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Music perception involves complex brain functions
underlying acoustic analysis, auditory memory, auditory
scene analysis, and processing of musical syntax and
semantics. Moreover, music perception potentially
affects emotion, influences the autonomic nervous
system, the hormonal and immune systems, and
activates (pre)motor representations. During the past
few years, research activities on different aspects of
music processing and their neural correlates have
rapidly progressed. This article provides an overview
of recent developments and a framework for the
perceptual side of music processing. This framework
lays out a model of the cognitive modules involved in
music perception, and incorporates information about
the time course of activity of some of these modules, as
well as research findings about where in the brain these
modules might be located.

Introduction

During the past few years, music has increasingly been
used as a tool for the investigation of human cognition and
its underlying brain mechanisms. Music is one of the
oldest and most basic socio-cognitive domains of the
human species. It is assumed by some that human musical
abilities played a key phylogenetical role in the evolution
of language, and that music-making behaviour covered
important evolutionary functions such as communication,
cooperation, social cohesion and group coordination (for
reviews, see [1]). Likewise, it has been shown that,
ontogenetically, infants’ first steps into language are
based considerably on prosodic information [2], and
musical communication in early childhood (such as
maternal music) might play a major role in the emotional,
cognitive and social development of children [3]. Musicis a
ubiquitous phenomenon: throughout human history, in
every human culture, people have played and enjoyed
music. Only humans learn to play musical instruments,
and only humans play instruments cooperatively together
in groups. Making music in a group is a tremendously
demanding task for the human brain that engages
virtually all cognitive processes that we know about,
including perception, action, cognition, social cognition,
emotion, learning and memory. This richness makes
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music an ideal tool to investigate the workings of the
human brain.

When we listen to music, the auditory information
passes through different processing stages until bodily
reactions are possibly elicited, and until a musical
percept becomes conscious. This article presents a
model in which the different stages of music perception
are assigned to different modules (see Figure 1; for
investigations related to music production, see, e.g. [4,5]).
The current model is based on previous modular
approaches to music perception [6,7], but extends them
by: (i) relating operations of different modules to ERP
components (thus being able to provide information about
the time course of their activity); (ii) adding modules that
have become important in the literature on music
perception in the past 5 years or so; and (iii) integrating
recent research about where in the brain some of these
modules might be located.

Early processing stages

Acoustic information is translated into neural activity in
the cochlea, and progressively transformed in the auditory
brainstem, as indicated by different neural response
properties for pitch, timbre, roughness, intensity and
interaural disparities in the superior olivary complex and
the inferior colliculus [8,9]. This pre-processing enables
the registration of auditory signals of danger as early as
at the level of the superior colliculus and the thalamus.
From the thalamus, information is projected mainly into
the (primary) auditory cortex [10]. The thalamus is also
directly connected with the amygdala [11] and medial
orbitofrontal cortex [12], structures implicated in emotion
and control of emotional behaviour. In the auditory cortex
(most probably in primary and adjacent secondary
auditory fields), more specific information about acoustic
features, such as pitch height, pitch chroma, timbre,
intensity and roughness is extracted [10,13-17]. These
operations appear to be reflected in electrophysiological
recordings in ERP components that have latencies of up to
100 ms (e.g. the P1 and N1; for effects of musical training
on feature extraction see, e.g. [18]). The details about how
and where in the auditory cortex these features are
extracted are still not well understood. With respect to the
meaning of sounds it is interesting that just a short single
tone can sound, for example, ‘bright’, ‘rough’, or ‘dull’; that
is, single tones are already capable of conveying
meaning information.
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Figure 1. Neurocognitive model of music perception, showing the modules to which different aspects of music perception can be assigned (see text for details).

