the trials whether

the last sentence was correct, or (syntactically or semantically) incorrect.

If language processing operates independently of music processing, LAN and N400

should not be influenced by the syntactic irregularities in music (and vice versa). Be-

2Gunter et al. (2000) report for their sentences a high cloze-probability of 74%, and a low cloze-

probability of 15%. Syntactically incorrect sentences with low cloze-probability used in that study were

not used in the present study.
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cause both ERAN and N5 can be elicited under ignore conditions (Koelsch et al., 2001,

2002c), we hypothesized that, despite the task-irrelevancy of chords, irregular chords

would elicit an ERAN and an N5. Because of the mentioned overlap of cerebral struc-

tures and neuronal processes involved in the syntactic analysis of music and of lan-

guage, we also hypothesized that the presentation of a music-syntactic irregularity

would influence the processing of syntactic violations within the sentences.

No predictions were made about possible interactions between processing of music-

syntactic irregularities and semantic language processing. Previous studies investiga-

ting this issue with ERPs (Besson et al., 1998) and behavioral measures (Bonnel et al.,

2001; Poulin-Charronnat et al., 2004) do not yet yield a consistent picture: In the stu-

dies from Besson et al. (1998) and Bonnel et al. (2001), the occurrence of harmonically

regular and irregular notes at the end of a melody did not have an effect on the seman-

tic processing of congruous and incongruous words that were sung on these notes (in

the study from Besson et al., 1998, the N400 was used as electrophysiological index of

semantic processing, irregular notes elicited a late positive component). By contrast,

a recent behavioral study from Poulin-Charronnat et al. (2004) reports interactions be-

tween the processing of structure in music and linguistic semantics using sung chord

sequences. The difference between the latter study and the studies from Besson et al.

(1998) and Bonnel et al. (2001) might be due to the different task (a lexical decision task

was used in the study from Poulin-Charronnat et al., 2004, versus explicit congruity

judgements in the two other studies), or by the different musical material (chords ver-

sus melodies). The present study is different from the studies from Besson et al. (1998)

and Bonnel et al. (2001) in that chords were used, and different from the study from

Poulin-Charronnat et al. (2004) in that chords were presented auditorily, and words

presented visually. Thus, no directed hypotheses were made regarding possible influ-

ences of music-structural processing on the processing of semantic incongruities.
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Results

Behavioral responses were evaluated only with respect to the syntax of the sen-

tences, because only the syntactic violations resulted in clear anomalies (the low

cloze-probability sentences did not represent semantic violations). Participants

scored with 95.5 percent correct responses (range 81 - 100 percent); a t � test on the per-

centages of correct responses revealed that participants performed well above chance

level (t(25) � 36 � 9 � p � 0 � 0001).

Regular Words, Irregular Chords. Compared to regular tonic chords, irregular (Nea-

politan) chords elicited an ERAN that was maximal around 190 ms, and slightly late-

ralized to the right (Figure 2). The ERAN showed a polarity inversion at mastoid leads

(as expected, e.g. Koelsch et al., 2002c). Interestingly, no later negativity (N5, usually

maximal around 500 - 550 ms) was observed in the ERP waveforms of irregular chords.

Instead, a tonic late positivity was present, being maximal around 500 ms at centro-

parietal electrode sites. An ANOVA for frontal electrode-regions of interest (ROIs,

see Methods) for a time interval from 150 - 250 ms with factors chord-type (regular, ir-

regular) and hemisphere revealed an effect of chord-type (F(1 � 25) � 6 � 83 � p � 0 � 02),

and an interaction between the two factors (F(1 � 25) � 4 � 23 � p � 0 � 05). The analogous

ANOVA for the N5 time interval (350 - 600 ms) did not indicate an effect of chord-

type (p � 0 � 3).3 An analogous ANOVA for parietal ROIs for the time interval from

450 - 700 ms (late positivity) indicated an effect of chord-type (F(1 � 25) � 7 � 89 � p � 0 � 01).

—————————————————–

Figure 2 around here

—————————————————–

Regular Chords, Irregular Words. Compared to correct words, syntactic (gender) vio-

lations elicited a distinct LAN that was maximal around 390 ms (Figure 3A). The LAN

3With a common average reference, a small N5 was visible in the ERP waveforms (not shown), but

again, statistical analysis did not reveal a significant N5 effect.



