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Glossary of abbreviations

ANOVA Analysis of variance

EEG Electroencephalography/Electroencephalogram
ERP Event related brain potential

MEG Magnetoencephalography/Magnetoencephalogram
MMN Mismatch negativity

MMF Mismatch field

RT Reaction time

SOA 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 alapvetd jelentdsége minden ismert kultaraban, feltételezi, hogy az altalanos
¢észlelési és kognitiv feldolgozasban gyokeredzik. A hallas altalanos folyamatai olyan alapot
képeznek, amelyre a zeneészlelés, illetve tagabban értelmezve, minden akusztikus
kommunikéciéo épiil. Az egyedfejlodés soran a zeneészlelés képessége a velesziiletett
hajlamok, kornyezeti korlatok és a tanulds folyamatadnak interakcidjabol bomlik ki. Az
interakciok feltarasahoz fontos informaciokat biztosit a zeneészlelést megalapozd képességek
vizsgalata 0jsziilott korban ¢€s e képességek fejlodésének vizsgalata a késdbbi ¢€let soran. Az
elektrofiziologia lehetdvé teszi a hallasi feldolgozas vizsgalatat Ojsziilott gyermekeknél. A
felnétteken mérheté mismatch negativity (MMN — eltérési negativitas) kivaltott komponens
¢s a funkciondlis hasonld diszkriminativ valaszok ujsziildttekben alkalmasak valtozatos
hallasi észlelési képességek vizsgalatara. A disszertacid ot, kivaltott valaszokat hasznalo,
kisérleten alapszik, amelyek koziil négy az 0jsziilottek zenei hangmagassag-, hangszin- és
ritmusészlelését megalapozd képességeit vizsgalja. Egy kombindlt viselkedéses ¢és
elektrofiziologiai kisérlet pedig a felndttek zenei ilitemészlelését vizsgalja. A kisérletek
eredményei alapjan gy tiinik, hogy a csecsemOk mar sziiletésiikkor jol felkésziiltek a
zeneészleléshez sziikséges informacid feldolgozasara és e képességeik hasonldak a felnéttek

képességeihez.



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”.’

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

! 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.



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.



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



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



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.



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.



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).



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



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).



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
Deliege 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 centroid®. 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’. It has been shown that the scale of the source and the scale
filter* 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

? 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.

* 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 (Nédtdnen et al., 2007, Kujala, Tervaniemi & Schroger, 2007; Winkler 2007), the
development of MMN (Kushnerenko, 2003; Ceponiené, 2001; Cheour, Leppédnen & Kraus,
2000; He, Hotson & Trainor, 2007) and MMN in music perception (Tervaniemi, 2006;
Tervaniemi & Brattico, 2004; Tervianemi & Huotilainen, 2003).

MMN is an ERP component” 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

> 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
& Schroger, 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 (Naitdnen, Gaillard & Méntysalo in 1978). The auditory
memory trace was thought to correspond to auditory sensory memory as observed in
behavioral studies (Cowan, 1984; Néitidnen, 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 & Néitinen, 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, Arajirvi, 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,

Schroger & 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;
Néitédnen 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
(Néatianen 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; Haden 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 Naitinen 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;
Ceponiené et al., 2002; Cheour, Leppinen & 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 Nédtdnen 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 & Schroger
2001; Takegata et al., 2001; Paavilainen, Valppu & Naitdnen, 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 Nadtdnen & 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 Ceponiené 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 Néétidnen, 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

19



a relationship between performance and MMN amplitude or latency (Bazana & Stelmack,
2002) MMN responses were found in the absence of conscious discrimination (Paavilainen;
Arajéarvi, & 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 & Schroger, 2007)

Discrimination training can enhance MMN amplitudes as shown by Naitdnen 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, Schroger & 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 (Ndétdnen and Alho, 1997; Niitinen 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., Jadskeldinen, 2004 and May & Tiitinen, 2010,
but see Nédtdanen, Jacobsen & Winkler, 2005 and Néétinen, 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, Leppinen & Kraus, 2000; He,

23



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, Ceponiené 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 Ceponiené 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. Leppénen,
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,
Leppénen 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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Leppénen, 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 Leppdnen,
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 (Horvath, Winkler & Bendixen, 2008), namely processing significant events
signaled by change detection in the sensory system, is compatible with the assumptions

above.

29



*a3ed 1xou

uo panunuo)) (asuodsar yoyewsiua SN JUedIudIs jou :'su 9qeordde jou :e'u) 91|

0¢

JO 1834 3511} 9} 03 UoNdaOUOd WOIJ UONBUIWLIISIP Aouanbaiy Jo sarpnys jueju] T a|gqel

Article Age Method Stimuli SOA  Results Polarity
Alho et al.. 1990 newborn EEG Pure topes, 40 ms, 1000 Hz standard, 1200 610 ms negativity at 296 ms (Fz), 270 ms negativity
> Hz deviant (Cz)
X .. newborn Pure tones, 100 ms, 1000 Hz standard, 1100 negativity peaking ~200-220 ms .
. EEG - ’ ’ 800 .. ) t
Ceponien¢ ef al., 2000 6 months Hz deviant s negativity peaking ~120-150 ms negativity
x .. 100 ms tone, three partials, 500 Hz standard, in 81% of subjects negativity at 168 .
Ceponiené et al., 2002 newborn EEG 750 Ha deviant 800ms (F3), 174 (F4) negativity
no marked peaks, slow positivity in e
450 ms 200-700 ms range positivity
Cheour et al., 2002a newborn EEG Pure topes, 100 ms, 1000 Hz standard, 1100 800 ms 1© marked peaks, slow negativity in negativity
Hz deviant 200-700 ms range
1500 no marked peaks, slow positivity in ositivit
ms 200-700 ms range P y
in utero, week 900
33 ms,
. no effect of SOA, MMR at 321 ms
Draganova et al., 2005 MEG 100 ms tone, three partials, 500 Hz standard, random in 48% of fetuses, 307 ms in 80% of  n.a.
’ 750 Hz deviant 600-
newborn 1200 newborns
ms
in utero, week 100 ms tone, three partials, 500 Hz standard ggz)dom MMR at 322 ms in 46% of fetuses
2 _ ) s ) - o 5
Draganova et al., 2007 8-36 MEG 750 Hz deviant 1000 345 ms in 56% of newborns na
newborn ms
newborn negativity
3 months negativity
negativity in 50-150 ms range in negativity
6 months . newborns, in 150-250 ms range at 3
’ > (ns.
Fellman et al., 2004 EEG ;(S)g E; ti(zli?;;lzree partials, 500 Hz standard, 800 ms 12 months, not significant in 6, 9 ( ). .
9 months months; positivity in 250-350 ms negativity
range in all ages (n.s.)
12 months negativity
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both
(negativity
2 months only on
with 3-20 Hz filter negativity in all frontal
] age groups, peak latency decreases channels)
He, Hotson & Trainor, EEG 600 ms piano tones, 523.25 Hz standard, 740 200 ms with age (214 ms, 212 ms, 199 ms,
2007 Hz deviant respectively); with 0.5-3 Hz filter both
slow positivity at 2 and 3 months in ~ (positivity
3 months 100-400 ms range on left
frontal
channels)
4 months negativity
with 0.5-3 Hz filter faster and positivity
300 ms piano tone, 523.25 Hz standard 400 ms  smaller positivity for 400 ms SOA in (2
2 months 554,37 Hz (1 ST) ;mall. deviant ’ and both age groups, with 3-20 Hz filter =~ months),
' 800 ms negativity only at 4 months, no both (4
] effect of presentation rate months)
He, Hotson & Trainor, EEG
2009a with 0.5-3 Hz filter broad positivity
600 ms piano tone, 523.25 Hz standard in both ages, ho effect of magnitude
4 months 554.37 Hz (1 ST) small deviant, 698.46 (6 800 ms ?f chaln 8¢, W1 t}.l 3-20 Hz ﬁlt}fr small both
ST) Hz large deviant ronta pegatwlty at2 months,
negativity at 4 months increasing
with amplitude of change
450 ms no-
negativity
Hirasawa, Kurihara & newborn EEG Pure tones, 100 ms, 1000 Hz standard, 1200 1000 only with 1000 ms SOA prominent negativit
Konishi, 2002 Hz deviant ms negativity peaking at 230 ms cgativity
1500 no
ms negativity
: 1o ; :
Huotilainen et al., 2003 newborn MEG 100 ms tone, three partials, 500 Hz standard, 800 ms MMR in 91% of subjects peaking at na