After auditory features have been extracted, the
acoustic information enters the auditory sensory memory,
and a stage in which auditory Gestalten (e.g. represenata-
tions comprising several perceptual elements) are formed
(Figure 1). Operations of auditory sensory memory are at
least partly reflected in the mismatch negativity (MMN)
[19]. The MMN has been used to investigate effects of
musical training on the processing of pitch [20], melodic
encoding [21,22], grouping of sequential sounds [23], and
spatial attention [24]. Similar training effects have also
been shown for the processing of phonemes [19]. The
MMN usually has latencies of about 100-200 ms, and the
main generators of the MMN are located in the auditory
cortex (within, and in the close vicinity of the primary
auditory cortex), but neural populations located in the
frontal cortex — presumably in the inferior frontolateral
cortex, particularly Brodmann’s areas (BA) 44 and 45, and
in the dorsolateral prefrontal cortex near and within the
inferior frontal sulcus — appear to be crucially involved in
the MMN mechanism [19,25]. The formation of auditory
Gestalten entails processes of melodic, rhythmic, timbral
and spatial grouping, that is, a considerable part of the
auditory scene analysis and auditory stream segregation
[26,27]. Grouping of acoustic events follows Gestalt
principles such as similarity, proximity and continuity.
In everyday life, such operations are not only important
for music processing, but also, for instance, for separating
a speaker’s voice during a conversation from other sound
sources in the environment. That is, these operations are
important because their function is to recognize and to
follow acoustic objects, and to establish a cognitive
representation of the acoustic environment.
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Presumably closely linked to the stage of auditory
Gestalt formation is a stage of a more fine-grained
analysis of intervals, which might include: (i) a more
detailed processing of the pitch relations between the
tones of a melody, or between the tones of a chord (required
to determine whether the chord is a major or minor chord,
played in root position, inversion, etc.); and possibly (ii) a
more detailed processing of temporal intervals. Melodic
and temporal intervals appear to be processed indepen-
dently, as suggested by the observation that brain damage
can interfere with the discrimination of pitch relations but
spare the accurate interpretation of time relations, and
vice versa [28,29]. However, these different types of
interval processing have so far not been dissociated in
functional imaging studies [30].

It has been suggested that the analysis of the contour of
a melody (which is part of the auditory Gestalt formation)
relies particularly on the posterior part of the right
superior temporal gyrus (STG), whereas the processing
of more detailed interval information appears to involve
both posterior and anterior areas of the supratemporal
cortex bilaterally [28,31,32]. The planum temporale has
been particularly implicated in the processing of pitch
intervals and sound sequences [32,33], and it has been
argued that the planum temporale is a crucial structure
for auditory scene analysis and stream segregation [34].
However, details about the neural correlates of both
auditory Gestalt formation and interval analysis still
need to be specified.

When intelligence comes into play
In contrast to previous models, the present one also
includes modules of syntactic processing (see Figure 1 and
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Box 1. Processing structure in music

A central module of the model presented in Figure 1 (main text) refers
to syntactic structure building. In major/minor tonal music, certain
regularities govern the combination of chord functions into harmonic
sequences (see Fig. la,b). Harmonic regularities build only part of a
musical syntax, other structural aspects comprise melodic, rhythmic,
metric, (and possibly timbral) structure. Neurophysiological studies
using EEG and MEG have shown that music-syntactic violations elicit
anterior brain responses with negative polarity over frontal regions,
which emerge around 180-350 ms after the onset of an irregular chord
(Fig. Ic). In experiments with isochronous, repetitive stimulation, this
effect is maximal at around 180-200 ms over right anterior electrodes
(denoted as ‘early right anterior negativity’, or ERAN) [37,39,65]. In
experiments in which the occurrence of irregular chords is unpredict-
able, the negativity has a longer latency, and a more anterior-temporal
distribution (denoted as ‘right anterior-temporal negativity’, or RATN)
[71,72].

Functional imaging studies using chord sequence paradigms [63,
73-75] and melodies [76] suggest that music-syntactic processing activates
the pars opercularis of the inferior frontolateral cortex (corresponding to
BA44) bilaterally, but with right-hemispheric weighting (Fig. Id).
However, it appears that BA44 is not the only structure involved in
music-syntactic processing: additional activations have been reported
for the anterior portion of the STG [63,74], and for ventrolateral
premotor cortex (vIPMC) [53,63,74,77]. The anterior portion of the
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STG appears to be interconnected with fronto-opercular cortex [78], and
has been implicated in syntactic processing during language compre-
hension [79]. Activations of inferior frontolateral cortex (BA44), often
along with vIPMC, have been reported in a variety of functional imaging
studies on auditory processing using musical stimuli, linguistic stimuli,
auditory oddball paradigms, pitch discrimination tasks and serial
prediction tasks, underlining the importance of these structures for
the sequencing of structural information, the recognition of structure,
and the prediction of sequential information [80].