7

was followed by a P600 (as expected, Gunter et al., 2000). An ANOVA for frontal ROIs

for a time interval from 300 - 450 ms with factors syntax (correct, incorrect) and hemi-

sphere indicated an effect of syntax (F(1 � 25) � 12 � 01 � p � 0 � 002), and an interaction

between the two factors (F(1 � 25) � 23 � 53 � p � 0 � 0001). The analogous ANOVA for pa-

rietal ROIs for a time interval from 450 - 700 ms (P600) also indicated an effect of syntax

(F(1 � 25) � 19 � 69 � p � 0 � 0002).

—————————————————–

Figure 3 around here

—————————————————–

Low cloze-probability words (that were semantically less expected) elicited an N400

that was maximal around 350 ms over centro-parietal electrode sites (Figure 3B), and

slightly right-lateralized. An ANOVA for parietal ROIs for a 300 - 450 ms time inter-

val with factors cloze-probability (low, high) and hemisphere indicated an effect of

cloze-probability (F(1 � 25) � 12 � 81 � p � 0 � 002), and a two-way interaction (F(1 � 25) �

6 � 81 � p � 0 � 02). To test differences in scalp topography between N400 and LAN, a

MANOVA was computed with factors ROIs (four levels: left frontal, right frontal,

left parietal, right parietal), component (LAN, N400), and condition (correct, incor-

rect). This MANOVA yielded a three-way interaction (F(3 � 75) � 20 � 41 � p � 0 � 0001,

Greenhouse-Geisser corrected, Epsilon=0.71), supporting the observation that LAN

and N400 have considerably different scalp topographies.

Syntax x Chords. The former section described the LAN elicited by syntactically in-

correct words when sequences ended on regular (tonic) chords. Figure 4 depicts this

LAN-effect in the solid difference-wave. The dotted difference-wave of Figure 4 shows,

again, the effects of processing syntactically incorrect sentences, but now when words

are presented on an irregular chord function. As can be seen in the two difference-

waves, the amplitude of the LAN is reduced when words are processed simultane-

ously with irregular chords.
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—————————————————–

Figure 4 around here

—————————————————–

An ANOVA for frontal ROIs for the LAN time-window (300 - 450 ms) with fac-

tors (inguistic) syntax (correct, incorrect), and musical regularity (regular, irregular)

revealed an effect of syntax (F(1 � 25) � 9 � 58 � p � 0 � 005, reflecting that incorrect words

elicited an LAN), an effect of musical regularity (F(1 � 25) � 6 � 13 � p � 0 � 05, reflecting that

ERPs elicited by irregular chords differed from those elicited by regular chords), and

an interaction between factors syntax and musical regularity (F(1 � 25) � 5 � 45 � p � 0 � 03,

reflecting that the LAN-effect was smaller when words were presented simultane-

ously with irregular chords). The analogous ANOVA for the ERAN time-window

(150 - 250 ms) did not reveal an interaction between factors syntax and musical regu-

larity (F(1 � 25) � 0 � 55 � p � 0 � 4, indicating that the generation of the ERAN was not

affected by the syntactic gender violations).

Even when comparing the LAN elicited on regular (tonic) chords with the LAN eli-

cited on irregular (Neapolitan) chords, the LAN-amplitude is markedly reduced when

elicited on a Neapolitan (Figure 5). That is, even if the LAN could possibly partly over-

lap with the ERAN, the amplitude of the LAN is smaller when preceded by an ERAN,

demonstrating that LAN and ERAN are not additive effects. An ANOVA for frontal

ROIs comparing the ERPs of (a) syntactically incorrect words presented on a regular

chord, and (b) syntactically incorrect words presented on an irregular chord, revealed

a difference between the two conditions (F(1 � 25) � 10 � 18 � p � 0 � 005).

—————————————————–

Figure 5 around here

—————————————————–

Semantics x Chords. In contrast to the LAN, the N400 elicited by low cloze-probability

words was not affected when words were presented together with musical irregulari-

ties (Figure 6). An ANOVA for parietal ROIs for the N400 time-window (350 - 450 ms)
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with factors cloze-probability (high, low), and musical regularity revealed an effect

of cloze-probability (F(1 � 25) � 29 � 68 � p � 0 � 0001, reflecting that low cloze-probability

words elicited an N400), and no interaction between factors cloze-probability and mu-

sical regularity (p � 0 � 8, reflecting that the regularity of chords did not influence the

N400-effect). Again, the analogous ANOVA for the ERAN time-window (150 - 250 ms)

did not reveal an interaction between the two factors (F(1 � 25) � 0 � 08 � p � 0 � 7, reflecting

that the generation of the ERAN was not affected by the cloze-probablility of words).