750 Hz deviant

247 ms
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oo in utero, week 100 ms tone, three partials, 500 Hz standard, MMR in 70% of subjects peaking at
Huotilainen et al., 2005 35.40 MEG 750 Ha deviant 800ms n.a.
newborn
3 months negativity in 83% of newborns,
6 months 100 ms tone, three partials, 500 Hz standard, peaking at ~150 ms, grand average ..
Kushnerenko et al., 2002 9 months EEG 750 Hz deviant 800 ms shows negativity in all ahes, not negativity
stable within individuals and age
12 months
positivity
positivity in 150-250 range for g); uenc
100 ms tone, three partials, 500 Hz standard, frequency and intensity deviant, an((il y
Kushnerenko et al., 2007 newborn EEG 750 Hz deviant, +10 dB intensity deviant, 800 ms negativity in 100-200 range for intensity
white-noise deviant, novel sounds white-noise deviant and novel L7
sounds, followed by large positivity negat1.v1ty
’ to white-
noise
33% of subjects showed negativity,
Leppéinen ot al.. 2004 newborn EEG Pure topes, 74 ms, 1000 Hz standard, 1100 495 ms others‘posmwty; correlated with both
> Hz deviant gestation age and vagal tone (smaller
= more negative)
Leppénen, Eklund & newborn EEG Pure tones, 74 ms, 1000 Hz standard, 1100, . no marked peaks, slow positivity in positivity

Lyytinen, 1997

Hz deviant, 1300 Hz deviant

200-700 ms range
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2-7 months L . .
Morr et al., 2002, Pure tones, 150 ms, 1000 Hz standard, 1200 positivity peaking ~300 ms in both .
. EEG . 900 ms positivity
Experiment 1 Hz deviant age groups
8-12 months
2-7 months ivi i
Morr et al., 2002, Pure tones, 150 ms, 1000 Hz standard, 2000 negativity peaking at 177 ms (F2), .y
E . 2 EEG Hz deviant 900 ms 165 ms (Cz) for younger, 160 ms negativity
Xperiment 2-12 months (Fz), 150 ms (Cz) for older
100 ms pure tone, 250, 1000, 4000 Hz positivity in 200-300 interval for the
Novitski et al., 2006 newborn EEG standards (separate blocks), 5%, 20% 800 ms 20% deviants, most marked with positivity
frequency deviants 1000 Hz
. larger response for novel than
Sambeth et al., 2006 newborn MEG 300 ms tone, three partials, 500 Hz standard, 1000 deviant, no clear peaks, difference in  n.a
750 Hz deviant, novel sounds ms
200-700 ms range
Tanaka et al., 2001 newborn EEG 100.ms pure tone, 750 Hz standard, 1000 Hz 1000 negativity peaking at 500 ms at 35 negativity
deviant ms weeks, at 300 ms at 38 weeks )



Discrimination abilities for temporal sound features are important for both music and
language perception. Table 2 summarizes infant studies of temporal discrimination. Two
studies (Ceponiené 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 (Ceponien¢ 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 (Ceponiené 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
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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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1550 ms
standard, 425,
550, 800, 1050  negativity in 144-240 range,
Brannon et al., 2008 10 months  EEG 50 ms pure tones, 1000 Hz ms deviant amplitude increases with magnitude  negativity
SOA, random  of change
+/- 50 ms jitter
in all stimuli
x .. 500 Hz tone, three partials, 200 ms standard, in 80% of subjects negativity at 256 .
Ceponiené et al., 2002  newborn EEG 100 ms deviant 800 ms ms (F3), 257 (F4) negativity
500 Hz tone, three partials, 100 ms standard, .
Cheour et al., 2002b newborn EEG 40 ms deviant, 200 ms deviant in separate 800 ms geggtlwty n 1150_500 range for both negativity
blocks eviants, peaks ~300 ms
Cheour et al.. 2004 newborn MEG 500 Hz toqe, three partials, 100 ms standard, 800 ms pos¥t1ve §1fference in 3 out of 4 na.
> 40 ms deviant subjects in the 200-300 ms range
Trainor et al.. 2001 6-7 months EEG deviant is two 2000 Hz tone pips with 4, 8, 800 ms negative peak at ~220 ms for all negativity
> 12 ms gap between, standards without gap deviants
2 months deviant i 2000 H .y slow positivity peaking ~200 ms positivity
Trainor et al., 2003 3 months EEG eviant is two Hztone pips Ioms gap g 1y 31% show negativity positivity
’ between, standard without gap o
4 months 58% show negativity both



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 tone-
pairs 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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ascending and descending pure tone pairs 40 slow Dositive wave in 50-450 ms
Carral et al., 2005 newborn EEG ms, 50 ms gap, 7 levels between 553-1661 540 ms rangep positivity
Hz
3 months . . no significant difference no
ascending and descending complex tone response
He & Trainor. 2009 4 months EEG pairs, 150 ms, 5 0 ms gap, In 259-456 H_Z 750 ms negative peak at 192 ms negativity
’ range, descending deviants emerg only if
7 months missing fundamental is processed negative peak at 166 ms negativity
He, Hotson & Trainor, 2 months EEG 400 ms piano tones (523 Hz, 740 Hz), in 850 ms no significant difference ?eosponse
2009b 4 months cither ascending or descending trials negative peak at ~250 ms negativity
3-12 complex tone pairs, all partials, 70 ms tone, gzggﬁl‘gst};ggzztri%rﬁg;}tl: months, negativity
Jing & Benasich, 2006 EEG 300 ms intertone interval, 100 Hz - 100 Hz 1140 ms ) . . ’ form 6
months standard, 100 Hz - 300 Hz deviant amplitude higher with age, frontal months on
’ shift in distribution with age
50 ms tones, two frequency levels (750, 1000 slow Dositive wave in 50-450 ms
Ruusuvirta et al., 2003  newborn EEG Hz) and two intensity levels (50, 70 dB) 300 ms ran epfor infrequent confunctions positivity
form frequent and infrequent conjunctions & 4 !
two duration levels (50, 80 ms), two
frequency levels (750, 1000 Hz) and two slow Dositive wave in 50-450 ms
Ruusuvirta et al., 2004  newborn EEG intensity levels (50, 70 dB) form frequent 300 ms ran epfor infrequent coniunctions positivity
and infrequent conjunctions, single features & 4 J
equally distributed
50 ms pure tones, varied in frequency (250- in control and two stream condition,
. 1986 Hz) and intensity (61-86 dB), control 250 ms, 750 intensity deviants elicited positivity e
Winkler et al., 2003 newborn EEG intensity oddball, one stream, two streams ms in 150-400 ms range, no difference positivity

sequences
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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 (Horvath, 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
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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 MMNss, 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 MMNSs elicited by deviants in pure tone sequences (Tervaniemi et al., 2006;
Brattico, Nédtinen & Tervaniemi, 2002; Koelsch, Schroger & Tervaniemi, 1999). Some
studies found a small difference between musicians and non-musicians when using a
near-threshold (>1% difference) deviance (Koelsch, Schréger & 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, Schroger & Tervaniemi, 1999) or some musical context was provided (Brattico,
Nadtdnen & 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 MMNSs to out-of-key and
out-of-tune deviants in musical contexts (Brattico et al., 2006) requiring the existence of long-
term 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 MMNSs 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
& Naitdnen, 1992), the spectral centroid (Toiviainen et al., 1998), and more generally for
timbre categories (Tervaniemi, Winkler & Naitdnen, 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 & Naitinen, 2001; Wolff & Schroger, 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)°. 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

% 1t 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., Nédéténen 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 I1: 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 I11: 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, Leppinen & 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 1V: 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
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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., Haden, G.P., Sziller, 1., Balazs, L., Beke, A., Winkler, 1. (2009) Newborn
infants process pitch intervals. Clinical Neurophysiology 120. 304-308. DOI:
10.1016/j.clinph.2008.11.020
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Objective: We investigated whether the auditory system of newborn babies extracts the constancy of a
pitch interval from exemplars varying in absolute pitch.

Methods: Event-related brain potentials (ERP) were recorded from healthy newborn infants in an eddball
paradigm consisting of frequent standard and infrequent deviant tone pairs. Tone pairs varied in absolute
frequency. Standard and deviant pairs differed in the amount of pitch difference within the pairs, but not
in the direction of pitch change.

Resuits: Deviant tone pairs elicited a discriminative ERP response.

Conclusions: This result suggests that the neonate auditory system represents pitch intervals similarly to
adults.

Significance: Adult-like processing of pitch intervals allows newborn infants to learn music, speech pros-
ody, and to process various impertant audirory cues based on spectral acoustic fearures.