The processing of structural properties and the detection of
structural irregularities requires the computation of structural
relations between sequential events. In the above-mentioned experi-
ments that used chord sequence paradigms to investigate the
processing of harmonic structure, the music-structural analysis of
the chord functions required a computation of the harmonic relation
between a chord and the preceding harmonic context. Such a
computation is more difficult for irregular than for regular chord
functions, mainly because the computation of the harmonic relation
will be less common for irregular than for regular chords. This
increased difficulty is reflected in a stronger activation of BA44
(presumably along with anterior STG and vIPMC) in repsonse to
irregular chords, and the stronger activation of BA44 appears to
correlate with the perception of a music-syntactically irregular chord
as unexpected.
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Figure . (a) Examples of chord functions: the chord built on the first tone of a scale is denoted as the “tonic’, the chord on the second tone as the ‘supertonic’, and the chord
on the fifth tone as the ‘dominant’. (b) The dominant-tonic progression represents a regular ending of a harmonic sequence (top), the dominant-supertonic progression
is less regular and unacceptable as a marker of the end of a harmonic progression (bottom sequence; the arrow indicates the less regular chord). (c) ERPs elicited in a
passive listening condition by the final chords of the two sequence types shown in (b). Both sequence types were presented in pseudorandom order equiprobably in all
twelve major keys. Brain responses to irregular (red waveform) chords clearly differ from those to regular (blue) chords (best seen in the black difference wave=regular
subtracted from irregular). The first significant difference between the two waveforms (indicated by the arrow) is maximal around 200 ms after the onset of the final chord
in the sequence and taken to reflect processes of music-syntactic analysis. (d) Activation foci (small red spheres) reported by functional imaging studies on music-
syntactic processing using chord sequence paradigms [63,73-75] and melodies [76]. Large yellow spheres show the mean coordinates of foci (averaged for each

hemisphere across studies; coordinates refer to standard stereotaxic space).

below). All types of music show an organization of
perceptually discrete elements (such as tones, intervals
and chords) into sequences that are structured according
to syntactic regularities [35-37]. The analysis of musical
structure requires the computation of structural relations
between these elements, for example that of the relation
between a chord function and a preceding harmonic
context (the neural correlates underlying music-syntactic
processing are discussed in Box 1). Similar operations
presumably exist for the processing of rhythm and metre
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(for investigations on the detection of musical phrase
boundaries see [38]). The processing of musical syntax
appears to be quite automatic: electrophysiological
effects of music-syntactic processing have been observed
in passive listening paradigms (e.g. while participants
play a video game, or read a book) [39], and harmonic
priming effects can be observed when the harmonic
dimension of musical information is task-irrelevant and
participants have to make phonemic judgements on sung
chords [40].
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Box 2. Processing meaning in music
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The model outlined in this article assumes musical meaning to be closely
related to a variety of aspects of music perception. Music is a means of
communication, although usually used differently from language when
conveying meaning information (but see also [81]). Aspects of musical
meaning might comprise: (i) meaning that emerges from common
patterns or forms (e.g. musical sound patterns that resemble gestures,
prosodic features, sounds of objects, or qualities of objects); (ii) meaning
that arises from the suggestion of a particular mood (e.g. happy, sad);
(iii) meaning arising from extra-musical associations (e.g. any national
anthem); and (iv) meaning arising from combinations of formal
structures that create tension (e.g. when perceiving an unexpected
chord) and resolution [42]. Numerous musical sounds and forms are
associated with a fixed semantic meaning, for example, sounds
associated with concepts like ‘rough’, ‘warm’, ‘bright’ or ‘soft’, and
musical phrases that sound ‘friendly’, ‘angry’ or ‘gigantic’. Because
some musical forms mimic prosodic and other gestures, their meaning
is possibly universal across cultures. Other musical forms have culturally
determined meanings, for example a church anthem and the
word devotion.

A recent EEG study [42] investigated processing of musical semantics
with a semantic priming paradigm in which short musical excerpts were
followed by the presentation of a target word that was semantically
either related or unrelated to the musical excerpt. As a control condition,
the same target words were also presented after a sentence that was
semantically either related or unrelated to the target word. The pool of
target words included both concrete (e.g. cellar, river, needle) and
abstract words (e.g. devotion, illusion, arrival). In the language condition
(in which target words followed the presentation of sentences),
semantically unrelated target words elicited an N400 (compared with
related target words; Fig. la). The N400 is a classic electrophysiological
marker of semantic processing, here reflecting processes related to
linguistic analysis that were dependent on the degree of fit between the
semantic content of prime sentences and target words. In the music
condition (when target words followed musical excerpts), the same N400
effect was elicited by target words that were semantically unrelated to the
preceding musical prime stimulus (compared with related target words;
Fig. Ib).

Numerous studies have shown that even non-musi-
cians (i.e. individuals who have not received formal
musical training) have a highly sophisticated (implicit)
knowledge about musical syntax [35], knowledge which is
presumably acquired during listening experiences in
everyday life. Note that music-syntactic processing
requires processing of long-distance dependencies at a
level of complexity that is termed phrase-structure
grammar [41]. The ability to process phrase-structure
grammar is available to all humans (as evidenced by the
use of language), whereas non-human primates are not
able to master such grammars [41]. Thus, it is highly
likely that only humans can adequately process music-
syntactic information at the phrase-structure level.