—————————————————–

Figure 6 around here

—————————————————–

Discussion

The present data show an interaction between language- and music-syntactic pro-

cessing: The LAN elicited by syntactically incorrect words was clearly reduced when

words were presented simultaneously with music-syntactically irregular chord func-

tions. This effect might be due to overlapping neuronal resources involved in the pro-

cessing of syntax in both music and language (see General Discussion). However, it is

also possible that any kind of deviance-related negativity has an effect on linguistic

syntax processing, this issue will be further investigated in Experiment 2.

In contrast, the processing of the semantic aspects of language (indexed by the

N400) was not affected by the processing of music-syntactic violations (indexed by

the ERAN). This finding is in line with findings of a previous ERP-study with sung

melodies (Besson et al., 1998) in which the presentation of music-structural irregula-

rities did not have an effect on the processing of semantic aspects of words. How-

ever, as mentioned in the Introduction, a behavioral study with sung chord sequences

suggested interactions between the processing of musical syntax and (linguistic) se-

mantics (Poulin-Charronnat et al., 2004, in that study, the semantic cloze-probability
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of final words was manipulated, as in the present study). It is possible that the dif-

ference between the study from Poulin-Charronnat et al. (2004) and the present study

is due to the different stimulus: in the present study words were presented visually,

possibly making it more easy to separate the linguistic from the musical information.

It is also possible that behavioral measures are more sensitive for detecting interactions

between music-syntactic and linguistic-semantic processing. These issues remain to be

specified.

Note that in the language domain it is also not yet clear under which conditions

syntax and semantics might interact. A study from Gunter et al. (1997) did not find

an effect of syntax processing (as reflected in the LAN) on semantic processing (as

reflected in the N400). On the other hand, a study from Hahne & Friederici (2002)

suggests that early processing of syntactic irregularities (reflected in an ELAN) can in-

fluence the N400 when participants focus their attention on the syntactic information

(in that study, the ELAN was elicited by word category violations). Similarly, Besson &

Schön (2001) report attentional influences on the N400 (elicited by semantically incon-

gruous words), as well as on the P600 (elicited by structurally irregular melody-notes)

during the simultaneous processing of words and melodies: In that study, the N400

was almost absent when participants ignored the linguistic information and focused

their attention on the musical structure.

Taken together, it appears that possible interactions between syntax and semantics

in language, as well as in music, have to be specified with respect to (a) the underly-

ing cognitive processes (e.g., processing of phrase structure violations vs. processing

of morpho-syntactic violations), (b) attentional demands, (c) task, and (d) the type of

semantic anomalies used (clear semantic incongruities vs. low cloze-probability of

words).

Although a clear ERAN was elicited by the music-syntactic irregularities, no N5

was observed, contrary to previous studies that used virtually the same musical stim-

ulus (Koelsch et al., 2000, 2002b,c, 2003a). Instead, a late positivity was observed. It
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appears that this late positivity is a P600 (for a review see, e.g., Friederici, 2004), pre-

sumably reflecting processes of syntactic reanalysis after the perception of the music-

syntactically irregular chords: Note that this P600 emerged in a condition in which the

musical syntax was incorrect, but in which sentences were syntactically correct (see

Figure 2). That is, participants had to find out that the final word was syntactically

correct, although preceding neural activity (elicited by the music-syntactic violations)

yielded the presence of a (music-)syntactic irregularity. The P600 presumably reflects

these processes of syntactic reanalysis. It is possible that the P600 compensated the

negative N5 potentials (which usually emerge in a similar time-range). However, it is

also possible that focussing on the linguistic information led to a diminuation of pro-

cesses of harmonic integration (and, thus, to the absence of the N5), this issue remains

to be specified.

Experiment 2

As mentioned above, the data of Experiment 1 do not inform whether the interaction

of the processing of linguistic and musical syntax is due to an overlap of the neural

processes that mediate both the processing of linguistic and musical syntax, or whether

any kind of deviance-related negativity has an effect on linguistic syntax processing.

To address this issue, a second ERP experiment was carried out which was identi-

cal to Experiment 1, except that single tones were presented instead of chords. The last

tone of a sequence was either a standard tone (in analogy to the regular tonic chord of

Experiment 1), or a physically deviant tone (in analogy to the irregular chord). Phys-

ically deviant tones presented in a series of standard tones are known to elicit a mis-

match negativity (MMN, Näätänen, 1992; Schröger, 1998). An interaction of MMN

and LAN would argue against the explanation that ERAN and LAN interact because

they both reflect syntactic processes mediated by overlapping neural resources. The

absence of an interaction between MMN and LAN would argue in favor of the latter
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hypothesis, showing that only specific types of auditory irregularity detection (as, e.g.,

reflected in the ERAN) interact with linguistic syntax processing (as reflected in the

LAN).