@ 2008 International Federation of Clinical Newrophysiology. Published by Elsevier Ireland Lrd. All rights

1. Introduction

From the early days of life, humans are strongly interested in
music {Trehub, 2003). Speech directed to pre-linguistic infants is
characteristically melodious (Fernald, 1991) and infants at 6
menths of age are more attentive to maternal singing than to
maternal speech {Nakata and Trehub, 2004). The spectral aspects
of mus lude the melodic contour, the sequence of rising and
falling pitch steps irrespective of their exact size and the actual
pitch intervals {(Edworthy, 1985; Peretz and Babai, 1992). Pitch-
change direction, the basic building brick of melodic contour, is
extracted from sound pairs of varying absolute pitch in adults
(Saarinen et al., 1992) and in newborn infants (Carral et al.,
2005a) as well as from longer sound sequences of uniform pitch-
change direction {Tervaniemi et al., 1994). In adults, melodic con-
tour is extracted from transposed presentations of the same
melody (Tervaniemi et al., 2001; Tervaniemi et al., 2001a) and
there are indications that also the size of pitch intervals can be
extracted from exemplars varying in absolute pitch {Fujioka
et al, 2004; Paavilainen et al., 1999; Tervaniemi et al., 2006). Fujio-
ka and colleagues {2004 also found that the detection of change in

* Corresponding auther. Address: Institute for Psychology, Hungarian Academy of
Sciences, P.O. Box 398, Szondi u. 83-85, H-1384 Budapest, Hungary. Tel: 436 1
3542240, fax: +36 2 3542416

E-mail address: iwinkler@cegpsyphy.hu (L Winkler).

reserved.

melodic contour and pitch intervals is enhanced by musical train-
ing. Furthermore, 8-month olds were shown to detect 1-semitone
changes in short melodies, irrespective of whether the change
resulted in violating the key or not, as opposed to adults, who per-
formed better on out-of-key trials {Trainor and Trehub, 1992).
However, little is known about whether or not the neonate audi-
tory system already possesses the same ability. Therefore, the
question asked in the current study was whether the neonate audi-
tory system processes pitch intervals (relative pitch) similarly to
adules, thus providing a basis for adult-like perception of melodies.

The mismatch negativity {MMN)} event-related potential pro-
vides a way to study the processing of pitch intervals that can be
applied both in adults and in newborn babies, allowing direct com-
parison between these two widely separated developmental stages.
This is because MMN is an electrophysiological brain response,
which is elicited when the violation of an acoustic regularity has
been detected in the brain whether or not participants focus their
attention on the sounds { anen et al, 1978; for recent reviews,
see Kujala et al., 2007; Nadtanen et al., 2007). An MMN-like discrim-
inative response was observed in sleeping neonates {Alho et al.,
1990; for a recent review, see Csibra et al., 2008) and has been previ-
ously used to study auditory frequency discrimination {Novitski
et al,, 2007) and regularity extraction {Stefanics et al., 2007 ). MMN
studies of pitch contour and pitch intervals were based on the obser-
vation that sounds delivered in close succession and separated from
other sounds by relatively longer silent intervals are treated by the

1388-2457/834.00 @ 2008 International Federation of Clinical Meurcphysiclogy. Published by Elsevier Ireland Lid All rights reserved.
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auditory system as relatively encapsulated units {Miller and Schra-
ger, 2007; Takegata et al., 2005 ). Using this principle, several studies
presented adult participants with series of tone pairs in which the
direction of the within-pair frequency change was kept constant
(either always ascending or descending) while abselute tone fre-
quency was randomly varied {Carral et al, 2005b; Korzyukov et al,,
2003; Paavilainen et al., 1995, 1998, 1999, 2003; Saarinen et al,
1992). Occasional tone-pairs with the opposite within-pair fre-
quency change direction, or no frequency change evoked the MMN
response. The MMN component elicited in the frequency-change
direction paradigm has been found to be insensitive to the magni-
tude of the deviation {Carral et al., 2005b). This result suggests that
frequency-change direction was extracted and represented irre-
spective of the size of the change {i.e., the pitch interval). Using the
same method, processing of frequency-change direction has been
shown in 8- to 14-year-old children {Gumenyuk et al., 2003) as well
as in newborn babies {Carral et al., 2005a). Studies using transposed
melodies instead of tone pairs { Fujioka et al., 2004; Tervaniemi etal.,
2001, 2006) and even varying individual pitch steps within the mel-
odies (Trainor et al., 2002b) extended the frequency-change direc-
tion results to melodic contours. The result ohtained with ERP
methods are fully compatible with those cbtained in behavioral
studies, which demonstrated the processing of melodic contour in
adults {e.g., Cuddy and Cohen, 1976; Tervaniemi et al,, 2001; Trainor
et al., 2002a,b) and in infants of 3 months {Demany and Armand,
1984), 8-11 months {Trehub et al., 1984) and 9-11 months of age
{Trehub et al., 1987).

However, accurate perception of relative pitch intervals is also
necessary for music perception { Dowling, 1978; Fujicka et al., 2004;
Trainor and Trehub, 1992). Paavilainen and his colleagues {1999)
tested adults with a modified tone-pair paradigm in which standard
pairs included the same pitch interval {at varying ahsolute frequen-
cies) and deviants differed only in the size of the interval, but not in
the direction of frequency change. MMN elicitation by deviants in this
paradigm indicated that the constancy of pitch intervals was
extracted from the sequence of pairs. Furthermore, Trainor and col-
leagues {2002), Fujicka and colleagues {2004), and Tervaniemi and
colleagues {2006) found that occasional changes in the final pitch
interval (without changing the pitch contour) in repetitive short
transposed melodies also elicited the MMN. However, some studies
suggested that detecting changes in pitch intervals is more difficult
than that for the melodic contour {Cuddy and Cohen, 1976; Dowling,
1978 ). Furthermore, accurate representations for pitch intervals may
develop later inlife than that for melodic contour { Dowling, 1982). In
contrast, one study in 3-month old infants showed that they display
novelty reactions to variation in the size of pitch intervals in simple
three-tone melodies, suggesting that infants also represent the size
of pitch intervals { Demany and Armand, 1984). Similar sensitivity to
changes in pitch intervals was observed in 8-month old infants using
somewhat longer meledies {Trainor and Trehub, 1992), The cwrrent
study tested whether the newborn auditory system extracts pitch-
interval invariance from tone pairs varying in absolute frequency.
The intervals used in the current study were based on the interval-
deviant condition of Tervaniemi and colleagues (2006), whereas the
paradigm is generally similar to that of Paavilainen et al. { 1999, Exper-
iments 2a and 3a). Elicitation of a discriminative MMN-like response
by occasional pitch-interval deviants would suggest the existence of
adult-like representation for pitch intervals at birth.

2. Materials and methods
2.1. Participants

ERP responses were recorded from 15 {5 female) healthy full-
term newborn infants on day 2 or 3 pestpartum. Their gestational
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Fig. 1. schematic illustration of the stimulus paradign. Tone pairs are represented
tw connected black squares. The x-axis represents time, the y-axis is scaled in pitch
(i in semitones). Standard pairs (2-5T descending pitch intervals) are marked by
“8", deviant pairs (7-57 descending pitch intervals) by “D".

age was 38-41 weeks, birth weight 2900-5400 g and Apgar score
9/10. All infants had normal hearing tested by otoacustic emissions
as part of the routine hospital procedures. The recordings were car-
ried out in the hospital ward of the First Department of Obstetrics
and Gynecology, Semmelweis University, Budapest, Hungary alter
informed consent was obtained from one or both parents. The
mother of the infant was present during the recording. The study
was approved by the Ethics Committee of the Semmelweis Univer-
sity as well as by the Institutional Review Board of the Institute for
Psychology, Hungarian Academy of Sciences. One infant's data
could not be used due to too few responses in some stimulus cat-
egories and an additional four infants' data were discarded due to
excessive electric artifacts. Of the remaining 10 infants, three were
female.

2.2, Stimuli and procedure

Sleeping newborns were presented with pairs of sinusoidal
tones (50-ms duration with 5-ms rise and 5-ms fall times, 75 dB
sound pressure level) descending in frequency. Fig. 1 shows a sche-
matic illustration of the stimulus paradigm. The within-pair inter-
val was 150ms, the between-pair interval 1250 ms. Standard
{small pitch interval, 2 semitones [ST]) and deviant pairs (big pitch
interval, 7 ST) differed in the size of the descending pitch step.
Deviant pairs equiprobably varied on six absolute frequency levels,
separated from each other by 1-ST steps. Standard pairs varied on
11 absolute frequency levels, six of which had the first tone iden-
tical to those of the deviant pairs, and six had its second tone iden-
tical to those of the deviant pairs {one standard pair had both tones
appearing also in deviants; see Tahle 1 for the exact tone frequen-
cies of all pairs). Thus neither the first nor the second tone of the
deviant pairs was unique to deviant pairs; both appeared also in
standard pairs. The tone pairs were delivered in a pseudo-random-
ized order constrained by the requirement of at least 2 standard
pairs separating consecutive deviant pairs and consecutive pairs
starting at different frequencies. In five stimulus blocks, a total of
1000 tone pairs were delivered of which 150 were deviants
(p=0.15) and 850 standards {p = 0.85). Each stimulus block began

Table 1
Tone frequencies (in Hz) of the standard (small step} and deviant (big step) pairs.

