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Glossary of abbreviations
ANOVA
EEG
ERP
MEG
MMN
MMF
RT
SOA

Analysis of variance
Electroencephalography/Electroencephalogram
Event related brain potential
Magnetoencephalography/Magnetoencephalogram
Mismatch negativity
Mismatch field
Reaction time
Stimulus-onset asynchrony (onset-to-onset interval)
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Abstract
Music is present in all human cultures, suggesting that it is deeply rooted in the perceptual
and cognitive processes available to all humans. The general processes of audition form the
foundation upon which music perception and, viewed more broadly, all communication by
sounds is based. During ontogenesis, the ability to perceive music unfolds through
interactions between innate predispositions, environmental constraints, and learning.
Assessing the abilities underlying music perception at the time of birth and their development
later in life provide important information for shedding light on these interactions.
Electrophysiology offers the possibility to study auditory processes in newborn infants. The
mismatch negativity (MMN) event-related potential (ERP) observable in adults and the
functionally similar discriminative responses in neonates allow the investigation of various
auditory perceptual abilities. The thesis is based on five ERP experiments, four of which
investigated neonatal abilities underlying the perception of musical pitch, timbre, and rhythm.
One combined ERP and behavioral experiment investigated the perception of musical meter
in adults. Based on the results obtained in these experiments, it appears that babies are born
well equipped for music perception, with sound processing abilities comparable to those
found in adults.
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Kivonat
A zene alapvető jelentősége minden ismert kultúrában, feltételezi, hogy az általános
észlelési és kognitív feldolgozásban gyökeredzik. A hallás általános folyamatai olyan alapot
képeznek, amelyre a zeneészlelés, illetve tágabban értelmezve, minden akusztikus
kommunikáció épül. Az egyedfejlődés során a zeneészlelés képessége a veleszületett
hajlamok, környezeti korlátok és a tanulás folyamatának interakciójából bomlik ki. Az
interakciók feltárásához fontos információkat biztosít a zeneészlelést megalapozó képességek
vizsgálata újszülött korban és e képességek fejlődésének vizsgálata a későbbi élet során. Az
elektrofiziológia lehetővé teszi a hallási feldolgozás vizsgálatát újszülött gyermekeknél. A
felnőtteken mérhető mismatch negativity (MMN – eltérési negativitás) kiváltott komponens
és a funkcionális hasonló diszkriminatív válaszok újszülöttekben alkalmasak változatos
hallási észlelési képességek vizsgálatára. A disszertáció öt, kiváltott válaszokat használó,
kísérleten alapszik, amelyek közül négy az újszülöttek zenei hangmagasság-, hangszín- és
ritmusészlelését megalapozó képességeit vizsgálja. Egy kombinált viselkedéses és
elektrofiziológiai kísérlet pedig a felnőttek zenei ütemészlelését vizsgálja. A kísérletek
eredményei alapján úgy tűnik, hogy a csecsemők már születésükkor jól felkészültek a
zeneészleléshez szükséges információ feldolgozására és e képességeik hasonlóak a felnőttek
képességeihez.
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1. Introduction
What is the similarity between soothing lullabies sung by a mother, work-songs, chamber
music and a rock concert? Since the days of Pythagoras numerous theorists tried to
understand and give account of what is music and how it “works”. 1
Music cognition, as any other human ability, can be studied on many hierarchically
embedded levels starting from basic neural structures, through computational processes
implemented in cortical networks, simple and more complex behavior, ontogenetic and
philogenetic history and finally, social and cultural constructs. Virtually all human cultures
have some kind of musical tradition and in all cultures, individuals are surrounded by music
from an early age (Merriam, 1964). The universal prevalence of music strongly suggests that
music is deeply rooted in the perceptual, cognitive and emotional processes of the human
species. The cognitive study of music should focus on an intermediate level between cells and
culture, but should be able to integrate data from the full spectrum of available
methodologies.
How do innate cognitive and emotional predispositions and environmental information
interact to create music? How is music realized in the human brain? What are the relations
between musical ability and other human abilities, especially language processing? Is music a
mental faculty? How did music evolve in humans and is it uniquely human? All of these
issues can be subdivided to further questions and answering all of them will certainly prove to
be a long scientific endeavor. The aim of this thesis is to give some insights into a small
subset of the questions related to the perception of music.
With the advent of psychology and later neurosciences, several techniques were developed
that allows unprecedented access to the inner workings of the human brain. Based on the vast
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Throughout the thesis music refers to Western tonal music almost exclusively. It is beyond the scope of this
thesis to tackle the difficulties of defining music therefore the reader is kindly referred to the Music entry in The
New Grove Dictionary of Music and Musicians (Sadie; 2001) where the problems of definition are elaborated at
length.
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amount of findings accumulated in the field of sound perception, behavioral and
electro-physiological methods can be utilized in assessing important prerequisites of music
perception from birth to adulthood. Identifying the perceptual and cognitive abilities
underlying music perception can impact a multitude of subjects. By studying the human
abilities present at birth, the complex interactions of nature and nurture can be disentangled.
This in turn may lead to explanations of cultural similarities and differences in music.
Comparative studies also benefit from identifying those human traits which are shared with
animals. Computational models trying to mimic the developing and mature musical abilities
of humans also utilize experimental findings. Finally, the application of experimental
paradigms inspired by cognitive science to the field of music theory may yield a
psychologically and physiologically grounded understanding of music cognition and
performance.
The structure of thesis is the following: The Introduction begins with an examination of the
broader context surrounding the cognition of music and the application of cognitive
investigations within the field of music (Chapter 1.1). It is followed by a short review of the
concepts and results emerging from the field of music perception (Chapter 1.2), arranged
according to the main research topics of the field. The rest of the introduction is dedicated to
an important tool for auditory research, the mismatch negativity (MMN) event related
potential (ERP) (Chapter 1.3), detailed in connection with discriminative responses in infants
and music perception. Under the title Theses the background, hypotheses and results of each
study is presented in a short form and their relation to the overall goals is spelled out. In
Studies the research articles are included in their published form, followed by a General
Discussion integrating the present findings with earlier ones. In the final part Conclusions and
further directions are elaborated.
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1.1. Questions about music and its origins
The issue of abilities underlying music in general and the perception of music in specific
can be construed as deeply interrelated questions about evolution and brain organization.
Does music constitute a separate domain of human cognition by itself? Even if
domain-specific processes for music are assumed, domain-general mechanisms are needed to
complement a working system of music processing and music can also be seen as an emergent
property of multiple domain-general processes working together. To separate multiple
domain-general and possibly domain-specific processes it may be helpful to look at the
evolution of these processes via comparative studies, examine the responses proposed in
answer to similar questions in the language domain and integrate the findings of
neuropsychology, neurophysiology, neuroimaging and other fields. The aim of this chapter is
to give a short introduction to these topics and to provide a wider context for present thesis.
The idea that the brain should be subdivided into faculties stems from the phrenology of
Gall (Fodor, 1983) that saw the mind as the collection of functions linked to anatomically
separate areas. This idea had a tremendous influence on cognitive science through Fodor’s
theory of modularity (1983) and Chomsky’s faculty of language and generative grammar
(1957).
Fodor (1983) gives criteria for mental modules that include domain-specificity,
information encapsulation, fixed neural architecture and well-defined ontogenesis. Whereas
Fodor (1983, 2001) argues that modules work on the lower levels of information processing,
close to perception, and cannot by themselves explain the working of the whole mind, several
authors (e.g. Pinker, 1997; Carruthers, 2006) expanded his theory to a ‘massively modular’
account of the mind. One of the key motivations for this expansion is that if the mind is built
up from separate (but highly interconnected) and innately determined modules (at least to
some degree), then evolutionary psychology (e.g. Barkow, Tooby & Cosmides, 1995) has a
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much better chance for carrying out its program of identifying adaptations. In a variant of the
modular view, Karmiloff-Smith (1992) introduced ‘modularization’, a process by which
separate modules emerge during development based on interactions between innate and
environmental factors. The modular approach to the brain resulted in research identifying
specialized brain areas for specialized functions, such as face perception (Kanwisher, 2000)
and reading (Cohen et al., 2000) and generated much debate (see Haxby et al., 2001 and Price
& Devlin 2003, respectively).
The above mentioned criteria for cognitive modules, that is, innateness, domain specificity
and brain localization are often conflated and Fodor (1983) himself notes that not all criteria
must be met to define a module. One motivation for this conflation might be that, in order to
make a strong argument for an adaptation, a trait must be both innate and domain specific
(Justus & Hutserl, 2005). Brain localization can be related to innateness by arguing on the
basis of genetic determination of the brain structure, or to domain specificity by assuming that
specific task-related computational needs may be accommodated by separate areas (Johnson,
2001).
Chomsky’s (1953) statements about the innateness and human-specificity of language were
refined by Hauser, Chomsky and Fitch (2002). Based on a review of comparative data, the
authors distinguish between a broad sense of the language faculty, containing abilities that are
necessary for language and are shared with nonhuman species, and a narrow sense of the
language faculty containing abilities (identified as the ability of using recursive structures
according to their analysis) unique to humans. This treatment of the language faculty is
compatible with both the modular and the massively modular account of the mind and
provides a good framework for integrating comparative results and evolutionary hypotheses.
An adaptationist approach to language (or other mental abilities) can concentrate on
identifying homologous (same ancestry) or homoplasic (same function) adaptations that are
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present in both animals and humans and seek human-specific adaptations. The other benefit of
the approach used by Hauser, Chomsky and Fitch (2002) is that it emphasizes the fact that
complex abilities like language rely on a myriad of simpler abilities, some of which are shared
between different species, breaking up the monolithic approach originally advocated by
Chomsky.
Music is similar to language in many ways. Both appear in all human cultures, both are
acquired without formal training and both can be identified as such by members of a culture
(Hauser & McDermott, 2003). Music and language are generative. A practically infinite
number of valid expressions can be created from a finite set of rules. Questions asked about
language can also be asked about music (Hauser & McDermott, 2003; Jackendoff & Lerdahl,
2006). Fitch (2006) advocates comparisons of musical and linguistic abilities and use of
human-animal comparative data for insights into the biological basis and evolution of music.
There are, however, also some marked differences between language and music. An apparent
one is that music does not convey meaning in a propositional way, however this does not
preclude that it carries some kind of meaning (Koelsch & Siebel, 2005; Koelsch & Sammler,
2008). Music is more restricted than speech both spectrally and temporally, because, unlike
speech it usually requires the use of a predefined set of tones and more or less tight
conformity to isochronous pulses. There is archeological evidence of music production in the
form of bone-flutes. In contrast, using artifacts, language can only be traced back to the time
writing appeared (Kunej & Turk, 2001).
Most of the abilities underlying music cognition have some phylogenetic precursors (for an
extensive discussion, see the articles in Wallin, Merker & Brown, 2001.) A question already
pondered by Darwin (1879/2004) is whether there are special adaptations for music and if so
whether they are found only in humans? The views regarding music-related adaptation range
from total skepticism to endorsement of adaptationist explanations of varying credibility.
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Pinker (1997) for example, in a passage much quoted by critics, calls music ‘auditory
cheesecake’ (p. 534), the input that garners responses from sound-sensitive systems evolved
to perform other functions. Based on his opinion, music is a good candidate for exaptation
(Gould & Vrba, 1982), a trait not in itself adapted but taking over functions adapted for other
traits. Darwin (1871) himself noted that there is no straightforward adaptive value in music,
and he explained its presence in terms of sexual selection. Other theorists explain the possible
adaptive function of music in terms of mother-infant interactions (Dissanayake, 2001),
intergroup coordination of behavior (Hagen & Bryant, 2003), emotion (Roederer, 1984) or
emotional regulation (Bispham 2006), etc. (for a review, see Huron, 2003). Most theories that
describe the adaptive value of music do so by proposing one or a few central adaptations
around which multi-purpose systems crystallize forming music perception and production.
Trehub and Hannon (2006), for example, propose a music-oriented motivational system that
is itself an adaptation and acts as a catalyst for other domain-general, non-human-specific
systems establishing music perception. There is no guarantee however, that music relies on
one or only a few key adaptations. Fitch (2006) proposes that several adaptive forces must
have been at work during the evolution of music as no single force provides explanation for
all musical phenomena. This, in his view, renders arguments about past functions of music
futile (but not invalid).
It has been shown that both songbirds and non-songbirds can perceive relative pitch (Cynx,
1995), one of the prerequisites of perceiving melodies. To achieve this ability, however,
intensive training was necessary and the training did not generalize to frequency ranges not
part of the training set, in which birds tended to fall back to the use of absolute pitch cues.
Similar results were obtained from Japanese monkeys (Izumi, 2001). With respect to relative
pitch perception, Wright et al. (2000) showed that rhesus monkeys can be trained to perform
octave generalizations, that is, recognize the identity of transposed sound sequences.
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Unfortunately, this ability is limited to transpositions using integer octaves; transpositions of
half octaves were not recognized by the monkeys. Taken together, these results show that
some animals are able to perceive relative pitch, but this ability might be realized through
different mechanisms than in humans. There are also examples of human and animal abilities
using similar mechanisms. Both Fitch (2006) and Patel (2006) emphasize the importance of
vocal learning abilities, which enable a flexible vocal behavioral repertoire in contrast to the
rigid vocal call systems found in species without vocal learning ability. Vocal learning
evolved independently in humans, some birds, cetaceans, and pinnipeds, but it is not present
e.g., in nonhuman primates. Vocal learning abilities require a high degree of perceptual and
motor coordination and may be related to the ability of synchronizing to a musical beat (Patel
et al., 2009a). Some evidence supporting this relation is already available (Patel et al., 2009a)
and further studies are proposed (Patel et al. 2009b; Schachner et al., 2009). The auditory
environment in which animals are reared may also have influence on their perceptual abilities
as for example an infant chimpanzee reared as human showed preference of consonant over
dissonant music similar to human infants (Sugimoto et al., 2010). The above examples show
that comparative studies can meaningfully contribute to the understanding of music
perception by pinpointing crucial similarities with animals and possibly identifying some
structural and representational constraints on music.
Modular accounts of music processing propose an information processing system that is
exclusive to the processing of music (Peretz, 2006; Peretz & Coltheart, 2003; Peretz &
Morais, 1989). The general music processing system is not monolithic, rather it consists of
separate sub-modules that get their input from general acoustic processing and belong to the
larger systems of pitch processing (including spectral pitch, melody and harmony) and
temporal processing (including rhythm and meter), which in turn drive emotional analysis of
music and a musical lexicon similar to the phonological lexicon (Peretz & Coltheart, 2003).
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Evidence in support of the modular view comes mostly from neuropsychological studies on
the selective impairment of musical abilities either as result of brain injury (acquired amusia)
or a hereditary disorder (congenital amusia or tone deafness in older terminology).
Dissociation of music and language has been found in patients with unilateral as well as
bilateral temporal lesions (Peretz et al. 1994; Peretz, 1996; Dalla Bella & Peretz, 1999;
Piccirilli, Sciarma & Luzzi, 2000). A reverse pattern of dissociation was found in patients
with Alzheimer's disease, who showed preserved musical memory despite severe speech and
memory deficits (Vanstone & Cuddy, 2010), and in a case of cortical atrophy where music
production was spared despite speech production difficulties (Polk & Kertesz, 2003).
Dissociations between processing of pitch (melody, harmony) and processing of temporal
(rhythm, tempo, meter) information has been related, respectively, with right and left
temporal lesions (Kester et al, 1991; Midorikawa et al., 2003; Murayama et al., 2004; Di
Pietro et al., 2004). The lateralization is not so clear-cut, as elements of both temporal
processing systems, which have been associated with the left hemisphere, and pitch
processing systems, which have been associated with the right hemisphere can dissociate after
lesions occurring in either hemisphere (Liégeois-Chauvel et al., 1998). This in turn may hint
at a bi-hemispheric network necessary for both systems to work properly (Samson & Zatorre,
1988; Schuppert et al., 2000).
Congenital amusia is a hereditary (Peretz, Cummings & Dubé, 2007) musical disorder
characterized mainly by a deficit in processing melodic pitch variation (Peretz, 2001) also
extending to musical memory, singing and tapping along music (Ayotte, Peretz & Hyde,
2002; Gosselin, Jolicoeur & Peretz, 2009) with otherwise intact functioning in other domains.
Subjects are able to automatically discriminate even small pitch changes (Moreau, Jolicoeur
& Peretz, 2009). However, they show abnormal electric activation patterns during the
subsequent attentive processing of these changes (Peretz, Brattico & Tervaniemi, 2005; Peretz