The music-psychological literature suggests that the
outcome of syntactic processing is important for proces-
sing meaning and emotion in music [42]. For example,
structurally irregular musical events, such as irregular
chord functions, can elicit emotional (or affective)
responses such as surprise, and these events can have a
musical meaning, a fact that is used by composers as a
means of expression (see Box 2 for additional information
about musical meaning).

Subsequent stages of syntactic processing can occur
when structural reanalysis and repair is required. It
appears that these processes are reflected in the ERP as
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These results demonstrate that musical information can prime
representations of meaningful concepts, and that music can have a
systematic influence on the semantic processing of words. This
indicates that music is capable of conveying meaning information,
and that the priming effects on the semantic processing of words can
be identical for music and language. Notably, the musical pieces used
were unfamiliar to the subjects, so the results cannot be attributed to
semantic priming via a suggestive title or other prior knowledge of the
semantic connotations of the piece. Moreover, N400 effects were the
same for target words with and without emotional content, showing
that meaning in music is not restricted to its emotive properties.
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Figure l. ERPs elicited by target words that were semantically related (solid blue
line) and unrelated (red dashed line) to (a) sentences and (b) musical excerpts. In
both the language and the music condition, target words that were semantically
unrelated to a prime stimulus elicited an N400 compared with semantically related
target words, indicating that both linguistic and musical primes had an influence
on the semantic processing of words. Data redrawn from [42].

positive potentials that are maximal around 600-900 ms,
in particular the P600/LPC (late positive component)
[37,43].

How the body reacts to music

The present model of music perception also takes the
potential ‘vitalization’ of an individual into account:
vitalization entails activity of the autonomic nervous
system (i.e. regulation of sympathetic and parasympa-
thetic activity) along with the cognitive integration of
musical and non-musical information. Non-musical infor-
mation comprises associations evoked by the music, as
well as emotional (e.g. happy) and bodily reactions (e.g.
tensioned or relaxed). The integration of musical and non-
musical information requires multimodal association
cortices, presumably parietal association cortices in the
region of BA7 (where the musical percept might also
become conscious [44]). Effects of music perception on
activity of the autonomic nervous system have mainly
been investigated by measuring electrodermal activity
and heart rate, as well as the number and intensity of
reported ‘shivers’ and ‘chills’ [45-48].

Vitalizing processes can, in turn, have an influence on
processes within the immune system. Effects of music
processing on the immune system have been assessed by
measuring variations of (salivary) immunoglobulin A
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concentrations [49-51]. Interestingly, effects on the
immune system have been suggested to be closely tied to
motor activity [51] (see also Figure 1, rightmost box). With
respect to music perception, it is important to note that
there might be overlap between neural activities of the
late stages of perception and those related to the early
stages of action (such as premotor functions related to
action planning) [52,53]. Recently, it has been shown that
music perception can interfere with action planning in
musicians [54,55], and listening to piano pieces appears to
activate (pre)motor activity in pianists [66]. Movement
induction by music perception in the way of tapping,
dancing or singing along with music is a very common
experience [47], and also has social functions such as
bonding between individuals of the same, as well as
different, groups [57]. These evolutionarily advantageous
social aspects of music-making behaviour are presumably
accompanied by positive effects on the immune system,
and such positive effects might represent one origin for the
evolution of cooperative music-making behaviour
in humans.

Action induction by music perception is accompanied by
neural impulses in the reticular formation (in the
brainstem; for example, for the release of energy to move
during joyful excitement). It is highly likely that connec-
tions also exist between the reticular formation and
structures of the auditory brainstem (as well as between
reticular formation and the auditory cortex) [58], and that
the neural activity of the reticular formation therefore
also influences the processing of (new) incoming
acoustic information.

Music perception and memory

The modules presented in Figure 1 are associated with a
variety of memory functions. For example, the auditory
sensory memory (presumably along with Gestalt for-
mation) is connected with both working memory [59]
and long-term memory [19] (see above for information
about brain structures implicated in auditory sensory
memory). Structure building requires working memory as
well as a long-term store for syntactic regularities, and
processing of meaning information is presumably tied to a
mental lexicon (containing lexical-semantic knowledge),
as well as to a musical lexicon containing knowledge about
timbres, melodic contours, phrases and musical pieces [6].
However, the details about interconnections between the
different modules and different memory functions remain
to be worked out.