First tone Small step (2 5T) Big step (7 ST)
494 440

523 46k

554 454

587 523

622 554

659 587 440
Ga8 622 466
740 659 494
784 EOE 523
B30 740 554
BEO T84 587
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with 6 standard pairs. In a control stimulus block presented at ran-
dom position amongst the five main experimental blocks, 300 tone
pairs with the big pitch interval were delivered alone, providing
identical-stimulus comparison for the deviant-pair responses.
Although the interval separating consecutive pairs with the 7-5T
interval differs between the main and the control experimental
blocks, the overall inter-pair interval was the same across the
two types of sequences. Thus any difference between the ERP
responses elicited by deviant and the control tone pairs can be
attributed to the specific pitch interval of the deviant, whether
by detecting them as deviants within the oddball sequences or
by processing them separately from the small pitch intervals and
thus becoming sensitive to the temporal density with which these
pairs were encountered. In either case, finding a difference
between the deviant and the control ERP responses suggests that
the neonate auditory system represents different pitch intervals.

Sounds were presented binaurally using the E-Prime stimulus
presentation software { Psychology Software Tools, Inc., Pittshurgh,
PA, LUSA] through ER-3A loudspeakers { EtymStic Research, Inc., Elk
Grove Village, IL, USA) connected via sound tubes to self-adhesive
ear-couplers {Matus Medical, Inc., San Carlos, CA, USA) placed over
the babies’ ears.

2.3, EEG recording and data analysis

EEG was recorded from electrodes placed at the F3, Fz and F4 scalp
locations (set according to the international 10-20 system) with the
commeon reference attached to the tip of the nose, The ground elec-
trode was placed on the forehead. Eye movements were monitored
by recording the electrooculogram {EOG) between two electrodes,
one placed below the left and another above the right eye. EEG was
recorded at 24 bit resolution and a sampling rate of 250 Hz by a
direct-coupled amplifier (V-Amp, Brain Products, Munich,
Germany). The signals were on-line low-pass filtered at 110 Hz.

EEG was filtered off-line between 1.5 and 16 Hz. For each tone
pair, an epoch of 600-ms duration was extracted from the contin-
uous EEG record. The epochs started 100 ms before the onset of the
second tone of the pair. Epochs with a voltage change below 0.1 pv
or above 75 puV on any EEG or EOG channel were rejected from fur-
ther analysis. Epochs were baseline-corrected for the 100-ms pre-
stimulus period and averaged separately for standard, deviant, and
control pairs. The mean number of artifact-free deviant trials per
infant was 133 with a corresponding number of standard
responses collected in the control condition.

The ratio of quiet and active sleep was assessed separately for
each stimulus block, following the criteria suggested by Anders
et al. {1971), using EEG and EOG measures and observations of
the infant’s behavior. Periods of wakefulness and indeterminate
stages were excluded from this analysis. Overall, the infants were

more often in active (53% of the time) than in quiet sleep (26% of
the rime] during the recordings. This result is in line with the sim-
ilar ohservations of Novitski and colleagues {2007). The ratio of
quiet and active sleep did not significantly differ between the test
and the control stimulus blocks (r{11)=0.87, p=0.4).

For amplitude measurements, a 40-ms long time window was
selected from the group-averaged deviant-minus-control differ-
ence waveform (Fig. 1) at the Fz electrode. The window was cen-
tered on the negative peak observed at 212 ms from the onset of
the second tone in the group-averaged difference waveform. The
effects of stimulus type were analyzed with three-way repeated-
measures analyses of variance {ANOVA: Stimulus type [Deviant
vs. Control| = Lateral position |Left vs. Central vs. Right]). Green-
house-Geisser correction of the degrees of freedom was applied
where appropriate.

3. Results and discussion

Fig. 2 shows the grand-averaged ERP responses elicited by the
second tone of deviant and identical control tone pairs at the three
frontal scalp locations (F3, Fz, and F4) together with the corre-
sponding deviant-minus-control difference waveforms. The gray-
shaded areas show the time window selected for the amplitude
measurements. The ANOVA for the negative difference wave
yielded a significant main effect of stimulus-type (F1,9)=5.29,
p<0.05, #*=037). No other main effect or interaction was
significant.

The ERP responses elicited by deviant tone-pairs were signifi-
cantly different from those elicited by control tone-pairs having
identical pitch intervals. This result demonstrates that the neonate
auditory system shows adult-like capabilities in representing pitch
intervals and detects deviations from a constant interval irrespec-
rive of variation in absclute frequency (for compatible results in
adults, see Fujivka et al,, 2004; Paavilainen et al., 1999; Tervaniemi
et al, 2006; Trainor et al, 2002ab). The discriminative ERP
response could not stem from infrequent tones appearing only in
the deviant pairs, hecause all tones used in composing the deviants
also appear in the same position in one of the standards. An alter-
native interpretation of the current and similar results in adults is
that humans are sensitive to the harmonic dissonance {perceptual
roughness) of tone pairs, just as adults are sensitive to this feature
in chords (Bigand et al., 1996; Lerdahl and Jackendoff, 1983). In the
current study, standards had a dissonant, whereas deviants a con-
sonant interval. The difference in consonance would explain the
contrast between results suggesting that forming accurate repre-
sentation for pitch intervals may be difficult {also for adults: Cuddy
and Cohen, 1976; Dowling, 1978) and those showing that certain
pairs of intervals are discriminated both by adults and infants even
in the absence of musical training or attention focused on the

ERPs elicited by deviant and control pitch intervals

Deviant
Control
—— Deviant-control

Fig. 2. Group-averaged ERP responses elicited by deviant {doited line) and control (dashed line) pitch pairs at three [rontal electrode locations [F3, Fz, and F4} Deviant
minus-centrol difference waveforms are pletted in black (selid line), The enset of the second tene of the pairs is at the crossing of the axes, Gray areas mark the fime window

selected for amplitude measurements [192-232 ms),
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sounds (the current results and Demany and Armand, 1984,
Fujicka et al, 2004; Paavilainen et al, 1999; Tervaniemi et al.,
2006; Trainor et al,, 2002ah). For example, Trainor and her col-
leagues (2002b) found preference for consonant compared with
dissonant two-tone intervals in 2- and 4-month-old infants, sug-
gesting that they are se ve to interval consonance even before
learning musical scales. This alternative interpretation does not ar-
gue against the conclusion rhat newhorn bahies process pitch
intervals similarly to adults. The studies showing good discrimina-
tion performance in adults also contrasted consonant and disso-
nant intervals {e.g., Tervaniemi et al., 2006; Trainor and Trehub,
1992). Thus it is possible that both adults and neonates rely at least
partly on consonancefdissonance information in detecting changes
in a sequence of transposed pitch intervals.

Carral et al's {2005a) results indicated that newhorn infants
process the d
our recent results (Haden et al, in press) showed that neonates
form separate representations for the pitch and timbre {resonator
size, a timbral feature) of complex tones. Taking these and the cur-
rent results together, they indicate that newborn babies process
the spectral cues of melodies similarly to adults, a conclusion
strongly supported by the recent finding showing that newborn
infants are sensitive to the prosodic cues of speech {Sambeth
et al., 2008). However, Novitski et al.’s results (2007) advise cau-
tion, as these authors demonstrated that the accuracy of pitch rep-
resentation in the neonate auditory system is significantly lower
than that in adults {also shown by behavioral studies in somewhat
older infants, see e.g., Wormith et al., 1975).

Other neonatal studies applying the MMN method demonstrated
the operation of higher-level auditory abilities in neonates, such as
the segregation of concurrent streams of sound {Winkler et al,
2003), auditory feature binding {Ruusuvirta et al.,, 2003) and audi
tory temporal grouping (Stefanics et al, 2007). Whereas neonates
appear to be more sensitive to surface sound features {such as spec-
tral width or intensity ) than adults and their sound categorization is
slower and less elaborate than that in adults {(Kushnerenko et al.,
2007 ), it appears that most { perhaps all} basic and higher-level au
tory processing abilities are functional at hirth {while not nec rily
as accurate as in adults). These abilities allow newborn babies to
extract invariant relationships from the normally variable acoustic
environment and thus to track speakers and extract messages from
the composite auditory input. Therefore, these auditory functions
underlie attachment to and communication with the caretaker per-
sons as well as learning to speak and to enjoy music.

In summary, our results demonstrated the adult-like function-
ing of the neural mechanisms underlying the processing of pitch
intervals in newborn infants.

ection of frequency change within tone pairs, while
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Abstract

The ability to separate pitch from other spectral sound features, such as timbre, isan important prerequisite of veridical
auditory perception underlying speech acquisition and music cognition. The current study investigated whether or not
newborn infants generalize pitch across different timbres. Perceived resonator size is an aspect of timbre that informs
the listener about the size of the sound source, a cue that may be important already at birth. Therefore, detection of
infrequent pitch changes was tested by recording event-related brain potentialsin healthy newborn infants to frequent
standard and infrequent pitch-deviant sounds while the perceived resonator size of all sounds was randomly varied.
The elicitation of an early negafive and a later positive discriminative response by deviant sounds demonstrated that the
neonate auditory systemn represents pitch separately from timbre, thus showing advanced pitch processing capabilities.