8

et al., 2009). The abnormal activation seems to originate from anatomical and functional
anomalies found in the right inferior frontal gyrus (Hyde et al., 2006; Hyde et al., 2007; Hyde,
Zatorre & Peretz, 2010).
Further evidence for the modular view comes from studies investigating the brain location
of music and language systems. Comparing the processing of linguistic and musical meaning
Steinbeis and Koelsch (2008) found that although both elicited an N400 (an indicator of
semantic processing) distinct areas of the right temporal lobe were activated which was
interpreted as a sign of similar processing on distinct networks. A similar activation difference
was observed in the left temporal lobe during performing verbal vs. musical semantic memory
tasks (Groussard et al., 2010). These results fit well the idea of a domain-specific musical
lexicon proposed by Peretz and Coltheart (2003). However, localization studies show that
music-processing areas can overlap language processing areas, indicating domain-general
processing, for example for musical syntax (Maess et al., 2001) and working memory
(Koelsch et al., 2009).
Despite compelling evidence pointing toward a domain-specific and modular organization
of at least some aspects of music processing, it must be noted that the vast majority of the
results come from studies dealing with adults, showing the endpoint of development. These
results are compatible with the view that music undergoes modularization during development
and initially domain-general processing mechanisms form the basis of domain-specific
modules in adulthood (McMullen & Saffran, 2004). Indeed, music can induce structural and
functional changes in the brain, most apparent in the case of musical training (Schlaug et al.,
1995; Ohnishi et al., 2001; Gaser & Schlaug, 2003). One possible argument weakening the
modularization hypothesis could come from finding music processing at birth (e.g. Perani et
al., 2010).

9

1.2. Music perception
The following chapter introduces those concepts and findings of music perception, which
are relevant for discussing the studies reported in the thesis. Detailed treatment of music
perception can be found in the books edited by Riess Jones, Fay and Popper (2010) and
Deliège and Sloboda (1997); Krumhansl (2000) provides a shorter introduction to music
perception. In accord with the aims and structure of the thesis the developmental aspects of
music perception are highlighted; some of the related electrophysiological results are
discussed later in Sections 1.3.1 and 1.3.2.
1.2.1. Pitch and melody
Musical sounds are generally complex tones produced by the vocal tract of a singer or by
an instrument. The spectral energy distribution peaks at the fundamental frequency and at
integer multiples of it, termed harmonics. The perceived pitch extracted by the auditory
system corresponds to the fundamental frequency. The extraction of the fundamental
frequency however is not straightforward. This is indicated by the ability to infer the
fundamental frequency even when it is removed from a sound, termed the missing
fundamental phenomenon (Fastl & Zwicker, 2007, p. 123.). The ontogenetically earliest signs
of missing fundamental extraction have been observed at the age of 4 months (He & Trainor,
2009). However, newborns show clearer responses to spectrally rich stimuli than to pure tones
(Kushnerenko et al., 2007), which may indicate the use of additional spectral information.
Fetuses can discriminate different pitches (Hepper & Shahidullah, 1994) when they are at
least half an octave apart (Draganova et al., 2007). Perceptual pitch resolution reaches the
smallest difference used in Western music, the semitone (6% difference), by the age of 3
months (Olsho, Koch & Halpin, 1987). These results suggest that adult-like musical pitch
perception is possible by the age of 4 months and even newborns have the abilities to access
pitch information in typical Western music.
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A sequence of tones forms a melody which is the basis of establishing the identity of a
song. For example the song Happy birthday to you can be recognized across a broad range of
starting notes and tempos. It would require enormous effort to memorize the absolute pitches
for just this one song with all its possible transpositions, so that the song's identity can be
established in a reliable fashion if sung by a bass or soprano voice. Some birds utilize
absolute pitch encoding (Cynx, 1995) for storing a finite set of songs, however most adults
(Ross, Olson & Marks, 2004; Levitin & Rogers, 2005) and infants (Plantinga & Trainor,
2005; Plantinga & Trainor, 2008) are not too good at encoding absolute pitch. Humans
encode melodic information both as a sequence of rising and falling pitch, called the melodic
contour, as well as the size of the intervals between subsequent sounds, called relative pitch
(Dowling, 1978). Contour and interval representations are separate and both play a role in
recognizing melodies (Edworthy, 1985). Infants as young as 2 months old can recognize a
melody after a short familiarization (Plantinga & Trainor, 2009). Interval information enables
the recognition of transpositions of melodies, both in adults (Cuddy & Cohen, 1976) and in
infants (Plantinga & Trainor, 2005, Trainor & Trehub, 1992, Chang & Trehub, 1977a), but
infants can also discriminate sound sequences based on contour alone (Trehub, Thorpe &
Morrongiello, 1987). A general preference for consonant intervals (corresponding to small
integer ratios, e.g. 4:3-perfect fourth, 2:1-octave) over dissonant intervals (corresponding to
large integer ratios, e.g. 15:8-major seventh, 16:17-minor second) and better detection of
dissonant intervals among consonant intervals, compared to the reverse case in infants and
adults (Schellenberg & Trainor, 1996; Trainor, 1997; Trainor, Tsang & Cheung, 2002) hint at
the possibility of innate preference for consonant intervals. This possibility is strengthened by
results showing that enculturation is indeed needed for the acquisition of another special set of
intervals corresponding to the Western major and minor scales (Trainor & Trehub, 1992).
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Pitch was found to be represented independently from timbre in memory (Semal &
Demany, 1991, 1993; Krumhansl & Iverson, 1992, Experiments 2 and 3), although some
studies showed interactions. These interactions however appeared in cases where isolated
tones were presented (Melara & Marks, 1990; Singh & Hirsh, 1992; Krumhansl & Iverson,
1992, Experiment 1; Pitt, 1994) or the pitch difference was below one semitone (Singh &
Hirsh, 1992; Warrier & Zatorre, 2002) which renders these findings less useful for music
perception. Trained musicians were less affected by timbre in their judgments of pitch (Pitt,
1994), further supporting the separability of pitch and timbre, at least in the context of music.
1.2.2. Timbre
The accepted standard definition of timbre is to a large part negative, specifying timbre as
the property differentiating between sounds which are equal in pitch, loudness and duration
(American Standards Association, 1960). This definition allows one to use timbre to
differentiate for example between instruments playing the same note, however tells us more
about what is not timbre than what it is. Further specification added to this definition rather
adds to the confusion by stating that timbre is dependent mostly on spectral parameters of the
sound, but also on the waveform, sound pressure and temporal characteristics (American
Standards Association, 1960), because these are the defining properties of pitch, loudness and
duration, respectively. This problem has led to timbre being referred to as a
“multidimensional waste-basket category” (McAdams & Bregman, 1979, p. 34.). Indeed
timbre has been shown to be a multidimensional property by psychophysical identification,
verbal and dissimilarity ratings. The inherent difficulty to experimentally control
multidimensional attributes as well as the lack of good operational definitions has led to
timbre becoming a less studied property of sound (Hajda et al., 1997).
Dissimilarity rating studies (e.g. Grey, 1977; McAdams et al., 1995; and other studies
reviewed in Hajda et al., 1997; Handel, 2006) used multidimensional scaling methods to
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analyze the complex relationship between acoustic parameters and timbre. Based on the
ratings, a perceptual timbre space can be defined by representing the perceived dissimilarity
as spatial distance with usually 2 to 4 dimensions enabling the best fit. Dimensions of the
perceived timbre space can then be correlated with acoustic parameters (Caclin et al., 2006).
The two parameters consistently reported to correlate with perceptual dimensions are attack
time (more precisely its logarithm) and spectral centroid2 . Additionally, in a well controlled
study, the fine spectral structure was also found to correlate with one of the perceptual
dimensions (Caclin et al., 2005).
A different approach to timbre perception (Patterson, Gaudrain & Walters, 2010) defines
the sources of information specifying a sound. The source-filter model of sound production
posits that sounds hold information about: (1) The source of regular acoustic pulses (e.g. a
string on a violin or the vocal cords) that determines fundamental frequency and harmonic
content of a sound. (2) The filter, that is the collective name of the resonances produced by
the source, for example in the body of an instrument or in the vocal tract, determining the
shape of the spectral envelope 3 . It has been shown that the scale of the source and the scale
filter 4 can be manipulated within a sound to modify the perceived size of the instrument or
person producing that sound (Smith et al., 2005; van Dinther & Patterson, 2006). This model
of the information content of a sound proposes that the pitch of a sound is determined by the
scale of the source; the identity of a sound (e.g. as being a member of a family of instruments
or a formant defining a speech sound) is determined by the shape of the spectral envelope;
and the perceived size of the sound-source (e.g. coming from a large or small instrument or