Neuroimaging studies suggest that working memory for
pitch mainly involves the inferior frontal gyrus (BA 44,45,
46), premotor cortex (BA 6), as well as inferior and superior
parietal areas (BA40, BA7) and the cerebellum [33,53,60].
PET data suggest that access to musical semantic memory
involves the (left) middle temporal gyrus, and that musical
semantic representations (that is, parts of a probable
musical lexicon) are stored in (left) anterior temporal areas
[61]. Further research in these areas is needed to clearly
differentiate memory operations from operations of the
modules described in Figure 1; it is important to bear in
mind that, especially in functional imaging experiments,
both types of operations usually co-occur.
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Music and language

One of the most intriguing findings in music psychology
research is that even individuals without formal musical
training show sophisticated abilities to acquire knowledge
about musical syntax, and to understand (and enjoy)
music. This finding strongly supports the notion that
musicality is a natural ability of the human brain.
Interestingly, it appears that human musical abilities
are important for the acquisition and the processing of
language: infants acquire much information about word
and phrase boundaries (possibly even about word mean-
ing) through different types of prosodic cues (i.e. the
musical cues of language, such as speech melody, metre,
rhythm and timbre) [2]. Moreover, tonal languages rely on
a meticulous decoding of pitch relations between pho-
nemes, and non-tonal languages also require an accurate
analysis of speech prosody to decode structure and
meaning of speech. The assumption of an intimate
connection between music and speech is corroborated by
the findings of overlapping and shared neural resources
for music and language processing in both adults and
children [36,62—65] (see also Boxes 1 and 2). In this respect
it appears that the human brain, at least at an early age,
does not treat language and music as strictly separate
domains, but rather treats language as a special case
of music.

Perspectives and future directions

The model provided in this review helps to identify aspects
of music perception that need future research (see also
Box 3). For example, with respect to the processing of
musical meaning, further research is needed to discern
the physical properties that determine the meaning of
short acoustic signals, as well as of more complex musical
information. This line of research could also investigate
which of such properties have a universal meaning, and
which are culturally determined.

Another field for future research is the investigation of
emotion with music. Music is particularly suitable for the
study of human emotion (especially for the investigation of
positive emotion) but surprisingly few functional imaging
studies have so far addressed this issue [46,66—68].

Box 3. Questions for future research

e How are acoustic features decoded at the cortical level?

e What is the neural basis of auditory scene analysis and stream
segregation?

e How does the brain recognize musical Gestalts?

e What are the physical properties that determine the meaning of
short acoustic signals, as well as of more complex musical
information? Which of such properties have a universal meaning,
and which are culturally determined?

e What are the cognitive influences and the underlying neural
correlates of the effects that music perception (and production) has
on the autonomic nervous system, hormonal and immune systems,
and, thus, on human health? How are such effects on these systems
influenced by social aspects of music-making behaviour? How can
music therapy benefit from these effects?

e What are the shared mechanisms and shared representations
underlying music perception and production?

e How do the different modules of music processing interact with
each other, and interact with different auditory memories?
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Related to this field are studies on effects of music
perception and production on the autonomic nervous
system (and consequently on the hormonal [69]), as well
as on the immune system. Despite the effects of music on
the immune system and human health, very little is
known about both the cognitive influences and the
underlying neural correlates of these effects. Research in
this area could also provide explanations for physiological
effects of music therapy.

Recently, music has also been used in the investigation
of human action [5,54,55]. Future studies could further
take advantage of music to investigate the planning and
control of highly complex actions, acquisition of motor
skills, and influences of emotion on action [70]. The strong
impact of music, especially rhythm, on motor actions
makes music a valuable tool to investigate the shared
mechanisms and shared representations underlying
music perception and production.

Another interesting perspective is the investigation of
social cognition and music. Making music in a group is
always a social situation that requires cooperation and
communication. Music allows us to investigate influences
of social situations on both perception and production in
ecologically valid situations, and research on social
cognition with music could shed light on how individuals
understand others’ intentions and emotions when making
music together in a group. Investigations in this area
would ideally also consider effects that social aspects of
music-making behaviour might have on the autonomic
nervous system and the immune system, and, thus, on
human health. In conclusion, the present article presents
a new model of music perception that incorporates
modules of music-syntactic and music-semantic proces-
sing, and that emphasizes the effects of music perception
on vitalization, premotor processes and the immune
system. The purpose of this model is to support and
stimulate future research and, thus, to lead to a better
understanding of the neural basis of music perception.