Descriptors: Pitch processing, Timbre, Perceived resonator size, Development, Neonates, Event-related brain

potentials (ERP), mismatch negativity (MMN)

Pitch is a perceived auditory feature ordering sounds on a scale
from low to high. Pure tones resonate at a single frequency, and
the classical findings of psychophysics showed that for such
tones, perceived pitch is determined by the tone frequency (see,
e.g., Zwicker & Fastl, 1990). However, adults perceive pitch even
when hearing nonharmonic sounds, and they can compare pitch
across spectrally and temporally very different sounds (e.g., tell-
ing whether a sound produced by a flute was higher or lower than
a sound produced by a violin). This suggests that the anditory
system analyzes sound structure in a complex way to arrive at
perceiving and representing pitch. Some theorists suggest that
learning plays an important role in pitch perception (Terhardt,
1974). Therefore, it is important to test whether or not nontrivial
forms of pitch analysis are functional in newborn infants, espe-
cially because pitch processing is an important prerequisite of
music and speech perception and is also crucial for representing
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aunditory objects (Kubovy & Van Valkenburg, 2001). The current
study was designed to test whether neonates can equate pitch
across sounds with different timbres.

Sensitivity to spectral sound features appears very early
during ontogenesis. Behavioral studies have shown that the fetal
auditory system is functional to a degree already at ~ 20 weeks
of gestational age (Bimholz & Benacerraf, 1983; Hepper &
Shahidullah, 1994). Reliable event-related magnetic responses
were obtained to pure tones from fetuses from the 27th week of
gestational age onward with the latency of the evoked response
decreasing with age (Holst et al., 2005; Draganova et al., 2005).
Fetal responses related to spectrnm-based sound discrimi-
nation have been obtained for pitch-deviant complex tones from
~ 30 weeks of gestational age (e.g., Huofilainen et al., 2005).

In the current study, pitch processing in newborn infants was
tested by recording electric brain responses to sounds (anditory
event-related brain potentials [ERPs]). In adults, a component of
the human anditory ERP has been shown to be sensitive to per-
ceived pitch, as opposed to the raw acoustic parameters under-
lying pitch perception, such as the frequencies present in a sound.
Using the missing fundamental phenomenon {when removing
the fundamental frequency from a complex tone does not change
its perceived pitch; see de Boer, 1976), Winkler and colleagues
(1995) presented healthy young adults with infrequent complex
tones of 600-Hz fundamental frequency (pitch deviants) among
nine different complex tones having 300 Hz as the missing
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fundamental (standards). Thus neither the standard tones nor
the deviants contained harmonics below 600 Hz. Pitch-deviant
tones elicited an MMNm response, the magnetic counterpart of
the mismatch negativity (MMN) ERP component, which is an
electrophysiological signal reflecting that the violation of an
acoustic regularity was detected in the brain (for a recent review,
see Nidtinen, Paavilainen, Rinne, & Alho, 2007). Because each
frequency present in the deviant was also present in five of the
standard tones, these results indicated that the MMN response is
based on perceived pitch rather than the spectral composition of
the complex tones (Winkler et al, 1995; for a review of other
compatible results, see Nd4tdnen & Winkler, 1999). Because the
sequence of standard (300-Hz missing fundamental) tones was
composed of nine complex tones differing in their harmonic
structure, MMN elicited by pitch change also showed that pitch
repetition was detected even when other spectral parameters
varied in the sound sequence (N#itAnen & Winkler, 1999;
Winkler et al., 1995). Thus it is feasible to use MMN to test
whether pitch-repetition regularity is extracted from a sequence
composed of spectrally different sounds.

Similarly to adults, occasional changesin the frequency of pure
and complex tones have been found to elicit an ERP componentin
full- and pre-term newborn infants, and these neonatal electro-
magnetic responses have been regarded as analogues of the adult
MMN and MMNm (Alho, Saino, Sajaniemi, Reinikainen, &
Nadtanen, 1990; éepom'ené et al., 2002; Draganova et al., 2005).
However, the sensitivity of detecting frequency changes in pure
sinusoidal tones was found to be substantially lower in neonates
than in adults (Novitski, Huotilainen, Tervaniemi, NiAtinen, &
Fellman, 2007), a result in line with behavioral evidence obtaited
for 1-month old infants (Wormith, Pankhurst, & Moffit, 1975).
More reliable discrimination of spectral changes was shown with
complex harmonic tones (Ceponien? et al., 2002), environmental
sounds (Sambeth, Huotilainen, Kushnerenko, Fellman, & Pihko,
2006), noise (Kushnerenko et al., 2007), and speech sounds (Kujala
et al., 2004), snggesting that changes in sounds activating wider
regions of the anditory cortex are more likely to be detected. Using
the MMN method, the operation of higher-level auditory abilities
was also demonstrated in newborn infants, such as the segregation
of concurrent streams of sound (Winkler et al., 2003) and auditory
temporal grouping (Stefanics et al., 2007). Very importantly for
the current stdy, Carral and colleagnes (2005) demonstrated that
the neonate auditory system extracts invariant features from vari-
able sound sequences, providing a basis for testing the processing of
higher-order anditory cues.

Timbre is a complex sound property partly based on spectral
as well as dynamic cues and having several perceptually distinet
components (e.g., McAdams, Winsberg, Donnadieu, De Soete,
& Krimphoff, 1995; Saldanha & Corso, 1964). In adults, it
has been found that occasional timbre-deviant sounds elicit the
MMN response (Goydke, Altenmiiller, Méller, & Miinte, 2004;
Tervaniemi, Winkler, & Naitéinen, 1997). Perceived resonator
size is an aspect of timbre, which allows adults to estimate the size
of the sound source with reasonable accuracy irrespective of the
pitch of the emitted sound (Smith, Patterson, Turner, Kawahara,
& Irino, 2005, van Dinther & Patterson 2006). Vestergaard,
Shtyrov, Pulvermiiller, and Patterson {2007) and Vestergaard
and colleagues (2008) showed that infrequent perceived resona-
tor size changes elicit MMN both in adults, whe did not attend
the sounds, and in sleeping newborn infants, suggesting the
existence of a neural subsystem for automatic speaker-size
processing in the human anditory system.

G.P. Hdden et al.

In the current experiment, timbre variation was implemented
by varying the resonator size of an instrument (French horn)
sound, using such levels of the resonator-size feature, which are
discriminated by the neonate auditory system (Vestergaard et al.,
2008). Sounds with two different pitches (distingnishable by
neonates; see Novitski et al., 2007) were presented to sleeping
newborn infants in an oddball design with resonator size varying
independently of pitch. If the neonate anditory system extracts
pitch information independently of the resonator size, then occa-
sional pitch deviants will be detected, resulting in the elicitation of
the corresponding electrophysiological signals {i.e., pitch invari-
ance will be detected despite variance in timbre; cf. Carral et al.,
2005). If, however, pitch and timbre (resonator size) are not
processed separately by newborn infants, then pitch deviants will
not be detected and no electrophysiological sign of the differen-
tial processing of the “‘standard” and “deviant” sounds will be
observed. That is, if pitch repetition is not detected and, because
no individual sound appears sufficiently often in the sequence to
allow the formation of holistic sound-repetition regularity, then
the pitch-deviant sounds do not violate any detected regularity in
the sequence and, therefore, will not trigger differential process-
ing in the neonate anditory system.

Methods

Participants

ERP responses were recorded from 12 (5 female) healthy full-
term newborn infants on day 2 or 3 postpartum. Their gesta-
tional age was 37-40 weeks, birth weight 2730-4330 g, and
Apgar score 9-10. Data from 3 of the 12 subjects (2 boys) were
discarded because of excessive artifacts. The recordings were
carried out in the hospital ward of the First Department of
Obstetrics and Gynecology, Semmelweis University, Budapest,
Hungary, after informed consent was obtained from one or both
parents. The mother of the infant was present during the
recording. The study was approved by the Ethics Committee of
the Sermmelweis University as well as by the Institutional Review
Board of the Institute for Psychology, Hungarian Academy
of Sciences.