2

Attack time is usually the time between onset and maximal amplitude of a sound. Spectral centroid is the
weighted mean of spectrum energy. (see Handel, 2006, p. 349. and 350. respectively)
3
This is a simplification. The shape of the spectral envelope depends on how energy is distributed over the
harmonics, of which the filter is an important determinant, but not the only one.
4
The scale of the source and the scale of the filter are directly related to physical variables. For example, for
human voices the scale of the source and the filter can be linked to glottal pulse rate and vocal tract length
(Patterson, Gaudrain & Walters, 2010).
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person) is determined by both the scale of the source and the scale of the filter (Patterson,
Gaudrain & Walters, 2010).
Although only a small number of studies investigated timbre processing in infants, it has
been shown, that by the last quarter of the firs year they can process features relevant for
timbre perception (Tsang & Trainor, 2002), have long-term memory for timbre (Trainor, Wu
& Tsang, 2004), and are able to categorize sounds based on their timbre (Trehub, Endman &
Thorpe, 1990).
1.2.3. Rhythm, grouping and meter
Rhythm, in the sense used for describing perception of music (as opposed to musical
notation), is the temporal organization of perceived events and rests. According to the
generative theory of tonal music (Lerdahl & Jackendoff, 1983; Jackendoff & Lerdahl, 2006),
rhythm is the product of two independent constituent structures: grouping and meter.
Grouping can be defined as the grouping or concatenation of adjacent notes into a single
unit or group. Grouping is based on cues derived from intensity, duration, or pitch variation,
as well as from inter–sound-onset intervals. Grouping can be usually traced back to Gestalt
principles of perceptual organization. The cues for grouping structure are not absolute and can
either strengthen or contradict each other resulting in stable or ambiguous groupings. The
smaller groups or fragments can form larger groups of phrases, which in turn can be grouped
to sections, eventually describing the grouping structure of an entire musical piece. Grouping
structure is an important cue for the memory of rhythm (Handel, 1998), and even young
infants are able to perceive simple forms of grouping (Demany, McKenzie & Vurpillot, 1977;
Chang & Trehub, 1977b). However grouping seems also to be affected by culture (Iversen,
Patel & Ohgushi, 2008).
The basic unit of metrical structure is the beat, that usually, but not necessarily,
corresponds to the onset of notes. Beats are perceived in periodic, isochronous, time intervals,
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that allows synchronization e.g. in the form of tapping. Meter is the hierarchical organization
of beats that correspond to different time scales, with lower levels of the hierarchy
corresponding to faster tempos. Beats aligned on the different levels of the metrical hierarchy
are perceived stronger or more accented; other perceptual cues can also accent beats (Hannon
et al., 2004). In Western music, the higher hierarchical levels of meter are generally
subdivided into two or three equal parts, setting the ratio between the period of the higher
level and the lower level as 2:1 or 3:1. Typical examples are marches and waltzes
respectively. Higher integer ratios and unequal subdivisions (e.g. 7:4) are possible and used
extensively e.g. in jazz and Balkan folk music. However, listeners not familiar with this type
of music often give simplified interpretations of the meter (Hannon & Trehub, 2005). Metrical
structure is extracted from stimulation based on perceptual cues and top-down information
available to listeners. It is not determined by either alone, as illustrated by e.g., syncopation,
in which a strong sense of beat arises on a silent interval between notes. The extraction of
meter is important for music as it creates the expectation structure that allows coordination
between individuals playing music or dancing.
Even musically untrained adults have a sense of meter and are able to tap to music (Repp,
2005). They do this with similar precision as 7 year old children (Drake, 1993). The
perception of metrical structure is only possible within constraints on the tempo (SOA) of the
sound sequence ranging from ca. 200 ms to 2 s (London, 2002; Bolton, 1894), with the
preferred tempo being 600 ms for adults and somewhat lower for infants and young children
(Drake, Jones & Baruch, 2000). Rough discrimination between tempos is already available at
the age of 2 months (Baruch & Drake, 1997). Infants are able to perceive meter violations
even in the complex meter characteristic of Balkan folk music. This ability, however, is only
preserved in adults exposed to these complex meters. This finding suggests that enculturation
plays a role in the perception of meter (Hannon & Trehub, 2005). Infants are also able to
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derive simple metric categories (march or waltz) based on the statistical properties of stimulus
sound sequences (Hannon & Johnson, 2005). The perception of these metrical categories is
biased by vestibular information in both infants and adults (Philips-Silver & Trainor, 2005,
2007, 2008), which is only a small example of auditory-motor interactions in music
perception and performance (for a review of these interactions see Zatorre, Chen & Penhune,
2007).
1.3. The mismatch negativity
In this chapter the current theories of interpreting the auditory ERP component mismatch
negativity (MMN) are introduced. The studies presented in this thesis utilized MMN
paradigms. Because four out of the five studies included in the thesis were carried out on
newborn infants, the literature on the development of the MMN is reviewed in Section 1.3.1.
The focus will be on studies utilizing MMN to probe music perception in Section 1.3.2.
For a general introduction to EEG and ERP theory and methods see Zani and Proverbio
(2002) Fabiani, Gratton & Federmeier (2007). This section relies mainly on reviews of MMN
in general (Näätänen et al., 2007, Kujala, Tervaniemi & Schröger, 2007; Winkler 2007), the
development of MMN (Kushnerenko, 2003; Čeponienė, 2001; Cheour, Leppänen & Kraus,
2000; He, Hotson & Trainor, 2007) and MMN in music perception (Tervaniemi, 2006;
Tervaniemi & Brattico, 2004; Tervianemi & Huotilainen, 2003).
MMN is an ERP component 5 elicited by sounds that violate some regularity present in the
preceding sound sequence. The classic MMN experiments used the auditory oddball
paradigm, in which a repeating sound (often called standard) is from time to time exchanged
for another sound (often called deviant). The MMN appears as a negative deflection in the
ERP waveform peaking 100–250 ms after the onset of the deviation with a fronto–central
maximum over the scalp. The primary MMN generator is located in auditory cortex. Because
5