Acknowledgements

The authors thank A.F. Friederici, B. Poulin, D. Sammler, S. Jentschke,
T. Fritz, K. Schulze, and N. Steinbeis for their contributions to the
development of the model.

References

1 Zatorre, R.J. and Peretz, I. eds (2001) The biological foundations of
music. Ann. New York Acad. Sci., Vol. 930 (Special issue)

2 Jusczyk, PW. (1999) How infants begin to extract words from speech.
Trends Cogn. Sci. 3, 323-328

3 Trehub, S. (2003) The developmental origins of musicality. Nat.
Neurosci. 6, 669-673

4 Bangert, M. and Altenmiiller, E.O. (2003) Mapping perception to
action in piano practice: A longitudinal DC-EEG study. BMC Neurosci.
4,26

5 Repp, B.H. and Knoblich, G. (2004) Perceiving action identity: How
pianists recognize their own performance. Psychol. Sci. 15, 604—-609

6 Peretz, I. and Coltheart, M. (2003) Modularity of music processing.
Nat. Neurosci. 6, 688—691

7 McAdams, S. and Bigand, E. (1993) Thinking in Sound: The Cognitive
Psychology of Human Audition, Oxford University Press

8 Sinex, D.G. et al. (2003) Responses of auditory nerve fibers to
harmonic and mistuned complex tones. Hear. Res. 182, 130-139

9 Langner, G. and Ochse, M. The neural basis of pitch and harmony in
the auditory system. Musicae Scientiae (in press)

www.sciencedirect.com

TRENDS in Cognitive Sciences Vol.9 No.12 December 2005 583

10 Kaas, J.H. et al. (1999) Auditory processing in primate cerebral cortex.
Curr. Opin. Neurobiol. 9, 164-170

11 LeDoux, J.E. (2000) Emotion circuits in the brain. Annu. Reuv.
Neurosci. 23, 155-184

12 Ongiir, D. and Price, J.L. (2000) The organization of networks within
the orbital and medial prefrontal cortex of rats, monkeys and humans.
Cereb. Cortex 10, 206-219

13 Tramo, M.J. et al. (2002) Functional role of auditory cortex
in frequency processing and pitch perception. J. Neurophysiol. 87,
122-139

14 Patel, A. and Balaban, E. (2001) Human pitch perception is reflected
in the timing of stimulus-related cortical activity. Nat. Neurosci. 4,
839-844

15 Schonwiesner, M. et al. (2002) Is it tonotopy after all? Neuroimage 17,
1144-1161

16 Warren, J.D. et al. (2003) Separating pitch chroma and pitch height in
the human brain. Proc. Natl. Acad. Sci. U. S. A. 100, 10038-10042

17 Fishman, Y.I. et al. (2001) Consonance and dissonance of musical
chords: Neural correlates in auditory cortex of monkeys and humans.
J. Neurophysiol. 86, 2761-2788

18 Pantev, C. et al. (2001) Timbre-specific enhancement of auditory
cortical representation in musicians. Neuroreport 12, 169-174

19 Naéditanen, R. et al. (2001) ‘Primitive intelligence’ in the auditory
cortex. Trends Neurosci. 24, 283-288

20 Koelsch, S. et al. (1999) Superior attentive and pre-attentive auditory
processing in musicians. Neuroreport 10, 1309-1313

21 Fujioka, T. et al. (2004) Musical training enhances automatic encoding
of melodic contour and interval structure. J. Cogn. Neurosci. 16,
1010-1021

22 Tervaniemi, M. et al. (2001) Superior formation of cortical memory
traces for melodic patterns in musicians. Learn. Mem. 8, 295-300

23 van Zuijen, T.L. et al. (2004) Grouping of sequential sounds: An event-
related potential study comparing musicians and nonmusicians.
J. Cogn. Neurosci. 16, 331-338

24 Nager, W. et al. (2003) The fate of sounds in conductors’ brains: An
ERP study. Brain Res. Cogn. Brain Res. 17, 83-93

25 Doeller, C.F. et al. (2003) Prefrontal cortex involvement in preatten-
tive auditory deviance detection: Neuroimaging and electrophysio-
logical evidence. Neuroimage 20, 1270-1282

26 Fishman, Y.I. et al. (2004) Auditory stream segregation in monkey
auditory cortex: effects of frequency separation, presentation rate, and
tone duration. J. Acoust. Soc. Am. 116, 1656-1670

27 Carlyon, R.P. (2004) How the brain separates sounds. Trends Cogn.
Sci. 8, 465-471

28 Peretz, I. and Zatorre, R.J. (2005) Brain organization for music
processing. Annu. Rev. Psychol. 56, 89-114

29 Di Pietro, M. et al. (2004) Receptive amusia: Temporal auditory deficit
in a professional musician following a left temporo-parietal lesion.
Neuropsychologia 42, 868-877