Stirmuli and Procedure

Sequences were composed of instrumental sounds with two
different pitches, 139 Hz (C#3) and 175 Hz (F3). The sounds,
played ona French horn, were taken from the database by Goto,
Hashiguchi, Nishimura, and Oka (2003). For both pitches, seven
resonator-size variants were created. Different resonator sizes
were simulated by setting the resonance scale of the sounds with
a vocoder (Kawahara & Irino, 2004). The just noticeable differ-
ence (JND) for simulated resonator size for French horn is
approximately 6%-9% for adult listeners (van Dinther &
Patterson, 2006). For the current study, resonator size was
varied over 22% (ca. 6 JNDs), corresponding to the scale factors
between 1/1.22 and 1.22. The seven resonator sizes were equally
spaced on the logarithmic scale between —22% and +22%,
producing a step size of approximately | JND for the hom
resonance scale (values: 0.82, 0.88, 0.94, 1.00, 1.07, 1.14, 1.22,
where 1.00 denotes the base sound). To improve the signal-
to-noise ratio of the early ERP components, sound onsets were
made more abrupt by removing the 60-ms-long initial period
from the original sound and imposing a 10-ms-long raised-cosine
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ERPs elicited by deviant and identical control sounds

s deviant
--- contral

deviant-control

Figure 1. Group-averaped ERPselicited by deviant (dotted line) and identical control (dashedline) sounds of 175-Hz bass frequeney
(rmnsical note F3) at three central electrode locations (€3, Cz, and C4). Deviant-minus-control difference waveforms ar plotted in
Black (solid line). Stimulus oneet is at the crossing of the axes. Time windoews for amplitude measirernents (78—58 and 198218 ms)

are shaded gray.

ramp on the new sound onset. The total sound duration was 545
ms for both notes. Sounds were presented binanrzlly nsng the
E-Prime stimulus presentation software (Psychology Software
Tools, Inc., Pittsburgh, PA) via ER-3A londspealkers {EtymStic
Research, Inc., Elk Grove Villags, IL) connactad via sound tubes
to self-adhesive sar-couplers (Natus Medical, Inc., San Cartlos,
CA) placad ovar the babias’ sars. Wa have previcudy shown that
occasionally changing the resonator size of the sbove-described
sounds by 22% elicits ERP comelates of deviance detection in
sleeping neonates (Vestergaard et al., 2008).

Sounds were presented in an oddball sequence (750 ms stim-
uhis onset asynchrony [SOA]) with 87.5% of them (standards)
having (43 and 12.5% (deviants) F3 for pitch. The seven res-
onator-size vanants were squiprobably distributed, separately
within the standard and the deviant stimuli (14.3% each). Two
stinmilus blocks of 600 sounds were delivered (a total of 1,200
sounds). In control stimulis blocks deliverad aflar the main
stinmilus segquences, the base frequencies for standard and deviant
tones were exchanged, allowing comparison betwsen 1esponses
elicited by identical (F3) sounds when they served as deviants
in the main experimental stimulis blocks and when they weie
daliverad freguently within the control block.

EEG Recording

EEG was 1ecorded from the F3, F4, C3, Cz, and C4 scalp
electrodes (according to the International 10 20 System) and
from elactrodes placed over the laft and fight mastoids, with the
common Teference attached to the tip of the noss. The ground
electrode was placed on the forehead. Eve movements were
monitored by 1ecording the electrooculogram (EOG) betwesn
two alectrodes, one placed below the laft eye and another above
the right aya. EEG was 1ecorded at 24-bit resohttion and a
sampling rate of 250 Hz by a direct-conpled amplifisr (V-Amp,
Brain Prodncts, Munich, Gemmany). The signals were on-line
low-pass filtered at 110 Hz.

Data Analpsis

EEG was filterad offline between 1.5 and 16 Hz. For each
stimulus, an epoch of 600 ms dwation induwding a 1{)-ms pra-
stimulus period was extracted f1om the continuous EEG record.
Epochs with a voltage changs below 0.1 pV o1 above ™ pVon
any EEG or EOG channel were 18jected from further analyss.
Responses were analyzed for the cemtral line of electrodes show-
ing the best signal-to-noise 1atio. Epochs were baseline corrected
for the 100-ms prestimulus period and averaged separately for
standards and deviants and for the experimental and the control
condition. The mean number of antifact-frea deviant tnals per

infamt was 136 with over 600 identical-stimulns standard
tegponses collacted in the control condition.

For amplitude measurements, two 2)-ms-long time windows
wete selected from the grand-averaged deviant-minns-standard
differenca waveform (Figure 1) at the Cz alectrode. One window
was centered on the negative peakin the 78 98-ms latency rangs
and the other on the positive peak in the 198 218-ms latency
1ange. The effects of stimulus type were analyzed with two-way
epeated-measures analyses of variance (ANOVA of Stimulns
type [deviant vs. control] » Electrode [C3 vs. Czvs. C4)), sep-
arately for the two latency ranges. Graenhouss Geisser corzec-
tion of the degress of fraedom was applied where appropriats and
¢ values as well as 7 affect sizes are given in Results. ANOVA
tesults wera further specified by Fisher’s LSD post hoc tests.

Although a previcus study found no significant effect of sleep
stages on the MMWMN parametars measurad in neonates (Marty-
nova, Kirjavainen, & Cheour, 2(03), other studies snuggested the
possbility of a deep-stage effect (Friederici, Friedrich, & Weber,
2)2). Therafore, the ratic of quist and adtive slesp was assessed
separately for each stimmlus block, following the crteria
suggastad by Anders, Emde, and Parmelea (1971), using EEG
and EOG measures and obssrvations of the infant’s behavior.
Pariods of wakefulness and indstamminate stages wate excluded
from this analyss. Overall, the infants were mote often in active
(58 % of the time) than in quiet deep (22% of the time) during the
tecordings. This result is in line with the similar observations of
Novitsld and colleagnes (2007). The ratio of quiet and active
deep did not significantly differ between the test and the control
stimulus blocks. Therefore, comparning responses between the
test and the control stimulus blocks does not significantly affect
thea Tesults.

Resulis

Figure 1 shows grand-averaged ERPs dlicitad by deviant and
identical control sounds at the thres cantral elactods locations
(C3, Cz, C4) together with the comesponding deviant-minus-
control difference waveforms. The time windows for the ampli-
tude measurements are highlighted. The ANOVA for the neg-
ative peak in the 78 98-ms latency range yielded a significant
main affact of Stimulns typs, F(1,8) — 623, p < 05, 17 — 44, and
Electrods, F(216) — 626, p< 02, n° — 44 £ — 89, and a sig-
nificant Stimulus type » Elactrode interaction, F{2,16) — 7.54,
p=02, 1% — 4% g— 76 The imteraction was explained by
sgnificant differences found in the post hoc test betwaan deviant -
and control-stimlus responses at Cz (p < 01) and a tendency at
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C4 (p=.071) but not at C3 and that the deviant response at
Cz was significantly more negative (at least p<.05) than either
deviant or standard responses measured at the two lateral
electrodes.

The ANOVA for the positive peak in the 198-218-ms latency
range yielded only a significant Stimulus-type x Electrode inter-
action, #2,16) =3.67, p<.05, nz = .31, £ = .86. Post hoc tests
showed a significant difference between the deviant- and control-
sound response on Cz (p<.02), but not on either of the lateral leads
and the deviant response at Cz was significantly more positive
(at least p<.05) than the standard responses measured at the two
lateral electrodes as well as the deviant response measured at C4.

Discussion

Significant differences were found between the ERP responses
elicited by deviant and control sounds of identical pitch while
resonator size was varied. Our results showed that, despite vari-
ation in timbre (resonator size), the neonate audifory system
extracted pitch invariance from the sound sequences and detected
sounds that deviated from the common pitch.

In all but one of the previous studies of anditory change detec-
tion in newborn infants, the standard stimulus was constant
throughout the stimulus blocks. Therefore, these studies did not
shed light on whether newborn infants process the various spec-
trum-related perceived auditory features separately or in a global,
undistingnished manner. Carral et al’s (2005) results gave the first
indication that some of the spectral features are separately pro-
cessed. These anthors found that variance in one spectral feature
(absolute tone frequency) did not interfere with the detection of
another spectral feature (pitch-change direction within a tone pair).
Their results can be interpreted as showing that absolute frequency
and the direction of frequency change within a perceptual unit are
extracted and represented separately within the neonate anditory
systern. In the current experiment, extraction of pitch invariance was
tested in the face of variation in a timbral feature (resonator size).
The distribution of pitch and timbre levels was distinetly different:
One (pitch) allowed detection of a repetition regularity whereas the
other (timbre) showed a homogeneous distribution across the fea-
ture levels appeating within the sequence. Elicitation of a discrim-
inative response by pitch deviants snggests that pitch repetition was
detected under these circumstances. Thus the current results suggest
that in newborn infants, a pitchlike anditory feature was analyzed
and represented separately from the cues perceived as resonator size
by adults. This should not be taken to mean that, in the absence of
attention, the neonate aunditory system does not conjoin anditory
features. Rare combinations of sound features, which separately
appear frequently within the stimulus sequence, have been shown to
elicit discriminative ERP responses in newborn infants (Ruusuvirta,
Huotilainen, Fellman, & Naitidnen, 2003, 2004). Although the
current results definitely do not rule out the possibility that some
processes of pitch processing are learned, they suggest that repre-
sentation for at least a proto-pitch feature already exists at birth. It
can be argued that the fetus is already exposed to sounds within the
uterus and thus even the current finding may reflect learned abilities.
However, although exposure to sounds within the uterns may be
necessary for normal development of the hmman anditory system,
this cannot be regarded as the kind of learning hypothesized by
theories of pitch perception (Terhardt, 1974).