Results

As in Experiment 1, behavioral responses were evaluated only with respect to the

syntax of the sentences. Participants scored with 94.6 percent correct responses (range

81 - 100 percent); a t � test on the percentages of correct responses revealed that partici-

pants performed well above chance level (t(21) � 35 � 3 � p � 0 � 0001).

Regular Words, Deviant Tones. Compared to standard tones, physically deviant tones

elicited an MMN that was maximal around 150 ms over frontal leads (Figure 7). The

MMN inverted polarity at mastoidal sites, and was followed by an N2b-P3 complex

(the N2b peaked at around 205 ms, the P3 was maximal at around 345 ms over parietal

electrode sites and had a right-hemispheric preponderance). A tonic late negativity

emerged around 500 ms and was maximal bilaterally over frontal leads. This late ne-

gativity is presumably a reorienting negativity (RON, Schröger & Wolff, 1998), pos-

sibly reflecting that participants re-oriented their attention back to the linguistic task

after being distracted by the physically deviant tones (Schröger & Wolff, 1998; Schröger

et al., 2000).

—————————————————–

Figure 7 around here

—————————————————–

An ANOVA for frontal ROIs for a time interval from 90 - 190 ms with factors tone

(standard, deviant) and hemisphere revealed an effect of tone (F(1 � 21) � 23 � 18 � p �

0 � 0001, no two-way interaction). An analogous ANOVA for parietal ROIs for the

P3 time-window (300-400 ms) indicated an effect of condition (F(1 � 21) � 23 � 18 � p �

0 � 0001), and a two-way interaction (F(1 � 21) � 10 � 42 � p � 0 � 005). An analogous ANOVA
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for frontal ROIs for the RON time-window (600 - 900 ms) revealed an effect of condi-

tion (F(1 � 21) � 10 � 61 � p � 0 � 005, no two-way interaction).

Note that in Experiment 1 no late negativity (N5) was present. The difference of the

late negative ERPs between the music condition (Experiment 1) and the tone condition

(Experiment 2) was significant: A between-subjects ANOVA with factors stimulus-

type (standard, deviant), experiment (1, 2), and hemisphere for frontal ROIs revealed a

two-way interaction (F(1 � 46) � 10 � 03 � p � 0 � 005; time-windows used were 350 - 600 ms

[N5-window] for the data from Experiment 1, and 600 - 900 ms [RON-window] for the

data from Experiment 2)

Standard Tones, Irregular Words. As in Experiment 1, syntactic violations elicited a

distinct LAN that was maximal around 350 ms (Figure 8A). An ANOVA for frontal

ROIs for a time interval from 300 - 450 ms with factors syntax and hemisphere indi-

cated an effect of syntax (F(1 � 21) � 7 � 72 � p � 0 � 05), and an interaction between the two

factors (F(1 � 21) � 47 � 36 � p � 0 � 0001).

—————————————————–

Figure 8 around here

—————————————————–

Interestingly, the LAN was more strongly laterlized in Experiment 2 compared

to Experiment 1, where the LAN was also lateralized, but distributed more broadly,

and also clearly present over the right hemisphere (see Figures 3A and 8A). To test

differences in lateralization of the LAN between Experiments, a between-subjects

ANOVA was computed for frontal ROIs (300 - 450 ms) with factors syntax, hemi-

sphere, and experiment. This ANOVA indicated a three-way interaction (F(1 � 46) �

4 � 34 � p � 0 � 05).

Similarly to Experiment 1, semantically unexpected low cloze-probability words

elicited an N400 that was maximal around 400 ms over centro-parietal electrode sites

(Figure 8B). An ANOVA for parietal ROIs for a 300 - 450 ms time interval with factors
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cloze-probability (low, high) and hemisphere revealed an effect of cloze-probability

(F(1 � 21 � 7 � 21 � p � 0 � 02, no two-way interaction, p � 0 � 8). The N400 was not late-

ralized, in contrast to Experiment 1. However, an ANOVA comparing the lateraliza-

tion of the N400 between both experiments did not indicate a significant difference

(p � 0 � 1).