A simultaneous event related magnetic field, usually noted as MMNm, can be measured using
magnetoencephalography. (Hari et al., 1984; Alho, 1995)
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of this, MMN often appears with a reversed polarity over the other side of the Sylvian fissure,
e.g., at the mastoids. Another generator of the MMN is located in frontal cortex. To mitigate
the effect of overlapping exogenous components seen on ERPs elicited by the deviant sounds,
usually, the ERP elicited by control sounds is subtracted from the deviant response. The
control sounds are ideally physically identical to the deviant sounds and are presented with
the same sequential probability and temporal distribution (For details see Kujala, Tervaniemi
& Schröger, 2007).
MMN is an ERP response elicited by sounds deviating from some acoustic regularity of a
sound sequence. Initially it was considered as reflecting deviation from an auditory memory
trace established by a repeated sound (Näätänen, Gaillard & Mäntysalo in 1978). The auditory
memory trace was thought to correspond to auditory sensory memory as observed in
behavioral studies (Cowan, 1984; Näätänen, 1990; Winkler et al., 1990). However since then
a large body of evidence has accumulated that ties MMN to representing auditory regularities
(Winkler, 2007; Winkler & Czigler, 1998; Winkler, Karmos & Näätänen, 1996). These
regularity representations encode not only features of individual sounds, but also complex
inter–sound relationships. For example, rule representation was shown by the study of
Saarinen et al. (1992), who found that MMN was elicited by infrequent sound pairs in which
the direction of frequency or intensity change within the pair was reversed compared to most
of the pairs, while the absolute frequencies and intensities randomly varied (for similar results
see Paavilainen et al., 2003). In another study, Paavilainen, Arajärvi, and Takegata (2007)
constructed a stimulus sequence in which one stimulus feature (duration) predicted another
feature (pitch) of the next stimulus. Occasional deviant stimuli, violating the above rules,
elicited MMN. The latter experiment also points to the predictive nature of the memory
underlying MMN generation. The formation of predictions was directly tested by Bendixen,
Schröger & Winkler (2009) who contrasted omissions of (a) sounds that were fully
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predictable based on the preceding sounds, (b) sounds whose timing was predictable, but
some other features were not and (c) sounds whose features could be discovered from the
subsequent sound. They found that ERPs to the omission of fully predictable sounds were
very similar to ERPs elicited by the actual sounds up to ca. 50 ms from the excepted onset.
These results fit well with computational models of processing expected sounds in the human
auditory system (Friston & Kiebel, 2009).
The generation of MMN has been initially assumed to be an automatic process that does
not require attention. However MMN can be modulated by attention (Haroush et al., 2010;
Näätänen et al., 1993; Woldorff et al., 1993). MMN can be elicited by deviants in a sound
stream when the subjects are actively performing a task on a concurrent sound stream
(Näätänen et al., 2007), but if the deviance is in the same feature in the two streams
competition for processing resources occurs (Sussman, Winkler & Wang, 2003). Based on a
review of attention effects on MMN, Sussman (2007) proposes a distinction between effects
of attention on forming a standard, and detecting a deviant. The existence of attentional
effects on the detection of deviants is not entirely clear. However, deviance detection relies on
the formation of a regularity representation (a standard is needed to detect something as being
deviant). Attentional effects on the formation of regularity representations can (indirectly)
influence the deviance detection processes (Sussman et al., 2002a; Háden et al., 2009).
Considering the above results, arguably, some functions within the complex system
underlying MMN generation can be affected by attention, but MMN generation per se
probably does not require selective attention. This relative independence from attention
allows MMN to be used to study auditory processing in populations otherwise inaccessible
for behavioral paradigms: for example, comatose patients, patients under anesthesia, sleeping
adults (see Näätänen et al., 2007) and infants regardless of arousal or sleep stage (e.g.
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Hirasawa, Kurihara & Konishi, 2002; Kushnerenko et al., 2007; Draganova et al., 2005;
Čeponienė et al., 2002; Cheour, Leppänen & Kraus, 2000; see also in Section 1.3.1).
MMN is sensitive to the amount of separation between the standard and deviant stimuli.
Larger separations generally elicit an MMN with higher amplitude and shorter peak latency.
Effects of the magnitude of difference on MMN parameters have been shown for separation
in frequency (Sams et al., 1985; Lang et al. 1990; Novitski et al., 2004) and intensity (Rinne
et al., 2006), differences in spectral complexity (Tervaniemi et al. 2000), duration (Amendo &
Escera, 2000), as well as in many other auditory features (see Näätänen et al., 2007). When
deviants differ from the repeated standard sound in multiple features, then, depending on the
combination of the features, the MMN amplitude is fully or partly additive (Wolff & Schröger
2001; Takegata et al., 2001; Paavilainen, Valppu & Näätänen, 2001). The minimal separation
between standard and deviant sounds needed to elicit an MMN is about the same as the just
noticeable differences (Kraus et al., 1999). Numerous studies have shown a connection
between MMN and behavioral measures of discrimination sensitivity (e.g. Novitski et al.,
2004; Kujala et al., 2001; Amendo & Escera, 2000; for a review see Näätänen & Alho, 1997).
Novitski et al. (2004), for example, found that both the amplitude and peak latency of the
MMN response to frequency deviation are strongly (r=0.8 and r=-0.71 for amplitude) and
moderately (r=-0.56 and r=0.59 for latency) correlated with hit rate and reaction time data
obtained for discriminating the same sounds.
MMN was used to assess discrimination abilities in newborns (e.g Čeponienė et al 2002;
see Section 1.3.1 for details) and in various clinical populations such as dyslexic children and
aphasic and schizophrenic patients (for a review see Näätänen, 2003). Most of the studies
found absent or diminished MMN responses in tasks also showing impaired behavioral
performance, but there is also some evidence for normal MMN responses accompanying poor
performance (Kujala et al., 2006). It is important to mention that some studies failed to show
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a relationship between performance and MMN amplitude or latency (Bazana & Stelmack,
2002) MMN responses were found in the absence of conscious discrimination (Paavilainen;
Arajärvi, & Takegata, 2007; van Zuijen et al., 2006; Kozou et al., 2005; Allen, Kraus and
Bradlow, 2000; Bradlow et al., 1999) and, conversely, discrimination performance without
MMN responses (Tervaniemi et al., 2005; Savela et al., 2003; Sussman et al., 2002a). Taken
together these results suggest that early auditory processing, generating MMN, and later
processing, establishing conscious discrimination, have access to the same perceptual
information, but do not rely on each other and can be dissociated by factors such as attention
or impairments (Kujala, Tervaniemi & Schröger, 2007)
Discrimination training can enhance MMN amplitudes as shown by Näätänen et al. (1993).
Subjects were presented with a sequence composed of a repeating temporal tone pattern. The
sequence also included infrequent patterns containing a minor deviation in one element of the
repeating pattern. In the passive listening condition delivered at the beginning of the
experiment, no MMN was elicited in some of the subjects. In those of these subjects whose
discrimination performance improved during the following active discrimination training,
MMN was elicited in the passive listening blocks presented at the end of the training. In
contrast, no MMN was elicited after the training in those subjects, whose initial poor
discrimination performance did not improve during the training blocks. Subsequently the
enhancing effects of discrimination learning on MMN amplitude was shown for pure tones
(Menning, Roberts & Pantev, 2000) and speech sounds (Kraus et al., 1995). These results
spurred further research on how auditory expertise such as language learning (Winkler et al.,
1999) or musical training (Tervaniemi et al., 2001; Koelsch, Schröger & Tervaniemi, 1999)
affects discrimination sensitivity, as indexed by MMN.
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Even this short introduction shows quite clearly that the MMN component can be a
versatile tool for studying auditory perception and this is further elaborated as the
development of MMN and it’s utility for studying music is the topic of the next two sections.
1.3.1 Development of the MMN before birth and during the first year of life
Development of the mismatch negativity plays out against the background of rapid
structural changes that characterize prenatal and postnatal brain development in the first years
of life. All components of the auditory system can be identified by the end of the first
trimester (Moore & Linthicum, 2007) and responses to auditory stimulation can be reliably
evoked by the 27th week of gestation, with the frequency range and sensitivity of hearing
increasing, as the fetus matures (Hepper & Shahidullah, 1994). By the time of birth the
cochlea and subcortical auditory pathways are well developed and resemble their adult form
in both structure and function (for reviews see Moore & Linthicum, 2007; Johnson, 2001).
The majority of cortical development takes place after birth. A large number of new synapses
appear that increases synaptic density well over adult levels (Huttenlocher, 1979; 1984;
Levitt, 2003). This synaptic proliferation can be observed in all brain areas. Increase in
synaptic density parallels functional development, reaching its maximum by 3 months in
auditory cortex, at 8 months in visual cortex, whereas only during the second year of life in
frontal cortex (Huttenlocher & Dabholkar 1997). Environmental input allows functional
maturation of the cortex as synapses most active in processing information are strengthened
while a large number of unused synapses disappear in the process of synaptic pruning
(Huttenlocher & Dabholkar 1997). By full term birth, subcortical auditory pathways are fully
myelinated (Moore & Linthicum, 2007), but myelin density increases up to the end of the first
year (Moore, Perazzo & Braun, 1995). Myelination of cortical pathways proceeds from the
primary sensory and motor areas during the first years of life, reaching completion in frontal
associative areas well into adulthood (Vaughan & Kurtzberg, 1992; O’Hare & Sowell, 2008).
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The rapid changes in brain structure affect the electrophysiological measures of brain
activity (Eggermont, 1988). Myelination affects axonal transmission speed and plays an
important role in establishing the latency of ERP signals. To a lesser degree, ERP latencies
are also affected by synaptic transmission speed. This is well illustrated by the decrease in the
latency of auditory brainstem responses as a function of development during the first year
(Moore et al., 1996; Ponton et al., 1996). Synaptic density affects both the amplitude and
topography of ERPs, but its effects are confounded by numerous other factors, such as the
degree of synchronized activation, the alignment of the generator cells, the volume of
activated part of the cortex, and changes in the conductance of the tissues between generators
and scalp electrodes (Picton & Taylor, 2007). These maturational factors underlie the diverse
findings of studies investigating MMN, discussed below.
In addition to the biological factors, the auditory environment also plays an important role
in the development of the auditory system. Inside the womb, both internal (i.e. the heartbeat
and voice of the mother) and environmental sounds can be heard (for a review see Lecanuet
1996). The womb acts as a low-pass filter attenuating frequencies over 300 Hz and reaching
the maximum attenuation of 10–35 dB SPL for frequencies over 8000 Hz (Lecanuet 1996).
External stimulation can trigger behavioral responses and heart rate changes from the second
trimester, with increased responsiveness as the fetus gets older (Hepper & Shahidullah, 1994).
Responses to music also show age-related effects that may indicate more complex processing
closer to birth (Kisilevsky et al., 2004). Absolute hearing thresholds decrease during the first
6 months of life to 15 dB above adult thresholds (Trehub, Schneider & Endman, 1980; Olsho
et al., 1988; Tharpe & Ashmead 2001) slowly reaching adult levels afterwards (Werner,
2007).
Sound discrimination based on spectral and temporal features is a basic step in auditory
information processing and it is imperative to assess discrimination abilities in order to
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understand the development of both music cognition and linguistic skills. Evidence for fetal
discrimination abilities come from behavioral studies investigating the postnatal effects of
fetal sound exposure, indicating that newborns show preference to their mothers’ voice
(DeCasper & Fifer 1980) and language (Moon, Cooper & Fifer 1993) as well as for familiar
melodies sung by the mother during pregnancy compared to new melodies (Panneton, 1985
cited in Lecanuet, 1996). The threshold for frequency discrimination decreases rapidly after
birth. For tones under 4000 Hz is about 5% at 3 months, decreases below 2% by 12 months
and reaches adult levels of under 1% during childhood (Olsho, Koch & Halpin, 1987; Spetner
& Olsho 1990). Temporal discrimination threshold decreases from 20 ms at 6 months to
15 ms at 5 and a half years to 10 ms in adulthood (Morrongiello & Trehub, 1987).
Electrical brain responses can be conveniently measured from birth and used to study the
state at birth and the development of discriminative and other, more complex processing,
abilities of infants. The MMN component is well-suited for studying these abilities in infants,
because it does not require the observation of behavioral responses and the sound
representation inferred from MMN corresponds well to that underlying conscious sound
perception in children and adults (Näätänen and Alho, 1997; Näätänen and Winkler, 1999).
The MMN-like discriminative responses (from here onwards, MMN) are rather stable
developmentally and they can be recorded both in awake and sleeping infants as well as in
adults. There are also important discrepancies between infants and adults: e.g., the absence of
a robust N1 component under the age of five (Ponton et al., 2000; Shahin, Roberts & Trainor,
2004), which can confound the MMN (see e.g., Jääskeläinen, 2004 and May & Tiitinen, 2010,
but see Näätänen, Jacobsen & Winkler, 2005 and Näätänen, Kujala & Winkler, 2011).
MMN was first recorded in newborns to infrequent changes in frequency of sine-wave
tones by Alho and colleagues (1990). The MMN observations during the first year of life are,
however, not completely unequivocal (for reviews see Cheour, Leppänen & Kraus, 2000; He,
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Hotson & Trainor, 2007). The interpretation of the MMN in infants is not as clear-cut as in
adults and comparison between recordings obtained from adults and infants should be made
with caution, because of morphological and functional differences in the ERP responses
(Kushnerenko et al., 2007). Table 1 summarizes infant studies of frequency discrimination
during the firs year of life introduced in the following paragraphs.
Using MEG and advanced artifact-suppression methods it is possible to record brain
activity in utero. It has been established, that fetuses can not only detect sounds, but also
show discriminative responses to changes in sound frequency, functionally similar to the adult
MMN (Draganova et al., 2007; Draganova et al. 2005; Huotilainen et al., 2005). All three
studies used an oddball paradigm with complex tones (500 Hz vs. 750 Hz), and SOAs ranging
from 600-1200 ms. MMN-like deviant minus standard difference waveforms with average
peak latencies between 307 and 332 ms were reported for 42-54% (Draganova et al., 2007),
80% (Draganova et al. 2005) and 70% (Huotilainen et al., 2005) of the fetuses. No significant
effects of gestation age were observed on the amplitude or peak latency of the responses,
although peak latency showed a tendency to decrease with increased gestational age. The
percentage of infants showing differential responses significantly increases after birth
(Draganova et al., 2007; Draganova et al. 2005).
Delivering sounds with the same stimulus parameters as in Huotilainen et al. (2005),
Huotilainen et al. (2003) recorded auditory cortical and temporal lobe MMF (“mismatch
field” response, the magnetic counterpart of MMN) responses in newborns with a mean peak
latency of 262 ms. This finding was partially replicated by Sambeth et al. (2006), who also
localized the MMF activity in the temporal lobe, but found longer peak latencies of 350 ms,
probably due to the longer (300 ms long) sounds delivered to neonates. Field distributions
showed, that electrical potentials (ERP) would display positive polarity over the frontal and
central scalp (Sambeth et al., 2006)
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With stimuli and procedures similar to the above reviewed experiments, Čeponienė et al.
(2002) recorded EEG in neonates finding a marked fronto-centrally negative deflection in
both the deviant minus standard and the deviant minus same-stimulus-control difference
waveforms. A full 81% of the infants showed clear MMN responses in this study. The mean
peak latency of the MMN component was 171 ms, with maximal peaks appearing at frontal
and central electrodes. Using the same stimulus parameters Kushnerenko et al. (2002) found a
negative deflection at frontal electrodes with a peak latency of about 190 ms, followed by a
positive deflection peaking at about 250 ms in ~75% of newborns tested. Alho et al. (1990)
used similar frequency differences (1000 Hz vs. 1200 Hz, sine tones) and an SOA of 610 ms.
The deviant–minus-standard difference waveforms showed a fronto-central negativity
peaking at about 220 ms with longer component duration (300 ms) than the typical adult
MMN. Similar responses were reported by Čeponienė et al. (2000) to smaller acoustic
deviance (1000 Hz vs. 1100 Hz). Somewhat longer latencies were reported by Tanaka et al.
(2001), who also showed a marked decrease in MMN peak latency (from over 500 ms to
300 ms) as a function of conception age.
In contrast to the above reviewed findings of a negative difference waveform resembling
the adult MMN, other studies testing responses to auditory deviance in neonates found
discriminative responses of positive polarity in a somewhat later latency range. Leppänen,
Eklund and Lyytinen (1997) found a frontocentrally positive response peaking in the 250–
300 ms latency range when comparing the response elicited by deviant tones with those of the
standard tone (1100 vs. 1300 Hz). Tones were presented with a shorter SOA (425 ms) than in
the previously mentioned studies. The authors proposed that the positivity observed in this
study could have been a sign of the release from refractoriness of the neuronal circuits
processing the standard tone. They also pointed out a decrease in the observed positive
waveform shown by most infants, which hinted at the presence of a small negative response,
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which could have been obscured by the larger positive difference. Using the same paradigm,
Leppänen et al. (2004) established that the combined non-ERP measures of neonatal maturity
(gestation age, vagal tone and heart period) accurately predicted the polarity of discriminative
response. The discriminative response became more positive with increasing maturity of the
infant. Fellman et al. (2004), using complex tones of 500 Hz vs. 750 Hz at a 800 ms SOA
found a small negative deflection in newborns peaking at about 100 ms, a latency much
shorter than any previously reported. This negative difference waveform was followed by a
larger positive one peaking at about 230 ms from stimulus onset. Novitski et al. (2006) also
reported frontocentral discriminative responses of positive polarity for infrequent frequency
deviants of 20% magnitude at 250, 1000, and 4000 Hz with the tones delivered with 800 ms
SOA. However, based on the grand-averaged difference waveforms, the reported positive
peak had a latency of ~300 ms, which was, at least in the 1000-Hz condition, preceded by a
negative waveform peaking at about 150 ms. It is possible that by measuring the amplitudes
in intervals of 100 ms starting at stimulus onset, the narrow negative peak observable on the
grand average difference waveform was obscured. Novitski et al. (2006) found no significant
differences 5% deviation. This result is in accord with those obtained in behavioral studies
testing frequency discrimination thresholds in the same age group (Olsho, Koch & Halpin,
1987).
Newborns showed no significant response difference or a small positive waveform when
the SOA was either 450 ms or 1500 ms, but a significant negative difference was observed
with SOAs of 800 ms (Cheour et al., 2002a) and 1000 ms (Hirasawa, Kurihara & Konishi,
2002). These results may be explained on one hand by immature auditory processing
requiring longer (compared with adults) time for encoding the sounds and on the other hand,
faster decay of the memory traces (again, compared with adults). It should be noted that the
small positivity observed most clearly during quiet sleep is similar to the positivity found by
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Leppänen, Eklund and Lyytinen (1997), who also delivered sounds with a short SOA during
quiet sleep. Because neither study (Cheour et al., 2002a; Hirasawa, Kurihara & Konishi,
2002) employed control sound sequences, it is possible that the relatively small reduction in
the positivity reported and interpreted as a weak negative mismatch response by Leppänen,
Eklund and Lyytinen (1997) was also elicited in these studies. A second set of important
results obtained in these two studies was that alertness (waking and sleep stages) did not
significantly affect the observed MMN-like negative difference. This was replicated in a study
using linguistic stimuli (Martynova, Kirjavainen & Cheour, 2003) and it also fits well with
results of other studies which controlled for the general arousal state of newborn infants; most
of these studies failed to show any effects of alertness on the neonatal MMN response. In 2
month olds one study (Friderici, Friedrich & Weber, 2002) showed larger positive mismatch
responses to longer syllables presented among short syllables during sleep compared to awake
state. Sleep stages however might have an effect on the detection of the MMN waveform
within the EEG signal, because they may modulate the positive waveform obscuring the
MMN elicited at short (and possibly also longer) SOAs.
Kushnerenko et al. (2007) did not find a deviance related negative difference when a
500 Hz standard was compared with both intensity (+10 dB) and frequency (750 Hz)
deviants. In these conditions, a positive deflection was observed in the 150–350 ms latency
range, peaking at about 250 ms from tone onset. In contrast, deviant white-noise bursts and
environmental sounds embedded in series of complex tones elicited a significant negative
difference in the 100–200 ms latency range, which was followed by a large positive
waveform. The authors attributed these findings mainly to the immaturity of frequency tuning
in newborns. They suggested that clearer responses can be obtained by presenting spectrally
rich sounds, which activate more neuronal circuits compared with narrow–band stimuli.
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From the studies above one can conclude that MMN-like discriminative responses can be
recorded for deviation in sound frequency from most of newborns and even fetuses. Many of
the failures to find an MMN-like response may be due to the low signal-to-noise ratio seen in
fetuses and newborns as a result of an immature cortex, and the unfeasibility of longer
recordings which would be necessary for improving the signal-to-noise ratio.
Compared to the number of studies investigating MMN to frequency deviance at birth,
there are much fewer studies testing the development of the MMN during the first year of life.
Among these studies is an almost complete agreement in finding a relatively small MMN at
the age of 2-3 months, that becomes more robust and adult-like, showing shorter latencies and
higher amplitudes with age (Kushnerenko et al., 2002; Morr et al., 2002; Fellman et al., 2004;
Jing & Benasich, 2006; He, Hotson & Trainor, 2007; He, Hotson & Trainor, 2009a).
Kushnerenko and colleagues (2002) reported that the elicitation of MMN was not fully
consistent within individuals, appearing at birth, but disappearing between 3 and 6 months in
some cases. One study failed to find a detectable MMN response to a relatively large
frequency deviation (1000 Hz vs. 1200 Hz; Experiment 1 of Morr et al., 2002) in any of the
age groups tested. However the same authors reported significant MMN responses
(Experiment 2, Morr et al., 2002) to a much larger (1000 Hz vs. 2000 Hz) frequency
difference. Most authors describe the presence of a positive wave overlapping the latency
range of the MMN at 2-3 months of age (Kushnerenko et al., 2002; He, Hotson & Trainor,
2007), at 6 months of age (Kushnerenko et al., 2002) and during the entire first year of life
(Morr et al., 2002). This positive wave, which gradually diminishes with maturation may
explain the apparent absence of MMN responses (Kushnerenko et al., 2002; Morr et al., 2002,
Experiment 1) and the smaller MMN amplitudes found at younger ages (He, Hotson &
Trainor, 2007). Kushnerenko and colleagues (2002) suggests that this positivity is as an
immature form of P3a, signaling involuntary orientation towards novel stimuli, whereas
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others (He, Hotson & Trainor, 2007; Morr et al., 2002) posit that the positive wave represents
a separate discriminative process, which has a separate maturation trajectory from MMN (He,
Hotson & Trainor, 2007). He, Hotson and Trainor (2009a) directly tested the effects of two
different presentation rates (SOAs of 400 and 800 ms) and two magnitudes of frequency
change (523.25 Hz standard compared to 554.37 Hz and 689.46 Hz deviants) on the positive
discriminative wave in 2 and 4 month olds. Results showed that the positive wave is
insensitive to the magnitude of frequency change and it increases with increasing the
presentation rate. The latter effect is mostly due to changes in the standard-stimulus response,
which suggests different refractoriness in the somewhat different neural populations encoding
standards and deviants (He, Hotson & Trainor, 2009a). A recent hypothesis of the function of
adult P3a (Horváth, Winkler & Bendixen, 2008), namely processing significant events
signaled by change detection in the sensory system, is compatible with the assumptions
above.
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Table 1 Infant studies of frequency discrimination from conception to the first year of
life. (n.a.: not applicable; n.s.: not significant; MMR: mismatch response) Continued on
next page.