The negative response found in the current experiment peaked
rather early (at 88 ms in the group average). This is probably due
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to the use of complex, natural stimmlus material, which provides
multiple congruent cues, thus allowing early determination of
deviance. Similar early discriminative negative responses have
been previously shown in neonates (Kushnerenko et al., 2007;
peak latency: 75 ms) and preschool-age children (Réikkdnen,
Birkas, Horvath, Gervai, & Winkler, 2003; peak latency: 66 ms)
to rare environmental sounds and in adults (Jacobsen, Schroger,
& Alter, 2004; peak latency: ca. 105 ms) to occasional deviant
vowels. Previous studies showed that the early negative difference
in neonates is mainly elicited by large spectral changes
(Kushnerenko, Cepom’ené, Balan, Fellman, & Naatinen, 2002:
Kushnerenko et al., 2007; Morr, Shafer, Kreuzer, & Kurtzberg,
2002). In adults, similar changes usnally elicit high-amplitude
NI responses (e.g., Alho et al., 1998; Escera, Alho, Winkler, &
Nadtdnen, 1998). However, the NI response appears only later
in development (Pang & Taylor, 2000; Ponton, Eggermont,
Kwong, & Don, 2000; Sharma, Kraus, N., McGee, & Nicol,
1997). Furthermore, unlike the adult N1, the early neonatal
negativity is elicifed reliably only by deviant stimuli. This
suggests that the early neonatal negativity may be more similar
to the adult MMN response. However, in contrast to the adult
MMN, the neonatal ERP response to acoustic deviation often
appears as a positive difference in the 100-300-ms poststimulus
interval (e.g., Winkler et al., 2003). This positive response, which
in some studies {(such as the current one) follows the early
negative ERP difference (whereas in others appears alone), was
shown to be sensitive to acoustic energy (Kushnerenko et al.,
2007). This feature of the neonate positive difference response
contrasts those of the somewhat similar P3a response in adults
(Friedman, Cycowicz, & Gaeta, 2001; Polich, 2007). Further-
more, the neonatal positive difference can be elicited even when
1o P3a response would be expected in adults {e.g., in response
to rare feature conjunctions; see Ruusuvirta et al., 2003). This
feature of the neonatal positive discriminative response is similar
to the adult MMN response. Thus, although the morphology of
the current as well as some previously observed neonatal ERP
responses to infrequent deviant sounds may resemble the
sequence of NI/MMN and P3a in adults (e.g., Kushnerenko
et al., 2007), the underlying processes are probably different.
Both the early negativity and the somewhat later positivity
in neonates show some of the features of the MMN response in
adults, but they are far more sensitive to primary surface stimulus
features (such as spectral width and acoustic energy) than
the adult MMN. In this, they resemble more the adult N1. It is
possible that during maturation of the human auditory system,
responses to energy change and to deviation from detected
regular features of the preceding sound sequence become better
separated, forming the basis of passive attention (James, 1890).
This development may be reflected by the specialization of
ERP responses, the emergence of the well-known N1, MMN,
P3a sequence of ERP components, which characterizes the adult
response to unexpected salient changes in the acoustic input.

In conclusion, the current results demonstrated the existence
of advanced pitch-related processing in newborn infants, and
they suggest that separate representation of a pitchlike feature
exists at birth. Pitch processing is a necessary prerequisite
of normal speech development, including the perception of pros-
ody and emotional contents, speaker identification, and music
perception. Therefore, future screening methods for various
auditory-related deficits, such as, for example, dyslexia might be
based on the testing of pitch discrimination at a very early age
(Fellman & Huotilainen, 2006).
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Abstract

Adults normally perceive auditory scenes in terms of sound patterns emitted by concurrently active sources. Thus
pattern formation is an important process of auditory object perception. The aim of the presentstudy was to determine
whether neonates group sounds by repeating pitch patterns. Standard (“S”; p = 80%) and deviant tones (“D”,
p = 20%) differing only in pitch were delivered either in a randomized order (random condition) or in a repeating
SSSSD pattern {grouped condition). Both event-related brain potentials and gamma-band activity differed between
the S and D tones in the random condition but not in the grouped condition. These results suggest that in the grouped
condition, the S and D tones were processed as part of the same higher order regularity by the neonate auditory system.
Also, for the first time, we observed oscillatory gamma-band activity in neonates, which was sensitive to infrequent

pitch changes.

Descriptors: Auditory event-related potential, Gamma synchronization, Mismatch negativity (MMN), Neonate,

Perceptual development

Several studies have shown that human newborn infants can
extract regularities from the acoustic input as was revealed by
electric brain responses recorded to infrequent deviants embed-
ded in regular sound sequences {e.g., Alho, Sainie, Sajaniemi,
Reinikainen, & Néitanen, 1990; Dehaene-Lambertz & De-
haene, 1994; Friederici, Friedrich, & Weber, 2002). Responses
elicited by rare sounds acoustically deviating from a repeating
(standard) sound provided evidence that the auditory system of
full-term healthy newborn infants is sensitive to local stimulus
probabilities, although newborns usunally required larger
amounts of acoustic deviance than adults for change detection
(e.g., Novitski, Huotilainen, Tervaniemi, N&dténen, & Fellman,
2007). However, veridical sound perception in an everyday en-
vironment requires detection of higher order regularities encod-
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Semmelweis University, Budapest, Hungary. We also thank RN Enka
Jozsa Varadiné and RN Tarja Ilkka for collecting the data and Istvin
Déniel (Department of Telecommunications and Media Informatics,
Budapest University of Technology and Economics) for calibrating the
sound stimulation system. This work was supported by the European
Commission’s 6th Framework Programme for “Information Society
Techmologies” (project title: EmCAP—Emergent Cognition through
Active Perception, contract no.: 013123).

Address reprint requests to: Istvan Winkler, Institute for Psychology,
Hungarian Academy of Sciences, 83-85 Szondi u., H-1394 Budapest,
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ing not only local stimulus probabilities, but also the regular
features of the wider acoustic environment (Bregman, 1990).
Recent studies have shown that the neonate anditory system not
only keeps track of the probabilities of individunal sound features,
but also that of their co-occurrence on the same sound
(Ruunsuvirta, Huotilainen, Fellman, & N#dtinen, 2003) and
can extract an invariant intersound relationship from a set of
acoustically varying sounds {Carral et al., 2005). Moreover, re-
garding auditory processing abilities directly underlying percep-
tion in real-life sitnations, it was found that newborn infants
segregate (Winkler et al., 2003) and select sound sources (Barker
& Newman, 2004) at least by simple sound features.

Under ecologically valid circumstances, sounds are encoun-
tered within complex patterns. However, in almost all of the
previous studies of the neonate auditory system, the stimulus
material was composed ofindividual sounds. The objective of the
present study was to test whether pitch patterns are detected by
the newborn auditory system. Pitch contour (melody) has been
suggested as the representational unit {object) in auditory per-
ception (Kubovy & Van Valkenburg, 2001). Therefore, grouping
pitch patterns by repetition is an important method for extracting
higher order perceptual units from the acoustic input.

We tested grouping of a repeating pitch pattern using event-
related brain potentials (ERPs), which can be recorded from
sleeping newborn infants (Vaughan & Kurtzberg, 1991). One of
the ontogenetically earliest ERP responses, the mismatch nega-
tivity (MMN), is elicited by deviants embedded in a regular

65



698

sound sequence (Ndatdnen, Gaillard, & Méntysalo, 1978; Pi-
cton, Alain, Otten, Ritter, & Achim, 2000; in newborns, see
Kushnerenko, Ceponiens, Balan, Fellman, & Néstanen, 2002;
Morr, Shafer, Kreuzer, & Kurtzberg, 2002). For example, in
adults, when a repeating tone {standard, “S”) was randomly
exchanged for a different tone (deviant, “D”) 20% of the time,
deviants elicited MMN (Scherg, Vajsar, & Picton, 1989; Suss-
man, Ritter, & Vaughan, 1998). In contrast, when the same tones
with the same probability were presented in a fully regular order
(SSSSDSSSSDSSSSD . . ) at short (below 200 ms) stimulus on-
set asynchronies (SOA), no MMN was elicited by the D tones
(Sussman & Gumenyuk, 2005; Sussman et al., 1998). The au-
thors suggested that the five-tone SSSSD cycle had been extract-
ed as the repeating unit of the sequence and, therefore, the D
tones became part of the regular sequence. However, with long
SOAs, MMN was elicited by D tones in the regular sequence
(Scherg et al., 1989) unless subjects were informed about the
structure of the sequence (Sussman, Winkler, Huotilainen, Rit-
ter, & Naatanen, 2002). These results confirmed that the ERP
response elicited by D tones is an appropriate measure of audi-
tory grouping functions and that automatic grouping occurs only
at fast stimulus presentation rates in adults.