Syntax x Tones. The former section described the LAN elicited by syntactically in-

correct words when sequences ended on standard tones. Figure 9 depicts this LAN-

effect in the solid difference-wave (syntactically correct subtracted from syntactically

incorrect words, when tones were standards). The dotted difference-wave of Figure 9

shows, again, the effects of processing syntactically incorrect sentences (syntactically

correct subtracted from syntactically incorrect words), but now when words are pre-

sented on deviant tones. As can be seen in the difference-waves, the amplitude of the

LAN did not differ when words were presented simultaneously with standard tones

compared to when words were presented with deviant tones. An ANOVA for frontal

ROIs for the LAN time-window (300 - 450 ms) with factors syntax and tone revealed an

effect of syntax (F(1 � 21) � 5 � 62 � p � 0 � 05), an effect of tone (F(1 � 21) � 28 � 51 � p � 0 � 0001),

but no interaction between factors syntax and tone (F(1 � 21) � 0 � 04 � p � 0 � 8). It seems

that the P600 effect was smaller when elicited on deviant tones than on standard tones,

but this difference was statistically not significant (p � 0 � 1), even when analyzing only

one parietal ROI comprising the electrodes Cz, CP3, CP4, Pz, P3, and P4.

—————————————————–

Figure 9 around here

—————————————————–

Semantics x Tones. As the LAN, and as in Experiment 1, the N400 elicited by low

cloze-probability words virtually was not affected when words were presented to-

gether with deviant tones (Figure 10). An ANOVA for parietal ROIs for the N400

time-window (300 - 450 ms) with factors cloze-probability and tone revealed an effect

of cloze-probability (F(1 � 21) � 4 � 45 � p � 0 � 05), an effect of tone (F(1 � 21) � 58 � 44 � p �
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0 � 0001) and no interaction between factors cloze-probability and tone (p � 0 � 1; the

small difference in N400 amplitudes observable in the EPRs of Figure 10 was also not

significant when analyzing only one parietal ROI comprising the electrodes Cz, CP3,

CP4, Pz, P3, and P4).

—————————————————–

Figure 10 around here

—————————————————–

Discussion

The data of Experiment 2 show that (language-)syntactic processing does not interact

with the processing of physically deviant tones: Compared to the LAN elicited when

words were presented simultaneously with standard tones, the amplitude of the LAN

was not affected when words were presented simultaneously with deviant tones (al-

though the deviant tones had strong effects on the ERPs). Likewise, and as in Experi-

ment 1, the processing of the semantic aspects of language (as indexed by the N400)

was not affected by the processing of the deviant tones.

The MMN was followed by a late negativity (RON), in contrast to Experiment 1,

where no late negativity followed the ERAN. It thus appears that the RON is less

sensitive to simultaneous processing of tones and linguistic information than the N5.

However, it is also possible that the RON simply had larger amplitude values than the

N5, and that the RON was, thus, not as strongly compensated by the late positivity

(present in a similar time-range) than the N5. This issue remains to be specified.

General Discussion

The results of Experiment 1 demonstrate that processing of linguistic syntax (as re-

flected in the LAN) interacts with the processing of musical syntax (as reflected in the
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ERAN). Even when the amplitude of the LAN elicited on an irregular chord is com-

pared with the amplitude of the LAN elicited on a regular chord (that is, even if the

LAN could partly overlap with an ERAN, which could lead to an additive effect of

LAN and ERAN), the LAN is clearly reduced when elicited during the presentation

of an irregular chord. The data of Experiment 2 show that this interaction is not due

to a general effect of deviance-related negativities that precede an LAN: The LAN was

not affected when words were presented on physically deviant tones (which elicited

an MMN).

These findings are in line with studies suggesting that the neural processes under-

lying the generation of the ERAN are different from those underlying the generation of

the physical MMN (Maess et al., 2001; Koelsch et al., 2001). Note that previous studies

rather suggest a strong overlap of cerebral structures and neural processes involved

in the processing of musical syntax with those involved in the processing of linguistic

syntax (Patel et al., 1998; Patel, 1998; Maess et al., 2001; Patel, 2003; Koelsch et al., 2002a;

Tillmann et al., 2003). With respect to the ERAN, the mentioned study from Maess

et al. (2001) suggested that the main neural generators of the ERAN are located in the

inferior fronto-lateral cortex (in both hemispheres, with right-hemispheric weight-

ing; see also Koelsch et al., 2002a, in press), areas that are also crucially involved in

the processing of linguistic syntax (especially in the left hemisphere; e.g., Friederici,

2002). The finding that language-syntactic processing interacts with music-syntactic

processing strongly supports the assumption of such a neural overlap. It is possible

that the neural resources for syntactic processing were at least partly consumed by the

(automatic) processing of the music-syntactic irregularities, resulting in a decrease of

resources involved in the generation of the LAN. This finding is surprising, given that

the attentional focus of participants was directed on the linguistic information.