Article

Age

Method Stimuli

Alho et al., 1990

newborn

EEG

Pure tones, 40 ms, 1000 Hz standard, 1200
Hz deviant

610 ms

Čeponienė et al., 2000

newborn
6 months

EEG

Pure tones, 100 ms, 1000 Hz standard, 1100
Hz deviant

800 ms

Čeponienė et al., 2002

newborn

EEG

100 ms tone, three partials, 500 Hz standard,
750 Hz deviant

800 ms

Cheour et al., 2002a

newborn

EEG

in utero, week
33

Draganova et al., 2005

MEG

100 ms tone, three partials, 500 Hz standard,
750 Hz deviant

MEG

100 ms tone, three partials, 500 Hz standard,
750 Hz deviant

newborn

Draganova et al., 2007

in utero, week
28-36

Pure tones, 100 ms, 1000 Hz standard, 1100
Hz deviant

newborn
newborn
3 months
6 months

Fellman et al., 2004

EEG
9 months
12 months

100 ms tone, three partials, 500 Hz standard,
750 Hz deviant

SOA

Results
negativity at 296 ms (Fz), 270 ms
(Cz)
negativity peaking ~200-220 ms
negativity peaking ~120-150 ms
in 81% of subjects negativity at 168
ms (F3), 174 (F4)

Polarity
negativity
negativity
negativity

450 ms

no marked peaks, slow positivity in
200-700 ms range

positivity

800 ms

no marked peaks, slow negativity in
200-700 ms range

negativity

no marked peaks, slow positivity in
200-700 ms range

positivity

no effect of SOA, MMR at 321 ms
in 48% of fetuses, 307 ms in 80% of
newborns

n.a.

MMR at 322 ms in 46% of fetuses,
345 ms in 56% of newborns

n.a.

1500
ms
900
ms,
random
6001200
ms
random
8001000
ms

800 ms

negativity in 50-150 ms range in
newborns, in 150-250 ms range at 3,
12 months, not significant in 6, 9
months; positivity in 250-350 ms
range in all ages

negativity
negativity
negativity
(n.s.)
negativity
(n.s.)
negativity
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Table 1 (continued) Infant studies of frequency discrimination from conception to the
first year of life. (n.a.: not applicable; n.s.: not significant; MMR: mismatch response)
Continued on next page.

Article

Age

Method Stimuli

SOA

Results

2 months

He, Hotson & Trainor,
2007

EEG

600 ms piano tones, 523.25 Hz standard, 740
Hz deviant

800 ms

3 months

with 3-20 Hz filter negativity in all
age groups, peak latency decreases
with age (214 ms, 212 ms, 199 ms,
respectively); with 0.5-3 Hz filter
slow positivity at 2 and 3 months in
100-400 ms range

4 months
300 ms piano tone, 523.25 Hz standard,
554.37 Hz (1 ST) small deviant

with 0.5-3 Hz filter faster and
smaller positivity for 400 ms SOA in
both age groups, with 3-20 Hz filter
negativity only at 4 months, no
effect of presentation rate

positivity
(2
months),
both (4
months)

800 ms

with 0.5-3 Hz filter broad positivity
in both ages, no effect of magnitude
of change; with 3-20 Hz filter small
frontal negativity at 2 months,
negativity at 4 months increasing
with amplitude of change

600 ms piano tone, 523.25 Hz standard,
554.37 Hz (1 ST) small deviant, 698.46 (6
ST) Hz large deviant

both

no
negativity

450 ms
newborn

EEG

Pure tones, 100 ms, 1000 Hz standard, 1200
Hz deviant

1000
ms

only with 1000 ms SOA prominent
negativity peaking at 230 ms

1500
ms

Huotilainen et al., 2003

newborn

both
(positivity
on left
frontal
channels)

400 ms
and
800 ms

EEG
4 months

Hirasawa, Kurihara &
Konishi, 2002

both
(negativity
only on
frontal
channels)

negativity

2 months

He, Hotson & Trainor,
2009a

Polarity

MEG

100 ms tone, three partials, 500 Hz standard,
750 Hz deviant

800 ms

negativity
no
negativity

MMR in 91% of subjects peaking at
247 ms

n.a.
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Table 1 (continued) Infant studies of frequency discrimination from conception to the
first year of life. (n.a.: not applicable; n.s.: not significant; MMR: mismatch response)
Continued on next page.

Article

Age

Method Stimuli

Huotilainen et al., 2005

in utero, week
35-40

MEG

100 ms tone, three partials, 500 Hz standard,
750 Hz deviant

EEG

100 ms tone, three partials, 500 Hz standard,
750 Hz deviant

Kushnerenko et al., 2002

newborn
3 months
6 months
9 months

SOA

Results

Polarity

800 ms

MMR in 70% of subjects peaking at
332 ms

n.a.

800 ms

negativity in 83% of newborns,
peaking at ~150 ms, grand average
shows negativity in all ahes, not
stable within individuals and age

negativity

800 ms

positivity in 150-250 range for
frequency and intensity deviant,
negativity in 100-200 range for
white-noise deviant and novel
sounds, followed by large positivity

positivity
for
frequency
and
intensity,
negativity
to whitenoise

both

positivity

12 months

Kushnerenko et al., 2007

newborn

EEG

100 ms tone, three partials, 500 Hz standard,
750 Hz deviant, +10 dB intensity deviant,
white-noise deviant, novel sounds

425 ms

33% of subjects showed negativity,
others positivity; correlated with
gestation age and vagal tone (smaller
= more negative)

425 ms

no marked peaks, slow positivity in
200-700 ms range

Leppänen et al., 2004

newborn

EEG

Pure tones, 74 ms, 1000 Hz standard, 1100
Hz deviant

Leppänen, Eklund &
Lyytinen, 1997

newborn

EEG

Pure tones, 74 ms, 1000 Hz standard, 1100
Hz deviant, 1300 Hz deviant
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Table 1 (continued) Infant studies of frequency discrimination from conception to the
first year of life. (n.a.: not applicable; n.s.: not significant; MMR: mismatch response)

Article
Morr et al., 2002,
Experiment 1
Morr et al., 2002,
Experiment 2

Age

Method Stimuli

2-7 months

SOA

Results

Polarity

EEG

Pure tones, 150 ms, 1000 Hz standard, 1200
Hz deviant

900 ms

positivity peaking ~300 ms in both
age groups

positivity

EEG

Pure tones, 150 ms, 1000 Hz standard, 2000
Hz deviant

900 ms

negativity peaking at 177 ms (Fz),
165 ms (Cz) for younger, 160 ms
(Fz), 150 ms (Cz) for older

negativity

8-12 months
2-7 months
8-12 months

Novitski et al., 2006

newborn

EEG

100 ms pure tone, 250, 1000, 4000 Hz
standards (separate blocks), 5%, 20%
frequency deviants

800 ms

positivity in 200-300 interval for the
20% deviants, most marked with
1000 Hz

positivity

Sambeth et al., 2006

newborn

MEG

300 ms tone, three partials, 500 Hz standard,
750 Hz deviant, novel sounds

1000
ms

larger response for novel than
deviant, no clear peaks, difference in
200-700 ms range

n.a

Tanaka et al., 2001

newborn

EEG

100 ms pure tone, 750 Hz standard, 1000 Hz
deviant

1000
ms

negativity peaking at 500 ms at 35
weeks, at 300 ms at 38 weeks

negativity
(?)
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Discrimination abilities for temporal sound features are important for both music and
language perception. Table 2 summarizes infant studies of temporal discrimination. Two
studies (Čeponienė et al., 2002; Cheour et al., 2002b) found MMN in newborns to infrequent
changes in tone duration where the deviant tones were either shorter (40 ms vs. 100 ms;
100 ms vs. 200 ms) or longer (200 ms vs. 100 ms) than the standard tones. The MMN was
similar to the negativities found in frequency discrimination paradigms, but with longer
latencies compared to the frequency-deviation related MMN (Čeponienė et al., 2002) as well
as to the duration-deviation related MMN observed in 4 year old, 8 year old, and adult
subjects (Cheour et al., 2002b). Whereas MMN was not elicited in all subjects (Čeponienė et
al., 2002) and an experiment using MEG (Cheour et al., 2004) failed to find consistent
magnetic responses analogue to these ERP responses, these results are consistent with a report
of adult-like sustained responses to sounds of different duration in newborns (Kushnerenko et
al., 2001). Furthermore, adult-like processing of interval timing was found by Brannon et al.
(2008) in 10 month old infants.
The temporal resolution of the auditory system was measured in 2-6 month old babies
using the MMN elicited by infrequently inserting short silent gaps into sounds (Trainor et al.,
2001; 2003). It has been established, that gap-detection thresholds, as indicated by MMN, are
near or at adult levels by 6 months of age (Trainor et al., 2001). In contrast, silent gaps only
modulated a slow positivity in 2-month olds and the majority of 3-month olds, with MMN
appearing in 33% of the 3-month olds, and the percentage of babies showing MMN rising to
58% by 4 months (Trainor et al., 2003). These results point to a developmental trajectory of
gap detection that is compatible with the previously described neurodevelopmental findings.
In summary, few studies tested temporal discrimination abilities during the first year of
life. However we can conclude from them that even newborns already represent temporal

34

relations between stimuli, and near-adult performance is reached during the first year of life
for some of the temporal processing abilities.
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Table 2 Infant studies of temporal discrimination from conception to the first year of
life. (n.a.: not applicable)

Article

Age

Method

Stimuli

SOA

Results

Polarity

negativity in 144-240 range,
amplitude increases with magnitude
of change

negativity

Brannon et al., 2008

10 months

EEG

50 ms pure tones, 1000 Hz

1550 ms
standard, 425,
550, 800, 1050
ms deviant
SOA, random
+/- 50 ms jitter
in all stimuli

Čeponienė et al., 2002

newborn

EEG

500 Hz tone, three partials, 200 ms standard,
100 ms deviant

800 ms

in 80% of subjects negativity at 256
ms (F3), 257 (F4)

negativity

Cheour et al., 2002b

newborn

EEG

500 Hz tone, three partials, 100 ms standard,
40 ms deviant, 200 ms deviant in separate
blocks

800 ms

negativity in 150-500 range for both
deviants, peaks ~300 ms

negativity

Cheour et al., 2004

newborn

MEG

500 Hz tone, three partials, 100 ms standard,
40 ms deviant

800 ms

positive difference in 3 out of 4
subjects in the 200-300 ms range

n.a.

Trainor et al., 2001

6-7 months

EEG

deviant is two 2000 Hz tone pips with 4, 8,
12 ms gap between, standards without gap

800 ms

negative peak at ~220 ms for all
deviants

negativity

Trainor et al., 2003

2 months
3 months
4 months

EEG

deviant is two 2000 Hz tone pips 16 ms gap
between, standard without gap

800 ms

slow positivity peaking ~200 ms
31% show negativity
58% show negativity

positivity
positivity
both
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The infant MMN responses discussed so far were elicited by deviation in simple acoustic
features. MMN, however, is known to be also elicited by violations of higher-order acoustic
regularities. Discriminative responses observed for violations of abstract rules in infants
provided evidence for adult-like advanced sound processing abilities at birth, and also
strengthened the analogy between responses seen in infants and the adult MMN by (in most
cases) eliminating the possibility of explaining the differential responses in terms of refractory
effects. These studies are summarized in Table 3. Ruusuvirta and colleagues (2003, 2004)
showed that newborns represent conjunctions of auditory features discriminating between
frequent and infrequent conjunctions of two or three features. This is an important
prerequisite of representing auditory objects. Moreover, Winkler and colleagues (2003) found
that newborns segregate sequences of interleaved high and low tones into separate streams.
MMN was elicited in this study in a paradigm in which deviance could only be detected when
the sequence was processed as two separate sound streams in the brain. In these studies, the
discriminative responses elicited by deviants were positive waveforms.
Evidence that newborns can represent abstract inter-sound relationships was obtained by
Carral et al. (2005), who replicated the previously reviewed experiment of Saarinen et al.
(1992). Series of tone-pairs ascending in frequency were played to sleeping newborns.
Ascending pairs were infrequently replaced by descending ones with both ascending and
descending pairs chosen randomly from a set of seven distinct frequency-pairs. Deviant tonepairs elicited a long-lasting slow positivity signaling their differential processing. He, Hotson
and Trainor (2009b) also investigated the effect of direction changes in a sound pair, but used
only 2 piano tones, infrequently reversing their order. They found that some 2 month olds
show a clear positive discriminative response to deviant tone pairs and responses to deviant
tones were generally higher in amplitude compared to standard pairs. Negative differential
responses were observed to deviant pairs in both 4 month olds and adults. He and Trainor
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(2009) ingeniously used the differential processing of ascending and descending tone-pairs to
test whether 3 month old babies are able of extracting the missing fundamental of complex
tones. These authors constructed sound pairs that could be heard as either ascending or
descending depending on whether or not the missing fundamental was extracted. They found
no clear evidence for detecting the missing fundamental in 3 month olds, whereas clear
negative responses in 4 and 7 month olds and adults indicated an integrated adult-like pitch
perception by the age of 4 months.
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Table 3 Infant studies of abstract rule violation from conception to the first year of life.
(n.a.: not applicable)

Article

Age

Method

Stimuli

SOA

Results

Polarity

Carral et al., 2005

newborn

EEG

ascending and descending pure tone pairs 40
ms, 50 ms gap, 7 levels between 553-1661
Hz

540 ms

slow positive wave in 50-450 ms
range

positivity

no significant difference

no
response

negative peak at 192 ms

negativity

negative peak at 166 ms

negativity

3 months

He & Trainor, 2009

4 months

EEG

7 months

He, Hotson & Trainor,
2009b

2 months

Jing & Benasich, 2006

3-12
months

Ruusuvirta et al., 2003

newborn

Ruusuvirta et al., 2004

Winkler et al., 2003

EEG

4 months

newborn

newborn

ascending and descending complex tone
pairs, 150 ms, 50 ms gap, in 259-456 Hz
range, descending deviants emerg only if
missing fundamental is processed

750 ms

400 ms piano tones (523 Hz, 740 Hz), in
either ascending or descending trials

850 ms

no significant difference
negative peak at ~250 ms

no
response
negativity

1140 ms

negativity first recorded at 4 months,
becomes robust at 6 months,
amplitude higher with age, frontal
shift in distribution with age

negativity
form 6
months on

50 ms tones, two frequency levels (750, 1000
Hz) and two intensity levels (50, 70 dB)
form frequent and infrequent conjunctions