30 Griffiths, T.D. et al. (1999) A common neural substrate for the analysis
of pitch and duration pattern in segmented sound. Neuroreport 10,
3825-3830

31 Liegeois-Chauvel, C. et al. (1998) Contribution of different cortical
areas in the temporal lobes to music processing. Brain 121, 1853-1867

32 Patterson, R.D. et al. (2002) The processing of temporal pitch and
melody information in auditory cortex. Neuron 36, 767-776

33 Zatorre, R. et al. (1994) Neural mechanisms underlying melodic
perception and memory for pitch. /. Neurosci. 14, 1908-1919

34 Griffiths, T.D. and Warren, J.D. (2002) The planum temporale as a
computational hub. Trends Neurosci. 25, 348-353

35 Tillmann, B. et al. (2000) Implicit learning of tonality: A self-organized
approach. Psych. Rev. 107, 885-913

36 Patel, A. (2003) Language, music, syntax and the brain. Nat. Neurosci.
6, 674-681

37 Koelsch, S. (2005) Neural substrates of processing syntax and
semantics in music. Curr. Opin. Neurobiol. 15, 207-212

38 Knoesche, T.R. et al. The perception of phrase structure in music.
Hum. Brain Mapp. (in press)

39 Koelsch, S. and Friederici, A.D. (2003) Toward the neural basis of
processing structure in music. Ann. N. Y. Acad. Sci. 999, 15-28

40 Bigand, E. et al. (2001) The effect of harmonic context on phoneme
monitoring in vocal music. Cognition 81, B11-B20


http://www.sciencedirect.com

584

41

42

43

44

45

46

47

4

[ee]

49

50

51

52

53

54

55

56

57

58

59

60

61

Fitch, W.T. and Hauser, M.D. (2004) Computational constraints on
syntactic processing in a nonhuman primate. Science 303, 377-380
Koelsch, S. et al. (2004) Music, language, and meaning: Brain
signatures of semantic processing. Nat. Neurosci. 7, 302-307
Besson, M. and Schoen, D. (2001) Comparison between language and
music. Ann. New York Acad. Sci. 930, 232258

Block, N. (2005) Two neural correlates of consciousness? Trends Cogn.
Sci. 9, 46-52

Khalfa, S. et al. (2002) Event-related skin conductance responses to
musical emotions in humans. Neurosci. Lett. 328, 145-149

Blood, A. and Zatorre, R.J. (2001) Intensely pleasurable responses to
music correlate with activity in brain regions implicated in reward
and emotion. Proc. Natl. Acad. Sci. U. S. A. 98, 11818-11823
Panksepp, J. and Bernatzky, G. (2002) Emotional sounds and the
brain: The neuro-affective foundations of musical appreciation. Behav.
Processes 60, 133-155

Sloboda, J. (1991) Music structure and emotional response: Some
empirical findings. Psychol. Music 19, 110-120

Hucklebridge, F. et al. (2000) Modulation of secretory immunoglobulin
A in saliva; response to manipulation of mood. Biol. Psychol. 53, 25-35
McCraty, R. et al. (1996) Music enhances the effect of positive
emotional states on salivary IgA. Stress Med. 12, 167-175

Kreutz, G. et al. (2004) Effects of choir singing or listening on secretory
immunoglobin A, cortisol, and emotional state. J. Behav. Med. 27,
623-635

Rizzolatti, G. and Craighero, L. (2004) The mirror-neuron system.
Annu. Rev. Neurosci. 27, 169-192

Janata, P. et al. (2002) Listening to polyphonic music recruits domain-
general attention and working memory circuits. Cogn. Affect. Behav.
Neurosci. 2, 121-140

Drost, U.C. et al. Action—effect coupling in pianists. Psychol. Res.
(in press)

Drost, U.C. et al. When hearing turns into playing: Movement
induction by auditory stimuli in pianists. Quaterly J. Exp. Psych.
(in press)

Haueisen, J. and Knoesche, T.R. (2001) Involuntary motor activity in
pianists evoked by music perception. J. Cogn. Neurosci. 13, 786-792
Hagen, E.H. and Bryant, G.A. (2003) Music and dance as a coalition
signaling system. Hum. Nat. 14, 21-51

Levitt, P. and Moore, R.Y. (1979) Origin and organization of brainstem
catecholamine innervation in the rat. J. Comp. Neurol. 186, 505-529
Berti, Stefan and Schroger, Erich (2003) Working memory controls
involuntary attention switching: evidence from an auditory distrac-
tion paradigm. Eur. J. Neurosci. 17, 1119-1122