With respect to the overlap of neural resources for syntactic processing, the inter-

pretation of the present findings follows the shared syntactic integration resource hypothe-

sis (SSIRH, e.g. Patel, 2003) which assumes that the overlap in the syntactic processing
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of language and music can be conceived of as overlap in the neural areas and oper-

ations which provide the resources of syntactic integration. The present results ex-

tend this hypothesis in the sense that they indicate that neural resources for syntactic

processing are not only shared on the level of syntactic integration (reflected in the

P600 from around 600 ms post-stimulus on), but already at earlier processing stages

(reflected in the present study in the LAN which had an onset at around 250 ms).

This earlier stage appears to be important for thematic assignment based on mor-

phosyntactic information during sentence processing (Friederici, 2002). Other even

earlier syntactic processing stages comprise initial syntactic structure building: It is

assumed that such initial stucture building is in the language domain reflected in

the ELAN (Friederici, 2002), and it appears that such processes are reflected in the

music domain in the ERAN. Future studies could investigate if processing of syn-

tactic information interacts between music and language even at these early stages

of syntactic structure building.

Note that on a more abstract level, the processing of both linguistic and musical

syntax relies on neural mechanisms that mediate the processing of sequential informa-

tion, particularly the computation of the relation between a sequential event on the one

side, and a context of sequential information that is structured according to complex

regularities on the other. These mechanisms appear at least partly to be located in pre-

motor areas (Janata & Grafton, 2003; Schubotz & von Cramon, 2001, 2002; Huettel et al.,

2002), comprising the ventro-lateral premotor cortex and BA 44 (in the left hemisphere

often referred to as Broca’s area). That is, from the view of functional neuroanatomy it

is quite plausible that the processing of syntax in music interacts with the processing of

syntax in language: The processing of both musical and linguistic syntax requires the

activation of neural resources that mediate the processing of complex, regularity-based

sequential information.

Interestingly, the scalp topography of the LAN is markedly affected by the type

of the accompanying acoustic stimulus: The LAN was stronger lateralized in Experi-
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ment 2 (where words were presented on tones) than in Experiment 1. The strong

lateralization of the LAN in Experiment 2 is more characteristic of LAN toporaphies

reported in the literature (e.g., Gunter et al., 2000), whereas the distribution of the

LAN in Experiment 1 was much broader. This difference in topographies possibly

also reflects a more interactive processing of musical and linguistic information in

Experiment 1.

Conclusion

The present study investigated neurophysiological correlates of the simultaneous pro-

cessing of music and language. The ERPs indicate that processing of musical syntax as

reflected in the ERAN interacts with processing of linguistic syntax as reflected in the

LAN. The processing of physical deviants (indexed by the MMN) did not interact with

the processing of linguistic syntax, indicating (a) that ERAN and MMN have differ-

ent effects on the LAN (underlining the different functional significance of these two

deviance-related negativities), and indicating (b) that the interaction between ERAN

and LAN is not the result of a general effect of deviance-related negativities on the

LAN. Results thus provide direct evidence for shared neural resources engaged for the

processing of syntax in language and in music.

The semantic processing of words (indexed by the N400) was not influenced by the

processing of the irregular chords. This result was observed under a condition in which

participants focussed their attention on the sentences, and in which participants made

judgements about the semantic and syntactic correctness of words. It is still possible

that processing of musical syntax and linguistic semantics interacts under different

task conditions, or with different musical stimuli; this issue remains to be specified.
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Methods

Experiment 1

Subjects. Twentysix right-handed nonmusicians (19 to 30 years, mean 24.1 years; 15

females) with normal hearing (according to self-report) and normal or corrected-to-

normal vision participated in the experiment. Subjects did not have any special mu-

sical education (none of them had participated in extra-curricular music lessons or

performances).

Stimuli. Seventyeight different chord sequences were used, each chord sequence con-

sisted of five chords (sequences had already been used in some previous studies, e.g.

Koelsch et al., 2000, 2001, 2002b,c, 2003a). The first chord was the tonic of the follow-

ing sequence, chords at the second position were: tonic, mediant, submediant, sub-

dominant; at the third position: subdominant, dominant, dominant six-four chord; at

the fourth position: dominant seventh chord; at the fifth position: tonic or Neapo-

litan (sixth) chord. Tonic and Neapolitan chords occurred equiprobably (that is, 39

sequences ended on a tonic, and 39 sequences ended on a Neapolitan chord). Se-

quences were composed in different voicings (e.g., starting with the root, the third,

or the fifth in the soprano-voice). Part writing was according to the classical rules

of harmony. Stimuli were generated with a piano sound (General MIDI #1) under

computerized control via MIDI on a Roland JV-2080 synthesizer (Hamamatsu, Japan).