300 ms

slow positive wave in 50-450 ms
range for infrequent conjunctions

positivity

EEG

two duration levels (50, 80 ms), two
frequency levels (750, 1000 Hz) and two
intensity levels (50, 70 dB) form frequent
and infrequent conjunctions, single features
equally distributed

300 ms

slow positive wave in 50-450 ms
range for infrequent conjunctions

positivity

EEG

50 ms pure tones, varied in frequency (2501986 Hz) and intensity (61-86 dB), control
intensity oddball, one stream, two streams
sequences

250 ms, 750
ms

in control and two stream condition,
intensity deviants elicited positivity
in 150-400 ms range, no difference
in one stream condition

positivity

EEG

complex tone pairs, all partials, 70 ms tone,
300 ms intertone interval, 100 Hz - 100 Hz
standard, 100 Hz - 300 Hz deviant

EEG
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Based on the experiments outlined above, it is evident that newborns show discriminative
responses to deviants violating higher-order acoustic regularities. The relationship between
these responses and the MMN responses seen in older babies and adults is not clear, however.
As mentioned above in the discussion of responses to frequency changes, three alternative
explanations exist for the positive discriminative waveform. The first explanation suggests
that the positive wave is not related to discrimination, it only overlaps the time range of MMN
diminishing the assumedly present negative responses (Morr et al., 2002). This assumption
does not explain the responses observed for violations of higher-order regularities. The second
explanation suggests that the observed positivity as an immature form of P3a (Kushnerenko et
al., 2002). P3a has been linked with orientation towards distinctive stimuli. The traditional
interpretation of P3a (see, e.g., Escera et al., 2000; Friedman, Cycowicz, Gaeta, 2001)
assumes that some form of discrimination based on inter-sound relationships or temporal
distinctiveness precedes the processes reflected in the P3a. However, some more recent
interpretations of P3a suggest that at least its first peak (Escera et al., 1998) reflects further
processing of stimulus mismatch deemed significant in some regard by the processing system
and not just a general shift in attention (Horváth, Winkler & Bendixen, 2008; Rinne et al.,
2006). This also ties in well with the third proposed interpretation of the discriminative
positive waveform, which suggests that it is separate from MMN and can be distinguished
during the first months of postnatal development (He, Hotson & Trainor, 2007; He, Hotson &
Trainor, 2009a). It is also important to note the parallel between previous findings for
frequency discrimination (Cheour et al., 2002a; Hirasawa et al., 2002), where the low (below
1000 ms) SOAs of stimuli were accompanied by small positive responses and the experiments
testing violations of higher-order regularities. All of the experiments using abstract
regularities (Carral et al., 2005; He, Hotson & Trainor, 2009b; He & Trainor 2009) had either
low SOA (540 ms) or low interstimulus interval (450 and 400 ms; respectively). Therefore

40

effects of the presentation rate on the discriminative responses cannot be ruled out as a
confounding factor. These effects in the experiment of Cheour and colleagues (2002a)
manifest only on the responses to deviant sounds, which cannot be interpreted in the
framework proposed by He, Hotson and Trainor (2009a) that separates the MMN and the
positive wave based on refractoriness seen in responses to standard stimuli. Indeed, a fourth
explanation proposing differential processing of deviant stimuli as a function of the SOAs
may also merit further investigation. Differences in processing as a function of the SOA may
stem from differences in the refractoriness of two neural populations, one reacting to deviants
by generating a fronto-centrally positive and the other a negative response. To resolve the
issues of MMN-like ERP responses in newborns and infants, further experiments, including a
systematic exploration of different SOAs, are needed. Utilizing high density EEG and MEG
recordings coupled with recent fMRI (e.g. Perani et al., 2010; Saccuman & Scifo, 2009;
Seghier, Lazeyras & Huppi, 2006) and anatomical (e.g. Moore & Linthicum, 2007) findings
will make source localization of MMN-like responses possible, hopefully establishing a
veridical link between infant and adult MMN responses on a structural level. Another possible
avenue of linking infant and adult MMN together is finding functional similarities in the
processing of abstract acoustic regularities, using paradigms less dependent on physical
stimulus properties.
In summary, even before birth, auditory stimuli elicit responses in the fetus/infant brain
which clearly demonstrate their ability to discriminate sounds and to process higher-order
auditory regularities. Whereas the responses are noisy and in some cases show marked
morphological differences compared to the corresponding adult responses, it is evident that
infants extract many regularities from their acoustic environment and detect the violations of
said regularities. Even if one does not accept the infantile discriminative ERP responses as
proper MMNs, these responses can be used to test what is stored in the auditory memory
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representations of infants and thus they can help to understand the developmental roots of
music perception.
1.3.2 MMN as a tool for assessing music perception
Music can be seen as complex spectral information unfolding in time structured in several
hierarchical levels spanning from a single sound to a complete musical piece. The greatest
advantage of electrophysiological methods in studying the neural mechanisms underlying
music perception is the ability to track neural changes caused by musical input with
millisecond precision. Several ERP components have been found in the study of various
aspects of music including MMN, ERAN/RATN, P300, N400, LPC/P600 (for reviews see
Koelsch & Siebel, 2005; Tervianemi, 2001; Besson, 1999). Specifically the MMN has been
used to study the automatic processing of musical pitch and timbre discrimination, melodic
contours, harmony, musical expectations, meter and rhythm, often in the context of musical
training and brain plasticity. Compared to the pure tones used in numerous experiments,
spectrally complex sounds elicit stronger MMN responses in listeners, which may be
attributed to the fact that unlike complex sounds pure tones are rarely encountered in
everyday life or used in music, and, further, complex sounds carry more spectral and temporal
information compared with pure tones (Tervianemi et al., 2000). In this respect, musical
stimuli are well suited for MMN experiments. The aim of this section is to give a short review
of relevant literature pointing out the utility of MMN in understanding music perception and
processing.
Even though music, in general, relies on complex relations between sounds and the
musical context built from these relations, simple oddball paradigms using isolated sounds
can be utilized to study pitch discrimination abilities in musically trained and untrained
subjects, providing insight to the different levels of processing involved in perceiving music.
Studies have shown no differences between musicians and non-musicians in the amplitudes
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and latencies of MMNs elicited by deviants in pure tone sequences (Tervaniemi et al., 2006;
Brattico, Näätänen & Tervaniemi, 2002; Koelsch, Schröger & Tervaniemi, 1999). Some
studies found a small difference between musicians and non-musicians when using a
near-threshold (>1% difference) deviance (Koelsch, Schröger & Tervaniemi, 1999).
However, even this small difference vanished when complex tones with four harmonics were
presented (Tervaniemi et al., 2005), whereas another study using piano tones reported slightly
lower latencies in musicians than in non-musicians (Nikjeh, Lister & Frisch, 2008). Further,
no MMN difference was observed between control subjects and subjects diagnosed with
amusia in response to piano tones (Moreau, Jolicoeur & Peretz 2009). In contrast, musicians
performed faster and more accurately on behavioral tests (Nikjeh, Lister & Frisch, 2008;
Tervaniemi et al., 2006; Tervaniemi et al., 2005) and showed higher MMN amplitude increase
and latency decrease when chords were used and either subjects attended the stimuli
(Koelsch, Schröger & Tervaniemi, 1999) or some musical context was provided (Brattico,
Näätänen & Tervaniemi, 2002). These results show similar early processing of simple pitch
changes in musicians and non-musicians. Processing advantage is only apparent when
additional information is available which musicians might better utilize (see, however
Tervaniemi et al., 2006; Tervaniemi et al., 2005; Neuloh & Curio, 2004) or the task requires
attentive processes. Non-musicians, however, can also use contextual information, although
perhaps to a smaller degree compared to musicians, as they exhibit MMNs to out-of-key and
out-of-tune deviants in musical contexts (Brattico et al., 2006) requiring the existence of longterm representations for the hierarchical rules of the western chromatic and diatonic scales
(Krumhansl, 2000).
Melody is an abstract property of pitch sequences that is represented in contour code, the
up and down pattern of changes in pitch, and interval code, intervals between successive
sounds (Dowling, 1978), regardless of absolute pitch levels. MMN is sensitive to changes in
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the basic constituents of melodic information, namely direction and interval changes between
sound pairs (see Saarinen et al., 1992 and Paavilainen et al., 1999, respectively). MMN was
also reliably elicited, when contour changes and interval changes were presented as part of
short melodies transposed over a set of absolute pitch values even when subjects did not
attend the sounds (Trainor, McDonald & Alain, 2002; Fujioka et al., 2004; Tervaniemi et al.,
2006). Interestingly, in one experiment (Tervaniemi et al., 2001), presentation of an attended
stimulus block was needed before MMN was elicited. Investigation of polyphonic melodies
showed that two melodies overlapping in frequency played at the same time can be
represented (Fujioka et al., 2005) as two separate auditory streams (Bregman, 1990).
Musicians’ MMNs to melody violations generally have larger amplitude although one
experiment (Tervaniemi et al., 2006) failed to show this difference. Differential responses to
interval changes embedded in melodies were also shown in infants as young as 6 months old
(Tew et al. 2009), but the authors suggest processing differences between adults and infants.
The early appearance of the ability to process pitch contours may hint at the importance of
this ability, which is not only used in musical context, but also in speech perception (Kemler
Nelson et al., 1989; Thiessen, Hill & Saffran, 2005). For example native speakers of mandarin
Chinese, a language in which melody contour conveys important lexical information, show
higher-amplitude MMNs to pitch-contour deviants in a non-speech context compared with
native English speaking musicians and non-musicians (Chandrasekaran, Krishnan &
Gandour, 2009). This result highlights the effects of training on automatic melody processing.
Timbre is important for music perception. Studies have shown MMNs to sounds deviating
in various properties related to timbre, for example in rise (attack) time (Lyytinen, Bloomberg
& Näätänen, 1992), the spectral centroid (Toiviainen et al., 1998), and more generally for
timbre categories (Tervaniemi, Winkler & Näätänen, 1997) and emotional valence attributed
to timbre variations (Godyke et al., 2004). In an impeccably designed MEG experiment
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Caclin and colleagues (2006) used the additive property of MMNs to multiple concurrent
violations (Paavilainen, Valppu & Näätänen, 2001; Wolff & Schröger, 2001) to investigate
the independence of three timbre dimensions (Caclin et al., 2005). Their reasoning was that if
timbre dimensions are separately processed by anatomically different generators then the
MMN amplitudes elicited by concurrent violations in different timbre dimensions should be
comparable to the sum of individual violations. The authors were able to reliably separate two
dimension contrasts based on MMN latency, amplitude and source localization and provide
arguments for the separate processing for the third studied dimension. The results of Calcin
and colleagues (2006) did not make anatomical localization of the sources possible, but
another study suggests involvement of multiple areas in the superior temporal gyrus and
sulcus (Menon et al., 2002). Using MMN, Vestergaard, Fyson and Patterson (2009) showed
that auditory size information (see Section 1.2.2.) is automatically processed in adults and this
ability is also present in newborns. Size information is relevant for differentiating between
instruments of the same family e.g. a violin and a cello.
The temporal grouping of sounds has been investigated using MMN paradigms in which
deviants were presented as part or a pattern (SSSSD) or with the same probability in random
order (Sussman, Ritter & Vaughan, 1998; Sussman & Gumenyuk, 2005). Automatic grouping
of sounds was found (indicated by the lack of MMN compared to the random condition) when
the elements of the pattern were presented in close temporal succession (SOA=200 ms). The
SOA at which grouping occurred could be extended to ca. 1 s when subjects were informed
about the presence of a repeating pattern of five elements (Sussman et al., 2002b) 6 . The effect
of changing the number of elements was not systematically investigated. Note that these
experiments used the MMN as an indicator of automatic group formation. When behavioral
measures and musical stimuli were used in active paradigms, subjects were able to detect
6