Gaab, N. et al. (2003) Functional anatomy of pitch memory: An fMRI
study with sparse temporal sampling. Neuroimage 19, 1417-1426
Platel, H. et al. (2003) Semantic and episodic memory of music are
subserved by distinct neural networks. Neuroimage 20, 244-256

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

TRENDS in Cognitive Sciences Vol.9 No.12 December 2005

Koelsch, S. et al. (2003) Children processing music: Electric brain
responses reveal musical competence and gender differences. J. Cogn.
Neurosci. 15, 683—693

Koelsch, S. et al. (2005) Adults and children processing music: An
fMRI study. Neuroimage 25, 1068—-1076

Schon, D. et al. (2004) The music of speech: Music training facilitates
pitch processing in both music and language. Psychophysiology 41,
341-349

Koelsch, S. et al. (2005) Interaction between syntax processing in
language and in music: An ERP study. J. Cogn. Neurosci. 17, 1-13
Blood, A.J. et al. (1999) Emotional responses to pleasant and
unpleasant music correlate with activity in paralimbic brain regions.
Nat. Neurosci. 2, 382-387

Brown, S. et al. (2004) Passive music listening spontaneously engages
limbic and paralimbic systems. Neuroreport 15, 2033-2037

Koelsch, S. et al. Investigating emotion with music: An fMRI study.
Hum. Brain Mapp. (in press)

Fukui, H. and Yamashita, M. (2003) The effects of music and visual
stress on testosterone and cortisol in men and woman. Neuroendocrin.
Lett. 24, 173-180

Palmer, C. and Pfordresher, P.Q. (2003) Incremental planning in
sequence production. Psychol. Rev. 110, 683-712

Patel, A.D. et al. (1998) Processing syntactic relations in language
and music: An event-related potential study. J. Cogn. Neurosci. 10,
717-733

Koelsch, S. and Mulder, J. (2002) Electric brain responses to
inappropriate harmonies during listening to expressive music. Clin.
Neurophysiol. 113, 862—-869

Maess, B. et al. (2001) ‘Musical Syntax’ is processed in the area of
Broca: An MEG-study. Nat. Neurosci. 4, 540-545

Koelsch, S. et al. (2002) Bach speaks: a cortical ‘language-network’
serves the processing of music. Neuroimage 17, 956-966

Tillmann, B. et al. (2003) Activation of the inferior frontal cortex in
musical priming. Brain Res. Cogn. Brain Res. 16, 145-161

Janata, P. et al. (2002) The cortical topography of tonal structures
underlying Western music. Science 298, 2167-2170

Parsons, L. (2001) Exploring the functional neuroanatomy of music
performance, perception, and comprehension. Ann. N. Y. Acad. Sci.
930, 211-231

Petrides, M. and Pandya, D.N. (1988) Association fiber pathways to
the frontal cortex from the superior temporal region in the rhesus
monkey. J. Comp. Neurol. 273, 52—66

Friederici, A.D. (2002) Towards a neural basis of auditory sentence
processing. Trends Cogn. Sci. 6, 78-84

Janata, P. and Grafton, S.T. (2003) Swinging in the brain: Shared
neural substrates for behaviors related to sequencing and music. Nat.
Neurosci. 6, 682—-687

Carreiras, M. et al. (2005) Neural processing of a whistled language.
Nature 433, 31-32

Free journals for developing countries

The WHO and six medical journal publishers have launched the Access to Research Initiative, which enables nearly 70 of the world’s
poorest countries to gain free access to biomedical literature through the Internet.

The science publishers, Blackwell, Elsevier, the Harcourt Worldwide STM group, Wolters Kluwer International Health and Science,
Springer-Verlag and John Wiley, were approached by the WHO and the British Medical Journalin 2001. Initially, more than 1000 journals
will be available for free or at significantly reduced prices to universities, medical schools, research and public institutions in developing

countries. The second stage involves extending this initiative to institutions in other countries.

Gro Harlem Brundtland, director-general for the WHO, said that this initiative was ‘perhaps the biggest step ever taken towards reducing
the health information gap between rich and poor countries’.

See http://www.healthinternetwork.net for more information.

www.sciencedirect.com


http://www.sciencedirect.com

	Towards a neural basis of music perception
	Introduction
	Early processing stages
	When intelligence comes into play
	How the body reacts to music
	Music perception and memory
	Music and language
	Perspectives and future directions
	Acknowledgements
	References