Presentation time of chords 1-4 was 600 ms, the fifth chord was presented for 1200 ms.

There was no silent period between chords or chord sequences; one chord sequence

directly followed the other. All final chords had the same loudness and the same de-

cay of loudness, chords were played with approximately 55 dB SPL. Each chord was

presented simultaneously with a word (words were presented visually), presentation

time was identical for chords and words, no blank screen was presented between two

words.

The sentences were constructed out of 39 sentences that had already been used in
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the study from Gunter et al. (2000) (the sentence Er lutscht das Bonbon was discarded).

To all sentences, an adjective was added after the third word (adjectives fitted seman-

tically to the high cloze-probability noun presented at the end of the sentence), so that

both sentences and chord sequences had the same number of elements. Each sentence

was presented twice during the experiment (once on a tonic, and once on a Neapolitan

chord). Stimuli were presented in one block of 234 experimental sentences. The order

of sentences was pseudo-randomized in a way that no correct sentence or its incorrect

variation directly followed each other. The ordering of conditions across sentences was

balanced. Across the experiment, the stimulation was interrupted for 23 times after a

sequence (resulting in 24 sub-blocks), and participants were asked whether the last

sentence was correct or incorrect (see also below). After such an inquiry, the tonal

key of the following sub-block changed (sequences within one sub-block were in

the same key, each of the twelve major keys was used in two sub-blocks, the order

of keys was pseudo-randomized).

Procedure. Testing was carried out in an acoustically and electrically shielded EEG

cabin. Subjects were seated in a comfortable chair facing a computer monitor at a

distance of 1.15 m. The task was to ignore the music, to concentrate on the visually

presented sentences, and to judge for each sentence whether the last word was syntac-

tically or semantically correct or incorrect.

Participants were informed that the stimulation would infrequently be interrupted,

and that they will be asked then via the monitor whether the sentence preceding the

interruption was correct or incorrect (subjects reported their answer by pressing one of

two response buttons). Participants were only informed about the different sentence

types, not about the Neapolitan chords or their nature. To familiarize participants with

the task, two examples of the possible sentence violations were presented, both with

sequences ending on a regular (tonic) chord. The experimental session had a duration

of approximately 25 minutes.

Recordings and Data Analysis. The EEG was recorded from 60 Ag-AgCl electrodes



21

placed on the head according to the expanded 10-20 system. The reference electrode

was placed on the tip of the nose. Sampling rate was 250 Hz (for each channel), data

were filtered with a 70 Hz antialiasing filter during data acquisition. Horizontal and

vertical EOGs were recorded bipolarly. Electrode resistance was kept below 5 kΩ.

For elimination of artifacts caused by eye movements, sampling points were re-

jected off-line whenever the standard deviation within a 200 ms window centered

around a sampling point exceeded 35 � V in the vertical, and 25 � V in the horizon-

tal EOG. The analogous procedure was carried out for all other electrodes to eliminate

artifacts caused by drifts or body movements, with a 500 ms gliding window and a

threshold of 25 � V stddev (at any electrode). Averaged waveforms were aligned to

a 200 ms prestimulus baseline. For statistical evaluation, ERPs were analyzed by re-

peated measures analyses of variance (ANOVAs) as univariate tests of hypotheses for

within subjects effects (if not separately indicated). Mean ERP values were computed

for four regions of interest (ROIs): left anterior (F7, F3, FT7,FC3), right anterior (F4, F8,

FC4, FT8), left posterior (P3, P5, CP3, TP7), and right posterior (P4, P6, CP4, TP8). Pos-

sible factors that entered the ANOVAs were cloze-probability (high x low), syntax (regu-

lar x irregular), hemisphere (left x right ROIs), and chord-type (regular [tonic] x irregular

[Neapolitan] chords). Time-windows used for statistical analyses were 150 - 250 ms

(ERAN), 300 - 450 ms (LAN and N400), 350 - 600 ms (N5), and 450 - 700 ms (P600 /

late positive component). After statistical evaluation, grand-averaged ERPs were for

presentation purposes filtered with a 10 Hz low-pass filter (41 points, FIR).

Experiment 2

Subjects. Twentytwo right-handed nonmusicians (20 to 30 years, mean 24.0 years;

10 females) with normal hearing (according to self-report) and normal or corrected-

to-normal vision participated in the experiment. Subjects did not have any special

musical education, none of them had participated in extra-curricular music lessons or
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performances. None of the subjects had participated in Experiment 1.