It is important to note that the concept of grouping in Sussman et al. (2002) involves relatively short time
periods corresponding to the basic levels of the grouping concept used in Lerdahl and Jackendoff (1983) which
may involve time periods much longer than 1 s.
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repeating patterns with SOAs up to 2s (for a review see London, 2002). Grouping can also be
based on global probability distribution of possible patterns instead of local memory traces. In
this case, the grouping process is less sensitive to the temporal proximity of elements
(Herholz, Lappe & Pantev, 2009).
Interesting differences between musicians and non-musicians were found when the basis of
grouping was either pitch-similarity or the “good continuation” of pitch ascension in a
sequence. A deviant sound extending the common length of the sound groups elicited MMN
in musicians in both conditions, but only in the pitch-similarity condition in non-musicians.
This result revealed the importance of representing pitch relations in music and the advanced
ability of musicians for extracting more complex information from the stimulation (van
Zuijen et al., 2004). A similar discrepancy between musicians and non-musicians was found
when groups were formed on the basis of a common pitch with each group being either made
up of the same number of sounds or they had the same overall duration. Both musicians and
non-musicians automatically detected deviations in the duration of the groups, but only
musicians detected numerical deviations which may be explained by the need for efficient
beat tracking in music (van Zuijen et al., 2005). These results again demonstrated training
effects on stimulus-driven grouping processes.
Musicians also showed a stronger left hemispheric lateralization of the MMN to pattern
violations hinting perhaps at more advanced syntactic rule-extracting abilities. This
lateralization of the MMN is similar to the one Vuust et al. (2005) found in expert jazz
musician to metric violations as compared to non-musician whose MMNm responses showed
a right hemispheric lateralization. The authors suggest that the left hemispheric lateralization
is in relation with the communicative value that meter possesses for jazz musicians (to
coordinate during performances) and similar to the language-competence based lateralization
of MMN during phoneme processing (e.g., Näätänen et al., 1997).
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For subtle rhythmic violations no MMNm was found in non-musicians whereas a left
lateralized MMNm was found in musicians. Further analysis of the dataset (Vuust et al.,
2009) revealed the same effects on dipole amplitudes and localized the dipole sources in the
transverse temporal gyrus near the primary auditory cortex in both hemispheres. The authors
interpret their results in the predictive coding framework of auditory perception (Friston &
Kiebel, 2009) and regard the effects of expertise as favoring a biocultural (Cross, 2003; Cross,
2006) concept of meter, that is “only meaningful in the interaction between music and
subject” (Vuust et al., 2009, p. 90.). Not all evidence supports the advantage of musicians in
the automatic detection of meter and rhythm violations. Geiser et al. (2009) found MMN
responses to both rhythm and meter violations while subjects were attending to musical
stimuli but only to rhythm violations in an unattended condition. Furthermore no group
differences were obtained between musicians and non-musicians. The superior auditory
processing abilities of musicians (revealed by behavioral results) did not appear to originate
from pre-attentive processing, possibly because of the less natural stimulus material used by
Geiser et al. (2009) compared with Vuust et al. (2005). Altogether, Geiser et al.’s (2009)
results leave open the question of how metrical complexity affects automatic meter
processing.
The examples above show that MMN is a versatile tool for investigating the early
processing stages of the basic building bricks of music and provides results that can be
integrated into more general interpretational frameworks for understanding music and the
brain.
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2. Synopsis and rationale of theses
The general aim of this thesis is to shed light on the question: Which of the abilities
underlying the perception of music are functional at the time of birth. Music perception is
obviously a higher cognitive function, which depends on several abilities. However, the exact
nature of these dependences is far from being trivial. Music perception, similarly to other
higher functions of cognition, can be seen as the product of complex interactions between
innate predispositions and constraints on information processing, the physical and cultural
constraints determining what information is available in the environment, and the process of
learning through which quantitative and qualitative differences in information processing
emerge as a function of experience over time. Notwithstanding the complex nature of music,
it is possible to identify general processes of auditory perception which serve as the building
blocks necessary for music perception. Both the functional architecture and the ontogenesis of
these abilities provide crucial cues for understanding the role learning plays in music. By
applying electrophysiological methods, sources of information inaccessible to traditional
behavioral methods can be tapped. In adults, MMN paradigms allow access to processing
steps with relatively low interference from attention and explicit knowledge of music. In
newborn infants, similar paradigms can be used to study processing abilities functional at
birth that would otherwise remain hidden behind the very limited repertoire of behavioral
responses available to newborns.
Examining perception near the time of birth enables one to observe an “initial state” of the
system (at least with respect to explicit learning), although one should not downplay the
importance of intrauterine experiences. Knowledge of this “initial state” allows for better
understanding of how music perception emerges by identifying the basic building bricks and
comparisons between the different developmental stages. The innateness of specific abilities
can be determined by examining infants shortly after birth. In theory, this approach could
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provide supporting evidence for modular, domain-specific accounts of music processing.
However, most of the perceptual abilities assessed in this thesis represent more basic
processes, ones possibly shared by both music and other forms of communication by sounds.
Based on the principles above, the theses examine aspects of two equally important areas
of music. Theses I and II are related to the perception of melody and theses III, IV and V are
related to the perception of rhythm. All theses will be presented together with a synopsis of
immediate background information and supporting evidence as well as a short evaluation of
the results yielded by the experiments. The published papers constituting the base of the
theses are then presented in full length in the Studies part of the dissertation.
2.1. Thesis I: Relative pitch extraction in newborns
A sequence of rising and falling pitch steps can be interpreted as a melodic contour
irrespective of the absolute pitch level and to some extent the sizes of pitch steps (Dowling,
1978; Edworthy, 1985). The ability to extract the relative sizes of pitch steps however is
necessary to recognize melody in the context of both music and speech prosody. Adults are
able to extract relative pitch information (Paavilainen et al., 1999; Tervaniemi et al., 2006)
and it has been shown that newborns are sensitive to the direction of pitch intervals (Carral et
al., 2005).
The ability of newborn infants to extract the size of pitch intervals irrespective of absolute
pitch levels was tested. EEG was recorded while sequences of tone pairs with equal pitch
steps were presented. The regular sequence was infrequently broken by tone pairs having a
larger pitch step. All tone-pairs were presented at several randomly assigned absolute pitch
levels. If newborn infants are able to extract the common size of pitch steps as an abstract
regularity (in spite of variation in absolute pitch), then the infrequently presented large pitch
steps should elicit an MMN-like ERP component in them. The presence of the MMN-like
component would suggest that newborns are able to represent pitch intervals. MMN-like
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components were elicited by infrequent pitch steps, suggesting that newborns are able to
process pitch interval information similarly to adults.
2.2. Thesis II: Timbre-independent extraction of pitch in newborns
Important spectral features other than pitch can be extracted from perceived sounds (e.g.
McAdams et al., 1995; Handel, 2006). Adults are able to separate pitch from timbre
information (Semal & Demany, 1991, 1993; Krumhansl & Iverson, 1992) and thus can
identify different instruments playing the same note, or different speakers speaking the same
words. The independent extraction of pitch and timbre information is important in both music
perception and language acquisition.
The aim of the study was to show that newborn infants can extract pitch information
independently of timbre variations. An aspect of timbre, resonator size, was randomly varied
over all sounds in a simple pitch oddball design. ERPs were recorded from newborn infants.
If infrequent high pitch deviants presented among low pitch standards elicit an MMN-like
response despite the random variation in resonator size, this result can be taken as evidence
for timbre-independent processing of pitch in newborn infants. Results indicated that
newborns represent pitch and resonator size information independently of each other.
2.3. Thesis III: Auditory temporal grouping in newborns
Sounds in an auditory scene can be grouped based on higher order regularities. These
regularities can convey information for example on sound sources and can be used in
representing the environment by constructing auditory objects (Bregman, 1990). Previous
studies showed that newborn infants represent probabilities of local sound features, that is,
they produce a discriminative response to infrequent deviant sounds presented among regular
standards (for reviews, see e.g. Cheour, Leppänen & Kraus, 2000; He, Hotson & Trainor,
2007). Adults are also able to extract higher order regularities from sound sequences, such as
the cyclical repetition of pitch patterns (Sussman, Ritter & Vaughan, 1998; Sussman et al.,
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2002b; Sussman & Gumenyuk, 2005). This ability supports the construction of hierarchical
sound representations, which is a necessary prerequisite for many complex functions, amongst
them rhythm perception (Lerdahl & Jackendoff, 1983).
The objective of the present study was to investigate whether newborn infants form
auditory groups from cyclically repeating pitch patterns. To this end, EEG was recorded while
newborn infants were presenting with oddball sequences. The sequences were either random
or they contained a cyclically repeating pitch pattern. The probability of the oddball sound
was uniformly fixed at 20% in both types of sequences. If only local probability is taken into
account by the newborn auditory system for deviance detection, then oddballs in both types of
sequences should elicit an MMN-like response. If grouping occurs, then the oddballs in the
grouped sequence become part of the higher order regularity and should not elicit MMN. No
MMN-like response was found for oddballs in the grouped sequence, which provided
important, however indirect, evidence in support of the neonatal ability to group sounds based
on cyclical repetition.
2.4. Thesis IV: Processing of meter in adults
Rhythm perception can be structured by beat and meter (Lerdahl & Jackendoff, 1983).
Beat induction, the ability to extract a regular beat or pulse from auditory stimuli and
synchronize with that beat or pulse, underlies meter induction the ability to hierarchically
order multiple regular beats. Metrical salience is assigned to specific positions in a rhythmic
pattern based on the distance in the hierarchy from the downbeat (viz. the firs beat). Metrical
salience shows the importance of a specific beat in defining a rhythm (Lerdahl & Jackendoff,
1983; London, 2002).
The goal of the study was to test with both behavioral and ERP measures whether adults
automatically process metrical salience by constructing a rhythmic pattern and omitting beats
at positions with different metrical salience. The patterns with beats omitted on significant
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positions were presented as oddballs in sequences consisting predominantly of patterns in
which omissions occurred on less salient positions. Different levels of metrical salience were
assumed to have an effect on both the sensitivity and reaction time (RT) measures in an
omission-detection task. Differences in metrical salience could then also affect the latency of
the MMN elicited by the omissions with no sound-related task as well as when the subjects
performed a concurrent auditory task on a different sound stream. The results are not clear
about the effect of attention on meter processing because in the concurrent task condition an
attention modulated N2b component may overlap the MMN. Sensitivity and ERP latency data
supported the differentiation based on metrical salience, whereas support from RT measures
and ERP amplitude data was weaker.
2.5. Thesis V: Beat detection in newborns
Beat induction, the ability to synchronize with a regular pulse or beat, plays a significant
role in meter perception (Lerdahl & Jackendoff, 1983), but may also help coordinating
communicative acts (Jaffe et al., 2001). Both infants and adults can form metric categories
(Hannon & Trehub, 2005) and able to synchronize with a regular beat (Drake, 1993; Repp,
2005; Philips-Silver & Trainor, 2005). However it is not clear whether this ability is also
present in newborns.
The experiments aimed at showing beat induction in newborn babies. A musically
plausible rhythmic pattern was created and presented to sleeping newborns, with occasional
omissions in the pattern at the positions with the highest (downbeat) and lowest metrical
salience. If beat induction occurs in newborns, higher-amplitude MMN-like components
should be elicited by omissions from the pattern at the most metrically salient as compared
with the least salient positions. Responses were also compared with a physically identical
control. Results of the experiments were in full accord with the notion of beat induction
occurring in newborns. Results of a control experiment conducted in adults ruled out a

52

possible alternative explanation of the neonate results. The alternative explanation was based
on the assumption that the sounds of different instruments making up the test sound sequence
were segregated to separate streams and sound omissions were separately detected for the
different streams. However, no such omission responses were obtained in the adult
participants.
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3. Studies
3.1. Study I: Relative pitch extraction in newborns
Stefanics, G., Háden, G.P., Sziller, I., Balázs, L., Beke, A., Winkler, I. (2009) Newborn
infants process pitch intervals. Clinical Neurophysiology 120. 304-308. DOI:
10.1016/j.clinph.2008.11.020
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3.2. Study II: Timbre-independent extraction of pitch in newborns
Háden, G. P., Stefanics, G., Vestergaard, M.D., Denham, S.L., Sziller, I., Winkler, I. (2009)
Timbre-independent extraction of pitch in newborn infants. Psychophysiology 46 (1), 69-74.
DOI: 10.1111/j.1469-8986.2008.00749.x
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3.3. Study III: Auditory temporal grouping in newborns
Stefanics, G., Háden, G., Huotilainen, M., Balázs, L., Sziller, I., Beke, A., Fellman, V.,
Winkler, I. (2007) Auditory temporal grouping in newborn infants. Psychophysiology 44 (5),
697-702. DOI: 10.1111/j.1469-8986.2007.00540.x
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3.4. Study IV: Processing of meter in adults
Ladinig, O., Honing, H., Háden, G., Winkler, I. (2009) Probing attentive and pre-attentive
emergent meter in adult listeners without extensive music training. Music Perception 26(4),
377-386. DOI: 10.1525/MP.2009.26.4.377
Due to errors in data analysis discovered following publication, an errata report was submitted
to and accepted by Music Perception, which is reproduced in verbatim below.
Errata for:
Ladinig, O., Honing, H., Háden, G., & Winkler, I. (2009). Probing attentive and pre-attentive
emergent meter in adult listeners without extensive music training. Music Perception, 26,
377-386.
Due to the authors’ error, data analysis was not performed as stated in the published
article. Here we present the corrected analysis (as stated in the Method section of the paper).
The results are similar to those published with a few exceptions. These are noted and
corresponding interpretations are provided. The error affected the MMN amplitudes entered
into the Attention (Unattended vs. Passive) × Position (Strong vs. Weak) × Frontality (Frontal
vs. Central electrode line) × Laterality (Left vs. Middle vs. Right) ANOVA. MMN amplitudes
were, in contrast to the published text and the figure (which are correct), incorrectly measured
using the standard as opposed to the control data. MMN amplitudes have been remeasured
using 30 ms wide time windows centered on the difference peaks (in contrast to the 60 ms
window stated in the published text). This shorter time windows better fit the peaks on the
deviant-minus-control difference waveforms. Table 1 with corrected measurements is
included below. ANOVAs for these amplitude measures yielded the following results:
significant main effects were obtained for Frontality, F(1, 10) = 19.96, p < .01, η2 = 0.67, and
Laterality, F(2, 20) = 4.14, p < .05, η2 = 0.29; significant interactions between Attention ×
Frontality, F(1, 10) = 15.30, p < .01, η2 = 0.60, Frontality × Laterality, F(2, 20) = 5.00,
p < .05, η2 = 0.33, and Attention × Position × Laterality, F(1, 10) = 7.32, p < .05, η2 = 0.42. A
posthoc Tukey HSD test revealed that the Attention × Frontality interaction was due to
significantly higher central MMN amplitudes in the Unattended condition than in any other
combination of the two factors (df = 10, p < .01 for all comparisons).
The lack of a significant Position effect on the deviant-minus-control difference
amplitudes somewhat weakens the argument for representing the hierarchical metrical
structure in the MMN system. However, the latency effect remains (it was correctly reported
in the published work) and MMN peak latency rather than amplitude is the stronger indicator
of the perceived magnitude of change (Schröger & Winkler, 1995). Please note that the
behavioral results also indicate processing differences for omission of beats of different
metrically based salience. The interactions involving the Attention factor probably reflect a
partial overlap between the N2b and the MMN components: the more central than frontal
scalp distribution of N2b interacting with the more frontal than central scalp distribution of
MMN as a function of the attention condition. This result casts some doubt on whether the
extraction of the metrical hierarchy is fully automatic. Further experiments are needed to
clarify this issue.
References:
Schröger, E., & Winkler, I. (1995). Presentation rate and magnitude of stimulus deviance
effects on human pre-attentive change detection. Neuroscience Letters, 193, 185-188.
Table 1 (corrected).
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Group-Averaged MMN Amplitudes in µV with Standard Errors of the Mean (SEM) in
Parentheses.
Attention
Passive
Unattended
Electrode/Position
F3
Fz
F4
C3
Cz
C4

Strong

Weak

Strong

Weak

-1.07 (0.28)
-1.08 (0.31)
-0.82 (0.24)
-0.89 (0.22)
-1.03 (0.30)
-0.85 (0.24)

-0.47 (0.35)
-0.73 (0.50)
-0.49 (0.51)
-0.61 (0.33)
-0.65 (0.42)
-0.63 (0.38)

-0.82 (0.28)
-1.01 (0.34)
-0.23 (0.13)
-1.44 (0.38)
-1.57 (0.38)
-1.44 (0.33)

-0.92 (0.28)
-1.24 (0.29)
-1.14 (0.25)
-1.30 (0.31)
-1.61 (0.32)
-1.59 (0.32)
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3.5. Study V: Beat detection in newborns
Winkler, I., Háden, G. P., Ladinig, O., Sziller, I., Honing, H. (2009) Newborn infants detect
the beat in music. Proceedings of the National Academy of Sciences 106. 2468-2471. DOI:
10.1073/pnas.0809035106
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4. General discussion
The main goal of the studies presented in this thesis was to identify perceptual processes
that provide information for music processing and, with one exception, establish the presence
of the functionality of these processes at birth. To this end, the studies described here utilized
carefully crafted variations of the auditory oddball paradigm while ERPs were recorded to
assess what regularities were represented in the auditory system by testing the discrimination
of infrequent stimuli deviating from the target regularities. Discriminative responses to these
deviants were obtained in all of the studies. These responses were identified as MMN or
MMN-like components. The results, on one hand, offer evidence for an adult-like processing
of pitch and sound grouping in newborns. These abilities are important for music perception
as well as for verbal communication. On the other hand, the results further strengthen the
feasibility of using MMN paradigms as tools for studying the early stages of music processing
in both newborns and adults. Additionally, the study examining the processing of musical
meter (Thesis IV) provides direct evidence in support of the theoretic assumption of metrical
hierarchy (Lerdahl & Jackendoff, 1983) and for the extraction of beat in musically untrained
subjects.
4.1. Well equipped for music processing already at birth
Human babies are born relatively helpless compared to most other mammalian species, but
have an unmatched potential to learn the complex rules and relations governing the physical
and social environment. For this learning to occur, however, tools are needed that can
efficiently extract relevant information from the environment. From this perspective, it is not
surprising that evolution provided infants with abilities necessary for undertaking the
enormous task they have at their hand. The best tools adults have for gathering information is
communication, which allows the collecting information gathered by individuals from their
immediate spatial environment and from a much larger cultural environment. With
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communication being the most useful source of information, the tools necessary to understand
and part-take in it are of the highest importance. Music, similarly to language, is a form of
communication ubiquitous to all human cultures (Merriam, 1964) and, as both music and
language are based on acoustic signals, the basic tools for tapping these information sources
must be found within auditory perception.
Stepping over the unproductive contrast of nature and nurture as a strict dichotomy, there
are still interesting questions regarding scale. How elementary are the particles of information
from which music is built up? How much of these “information particles” are accessible in a
base state of the processing system? Taking birth as an important milestone in development,
we are only beginning to answer these questions. The answers gained from the studies
presented in this thesis point in the direction suggesting that newborn babies come well
equipped with perceptual tools needed to process music.
The ability to discriminate the relative size of pitch steps (Thesis I), taken together with the
results that show newborns' sensitivity to the direction of a pitch change (Carral et al., 2005;
for similar results in 2 month olds, see He, Hotson & Trainor, 2009b), provides the interval
information used for encoding melodies (Dowling, 1978). While there is no direct evidence
that contour information, also used for melody encoding, is actually recognized by newborn
infants, there is clear evidence for contour recognition by the age of 2 month (Plantinga &
Trainor, 2009). Neonatal sensitivity for prosodic information (Sambeth et al., 2008) is also
relevant here as melody is a prosodic cue. Although it is not clear at this point whether
melodies are indeed encoded by newborns, it appears that the information necessary for the
encoding melodies are available in the newborn auditory system. In the same manner,
whereas it has been shown that newborns are able to encode pitch separately from timbre
(Thesis II), an ability both useful in the context of music as well as in recognizing speech
despite individual voice differences, yet it is uncertain how this ability affects the perception
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of sounds in infants. Timbre and pitch can interact with each other in perception under certain
circumstances (Melara & Marks, 1990; Pitt, 1994; Warrier & Zatorre, 2002), which, however
were not investigated in our experiments. On the other hand, the neonatal ability to bind
together sound features based only on the probability of co-occurrence (Ruususvirta et al.,
2003, 2004) can function on the basis of separate pitch and timbre representations. The results
however rule out the hypothesis that a complex post-natal learning process is necessary for
adult-like perception of pitch (Terhardt, 1974).
The ability to extract higher-order regularities from the auditory input is essential for
processing both speech and music, as well as for performing a deeper analysis of the auditory
scene (Bregman, 1990). Sound grouping has been studied in adults (Sussman, Ritter &
Vaughan, 1998; Sussman et al., 2002b; Sussman & Gumenyuk, 2005) and it was found to be
sensitive to both top-down and bottom-up influences. At low SOA’s the formation of groups
is automatic, as indicated by the MMN responses (Sussman, Ritter & Vaughan, 1998).
Newborns do this kind of automatic grouping (Thesis III) similar to adults. As grouping can
be based on several spectral and temporal cues and their combinations (McAuley, 2010),
which were tested mostly using behavioral methods, it would be premature to conclude that
newborns group musical stimuli just like adults, but a basic form of grouping is definitely
available to them. In the face of recent results indicating cultural differences in the grouping
of musical stimuli (Iversen, Patel & Ohgushi, 2008), further examination of newborns'
grouping ability is required.
The ability to detect regular beats or pulses in the auditory signal is a prerequisite of
perceiving musical meter (Lerdahl & Jackendoff, 1983; London, 2004). It is also needed for
synchronization between partners in dyadic interactions (Jaffe et al., 2001). Newborns are
able to extract the main regular beat from a strictly metrical rhythmic sound sequence (Thesis
V). The ability to detect beats (Thesis V) coupled with the ability to group sounds (Thesis III)
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hints at the possibility that newborns can extract meter from music, in a similar fashion as
adults do (Thesis IV). Therefore, meter detection is a valid candidate for an innate musical
ability despite the evidence showing effects of learning on meter perception (Hannon &
Trehub, 2005; Philips-Silver & Trainor, 2005).
4.2. Discriminative ERP responses in newborns and their relation to adult MMN
The ERP results obtained in the studies forming this thesis may also provide insights to the
electrophysiological correlates of auditory deviance detection in newborns. As mentioned in
Section 1.3.1. previous studies found discriminative ERP components of both positive and
negative polarity in newborns and young infants. Whereas the negative component is
generally viewed as an immature form of the adult MMN, only loosely compatible
explanations for the positive component has been put forward (Morr et al., 2002;
Kushnerenko et al., 2002; He, Hotson & Trainor, 2007; He, Hotson & Trainor, 2009a). The
explanations are in agreement in proposing that the positive component overlaps the negative
one, but differ in regard of its functional description: 1) a waveform entirely unrelated to
deviance detection (Morr et al., 2002), 2) an immature form of P3a, elicited by deviance
detection (Kushnerenko et al., 2002; Horváth, Winkler & Bendixen, 2008) and 3) a separate
component related to deviance detection, but following a different developmental trajectory,
which is independent from the adult MMN (He, Hotson & Trainor, 2007; He, Hotson &
Trainor, 2009a). A possible fourth explanation would be to tie the positive wave selectively to
SOAs below and above the 800-1000 ms range, especially to SOAs in the 400-540 ms range,
which is generated by neural populations separate from those involved in the MMN (see in
Section 1.3.1.), albeit functionally similar to MMN in discriminating stimuli. Nelken and
Ulanovsky (2007) discuss stimulus-rate sensitivity in the context of single cell recordings and
local field potentials. It may be a little far-fetched to draw a direct parallel with surface
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recorded EPRs, however there is a distinct similarity that should be taken into account when
studying the generators of MMN-like responses in newborns.
The only significant positive response comparable to those mentioned above come from
Thesis II, where it is peaking at about 200 ms from stimulus onset and it follows an early
negative peak of about 90 ms latency. This dissociation of the positive and negative responses
in time might be the result of using an SOA of 750 ms, but with 545 ms long,
natural-sounding, spectrally rich tones that are able to elicit the negative response
(Kushnerenko et al. 2007), while also evoking the positive response. The relatively large paironset asynchrony of 1250 ms produced a negative peak at 200 ms in Thesis I. Interestingly,
the small SOA of 100 ms, not tested before in the literature, also produced a negative peak in
the random condition of Thesis III making the true relationship between SOA and
discriminative responses even less clear. These findings call for a systematic testing of the
deviance-related ERPs for a wide range of SOA. Thesis V showed for the first time adult-like
responses in newborns to sound omission (Yabe et al., 1997). Whereas the neural substrates
might be different, this result shows a striking functional similarity in predictive coding
between the adult MMN and the neonatal discriminative ERP response.
4.3. Integrating results into a broader picture
The innate perceptual abilities of newborns discussed above do not provide evidence in
direct support of the modularist view of music perception (Peretz & Coltheart 2003), because
no purely musical abilities were tested in the experiments. The results, however, do not
contradict the possibility of innate musical modules by demonstrating the functionality of
such innate perceptual abilities as can provide input to the hypothetical music modules.
Neither do the current results either vindicate or rule out the adaptationist view of music
(Merker, Wallin & Brown, 2001). The origins of the perceptual abilities found in newborns
are unclear in the evolutionary sense. While it can be argued that the general need for

91

representing the auditory environment is the ultimate driving force behind these abilities a
more detailed view could perhaps include influences from music and other forms of
communication as selective pressures. However in such a detailed view, the number of
selective forces that are to be considered may become too large to be concise or even
meaningful (Fitch, 2006).
The connection between language and music is evident from the results showing common
perceptual basis for these abilities in newborns. The ability to extract a melodic contour is the
same ability that is needed for analyzing prosodic cues (Thesis I); grouping is necessary
whether boundaries of words or boundaries of musical phrases are to be extracted (Thesis III);
and synchronization in a common time-frame is necessary not only for tapping/moving along
music, but also for communication in dyads or larger groups (Thesis IV). Interestingly, the
similarities between music and language do not end here, as linguistic contrasts (e.g. changes
in phoneme category, vowel type or vowel length) presented to newborns in oddball
paradigms evoke MMN-like magnetic (Kujala et al., 2004) and ERP responses. The latter can
be either of negative (Cheour et al., 1998, 2002c; Cheour-Luhtanen et al., 1995; 1996) or
positive polarity (Dehaene-Lambertz & Pena, 2001; Pihko et al., 1999). The polarity of these
responses also varies considerably between studies reporting measurements during the first
year of life (Dehaene-Lambertz & Balliet, 1998; Dehaene-Lambertz & Dehaene, 1994;
Dehaene-Lambertz, 2000; Friderici, Friedrich & Weber, 2002; Thierry, Vihman & Roberts,
2003; Friedrich, Weber & Friderici, 2004; van Leeuwen et al., 2006, for reviews DehaeneLambertz & Gliga, 2004 and Bishop, 2007). This functional similarity in the basic processing
of musical and speech stimuli raises the question: At which level of processing can language
and music really be dissociated? Surely there is a multitude of shared abilities already present
in newborns that will be uncovered by further research.
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One way of unraveling the phylogeny of music is by comparison with animal models.
MMN or MMN-like components have been elicited in several animal species including rats
(e.g. Astikainen et al., 2006), guinea pigs (e.g. Okazaki et al., 2010), cats (e.g. Csépe, Karmos
& Molnár, 1987, Pincze et al., 2001; 2002), and monkeys (Javitt et al., 1992; 1994). These
studies generally found MMN to frequency and amplitude deviants (for a review see Nelken
& Ulanovsky, 2007), who pointed out the similarity in rule representations and general
discriminative abilities of different species. Animals also exhibit further abilities necessary for
music processing: for example, some species represent rare feature conjunctions (Astikainen
et al., 2006) or sound duration (Okazaki et al., 2010). The most interesting result in the
context of music perception comes from Rusuuvirta and colleagues (2007) who showed pitchcontour discrimination in anesthetized rats. This finding opens the possibility to directly
compare between species the perceptual abilities underlying music and test predictions about
the music-specificity of some abilities using animals, which presumably lack music cognition.
The broadest way of integrating the results of this thesis with the results of cognitive
science can be based on the similarities of basic auditory processing found in adults,
newborns and animals using the MMN paradigm, which Näätänen and colleagues (2010) see
as a manifestation of a common automatic core of other sound-related cognitive abilities.
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5. Conclusions and further directions
Babies are born well-equipped for gathering information from the auditory environment. In
many respects, their abilities are comparable to those of adults, if not in precision, certainly in
function. The experiments of this thesis are amongst the first steps toward a systematic
examination of neonatal auditory processing. Further experiments within the field of music
perception should try to test broader theories about the origins and functional organization of
music, as well as the underlying neuronal substrates. Abilities, which might be exclusive to
music processing, should be one of the focal points of research. A good candidate for such an
ability, which was identified in this thesis, is meter perception. The MMN-like response in
newborns is a useful and proven tool for this endeavor, albeit one that itself is in need of
further research. Finally, integrating music research with the study of language and the
broader field of communication should yield a deeper understanding of human cognition.
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