Stimuli. Stimuli were similar to those used in Experiment 1, except that chords were

replaced by single tones. Tones at position 1 to 4 were standard tones with a frequency

of 440 Hz, played with a piano sound (General MIDI #1). Tones at position 5 were

either standard tones (p = 0.5), or physically deviant tones. Four types of physical

deviances were used (required due to the equiprobability of standards and deviants at

the sequence ending): a frequency deviant (496 Hz), two intensity deviants (one being

60 percent louder, the other one being 60 percent softer than the standard loudness),

and timbre deviants that had an instrumental timbre different from the standard piano

timbre (e.g., Marimba, Organ, Trumpet). As in Experiment 1, stimuli were generated

under computerized control via MIDI on the Roland JV-2080 synthesizer.

Procedure, Recordings, and Data Analysis were identical to Experiment 1, except that

(a) different time-windows were used for the statistical analysis of MMN (90 - 190 ms),

and RON (600 - 900 ms), and (b) that for statistical comparison of ERPs the factor chord-

type was replaced by the factor tone (standard x deviant tones).
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FIGURE LEGENDS

Figure 1: Examples of experimental stimuli. Top: examples of two chord sequences

in C major, ending on a regular (upper row), and an irregular chord (lower row, the

irregular chord is indicated by the arrow). Bottom: examples of the three different

sentence types. Onsets of chords (presented auditorily) and words (presented visually)

were synchronous.

Figure 2: ERPs elicited on regular words (syntactically correct, high cloze-probability)

when the last chord was a regular tonic chord (solid line), or an irregular Neapolitan

chord (dotted line). Irregular chords elicited an ERAN (indicated by the arrow over

the thin-lined difference wave). The ERAN inverted polarity at mastoid leads (short

arrows in diagrams of A1 and A2, note that a nose-reference was used).

Figure 3: A: ERPs elicited on regular chords when the last word was syntactically cor-

rect (solid line), or syntactically incorrect (dotted line). Syntactically incorrect words

elicited an LAN (indicated by the arrow over the thin-lined difference wave; note that

both syntactically correct and incorrect words had a high semantic cloze-probability).

B: ERPs elicited on regular chords when the last word had a high (solid line), or low

cloze-probability (dotted line). Semantically unexpected low cloze-probability words

elicited an N400 (indicated by the arrow over the thin-lined difference wave; note that

both high and low cloze-probability words were syntactically correct, and that, thus,

the solid lines of A and B are identical).

Figure 4: LAN effects (difference waves, syntactically correct subtracted from syntac-

tically incorrect words) for the conditions in which words were presented on regular

chords (solid line), and on irregular chords (dotted line). The amplitude of the LAN ef-

fect is reduced when syntactically irregular words are processed simultaneously with

syntactically irregular chords (arrow).

Figure 5: ERPs of syntactically incorrect words presented on a regular chord (solid

line), opposed to ERPs of syntactically incorrect words presented on an irregular chord
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(dotted line). Note the amplitude reduction of the LAN (arrow) when syntactically

incorrect words and syntactically incorrect chords are processed simultaneously.

Figure 6: N400 effects (difference waves, high cloze-probability words subtracted from

low cloze-probability words) for the conditions in which words were presented on

regular chords (solid line), and on irregular chords (dotted line). The amplitude of the

N400 was not affected by the simultaneous presentation of irregular chords (arrow).

Figure 7: ERPs elicited on regular words (syntactically correct, high cloze-probability)

when the last tone was a standard (solid line), or a deviant (dotted line). Deviant tones

elicited an MMN (long arrow), followed by an N2b-P3 complex, and a RON.The MMN

inverted polarity at mastoid leads (short arrows in diagrams of A1 and A2).

Figure 8: A: ERPs elicited on standard tones when the last word was syntactically

correct (solid line), or syntactically incorrect (dotted line). As in Experiment 1, syn-

tactically incorrect words elicited an LAN (arrow). B: ERPs elicited by standard tones

when the last word had a high (solid line), or low cloze-probability (dotted line). Se-

mantically unexpected words elicited an N400 (arrow).

Figure 9: LAN effects (difference waves, syntactically correct subtracted from syntac-

tically incorrect words) for the conditions in which words were presented on standard

tones (solid line), and on deviants (dotted line). The amplitude of the LAN did not

differ between the two conditions (arrow).

Figure 10: N400 effects (difference waves, high cloze- subtracted from low cloze-

probability words) for the conditions in which words were presented on standard tones

(solid line), and on deviants (dotted line). The amplitude of the N400 virtually did not

differ between the two conditions.
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