The present study tested automatic grouping of the SSSSD
pattern in sleeping neonates by comparing the responses to D
tones between regular and random-order sequences. In addition
to the ERP responses, event-related spectral perturbations
(ERSP) were also analyzed, because gamma-band activity relat-
ed to cognifive processing of visual binding, object representa-
tion, and perception of goal-directed action has been reported in
6-8-month-old infants (Csibra, Davis, Spratling, & Johnson,
2000; Kaufman, Csibra, & Johnson, 2003; Reid, Csibra, Belsky,
& Johnson, 2007, respectively). However, little is known about
deviance-related gamma-band activity in newborns. In adults,
oscillatory EEG activity in the gamma-band ( > 30 Hz) has been
observed in respouse to rare targets (Gurtubay et al., 2001),
nontarget deviants (Edwards, Soltani, Deouell, Berger, &
Knight, 2005; Kaiser, Lutzenberger, Preissl, Ackermann, &
Birbaumer, 2000), and stimulus omissions (Gurtubay, Alegre,
Valencia, & Artieda, 2006) in the auditory oddball paradigm.
Because rare deviants were reported to induce higher gamma-
band activity than standards (Edwards et al., 2005; Kaiser et al.,
2000) we expected stronger gamma-band activity in response to
rare deviants in the random condition. In the grouped condition,
if standards and deviants are processed within a regularly
repeating SSSSD pattern, no difference in the gamma-band
response to standards and deviants should emerge.

Methods

Participants

We recorded ERP responses from 12 (7 female) healthy full-term
newborn infants on day 2 or 3 postpartum. Their gestational age
was 38-41 weeks and birth weight was 2870-4200 g. The re-
cordings were carried out in the hospital ward of the First De-
partment of Obstetrics and Gynecology, Semmelweis University,
Budapest, Hungary, after informed consent was obtained from
the parents. The mother of the infant was present at the record-
ing. The study was approved by the Ethics Committee of the
Semmelweis University as well as by the Institutional Review
Board of the Institute for Psychology, Hungarian Academy of
Sciences. A preliminary pilot study was conducted at the Wom-
en’s Hospital of the Helsinki University Central Hospital with
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the approval of the Ethics Committee for Pediatrics, Adolescent
Medicine, and Psychiatry, Hospital District of Helsinki and
Uusimaa.

The infants’ hearing was tested by recording auditory brain
stem evoked potentials (Gorga, Reiland, Beauchaine, Worthing-
ton, & Jesteadt, 1987). All infants had clearly identifiable wave
V and were thus enrolled into the study. During the EEG
recording, the neonates were in quiet or active sleep, lying supine
in an infant cot, and cared for by their mother and the research
nurse. ERPs were averaged across the different sleep stages,
because these were approximately evenly distributed across the
different conditions. The experimental session took about 2 h,
overall. This time included the setup and removal of the
electrodes, the experimental stimulus blocks, and the aunditory
brain stem test.

Stirmuli

Stimuli consisted of two complex tones, each with three har-
monic frequencies added to the base frequency. The two tones
differed only in frequency. The base frequency of the low tone
was 500 Hz and that of the high tone 612 Hz. The amplitude of
the first, second, and third harmonic components was one-half,
one-quarter, and one-cighth of the base harmonic amplitude,
respectively. The tones were 50 ms long, including 5-ms rise and
5-ms fall times, and their overall intensity was 75 dB (sound
pressure level). The stimuli were presented binaurally using the
E-Prime software (Psychology Software Tools, Inc., Pittsburgh,
PA) via ER-3A loudspeakers (EtymOtic Research, Inc., Elk
Grove Village, IL) connected via sound tubes to self-adhesive ear
couplers (Natus Medical, Inc., San Carlos, CA), which were
placed over the infants’ ears.

Procedure

In two stimulus conditions, standard (S) and deviant (D) tones
were delivered with a SOA of 100 ms, the D tone appearing less
frequently (20%) than S tones (80%). In the random condition,
tones were delivered in a psendorandomized order with at least
two standards separating successive deviants. In the grouped
condition, the SSSSD pattern was cyclically repeated. The over-
all probability of the D tone was identical between the two con-
ditions (20%). To eliminate possible confounds stemming from
acoustic differences between the S and D tones, low and high
tones serving as standards and deviants were swapped across
different stimulus blocks, separately for each condition. In each
of the four stimulus blocks, a total of 1000 stimuli were delivered.

EEG Recording

EEG was recorded from F3, F4, C3, Cz, and C4 scalp electrodes
(according to the international 10-20 system) and from elec-
trodes placed over the left and right mastoids (Lm and Rm,
respectively), with the common reference attached to the tip of
the nose. The ground electrode was placed on the forehead. Eye
movements were monitored by recording the electrooculogram
(EOG) between two electrodes, one placed below the left eye and
another above the right eye. EEG was recorded at 24-bit reso-
lution and a sampling rate of 250 Hz by a direct-coupled am-
plifier (V-Amp, Brain Products, Munich, Germany). The signals
were low-pass filtered at 40 Hz.

Data Analysis

Event-related potentinls. Raw EEG data were filtered off-line
between 2.5 and 16 Hz. For each stimulus, an epoch of 500-ms
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duration including a 100-ms prestimulus period was extracted
from the continuons EEG record. Epochs with a voltage change
below 0.1 uVor above 100 wVon any EEG or EOG channel were
rejected from further analysis. Responses were analyzed for the
central line of electrodes, whose impedance was below 25 kQ for
each infant. Epochs were baseline corrected nsing the 100-ms
prestimulus period and averaged separately for the different
stimulus types and conditions. The mean number of artifact-free
trials per infant was 376 and 556 for deviants and standards,
respectively.

For amplitude measurements, a 40-ms-long time window was
selected, which was centered on the peak of the grand-averaged
deviant-minus-standard difference waveform in the 172-212 ms
latency range of the central {Cz) recording channel of the random
condition, where MMN elicitation was expected (see Figure 1A).
The effects of stimulus condition and stimulus type on the ERP
responses were analyzed with a three-way repeated-measures
analysis of variance (ANOVA): Condition {random vs. grouped)

x Stimulus Type (Standard vs. Deviant) x Electrode ({C3vs. Cz
vs. C4). Greenhouse—Geisser correction of the degrees of free-
dom was applied where appropriate and £ values are given in the
text. The results of the ANOVA were further specified by
planned comparisons based on the results of the similar adult
studies (see the Introduction). A similar statistical analysis was
couducted for the positive wave following the MMN-like neg-
ative difference in the 250-350-ms latency range (Figure 1A).

Event-related spectral perturbation (ERSP). The dynamics
of oscillatory EEG activity in newborns was studied by com-
puting event-related spectral perturbation transforms (ERSP;
Makeig, 1993). ERSP time-frequency matrices show changes
from the spectral power baseline, allowing the study of the time
course of the EEG signal energy, separately for each frequency.
This method generalizes the narrow-band measures of event-
related synchronization and desynchronization introduced by
Pfurtscheller and Aranibar (1977) and covers phase-locked and
non-phase-locked contributions. The principle of calculating the
ERSP is to compute the power spectrum of the EEG signal from
a sliding time window. For n trials, if F¢(f,#) is the power of trial k
at frequency fand time ¢, the ERSP value is calculated as

"
ERSP(f, 1) == > |Eelf, 0.
k-1

To obtain the Fi(f,/) function (the signal power at a given fre-
quency and time point), the EEG signal was convolved with
Hanning-windowed sinusoidal wavelets. The number of wavelet
cycles increased evenly with frequency (starting at three cycles at
6 Hz) for optimal time-frequency resolution. We analyzed epochs
extending from 1000 ms before to 2000 ms after stimulus onset in
the 6-40-Hz frequency range. The sliding window was 512 ms
wide, and it was applied 400 times with an average step size of 6 ms.
The ERSP time-frequency matrices were baseline corrected by
the average power calculated from the — 1000 to 0 ms prestim-
ulus period. Dynamical changes in oscillatory activity were stud-
ied by computing ERSPs for each individual trial, then averaging
them separately for the standard and deviant stimuli (Tallon-
Baudry & Bertrand, 1999; Herrmann, Munk, & Engel, 2004).
EEG signal processing and analysis for ERSP computation were
carried out using the EEGLAB interactive Matlab toolbox (Del-
orme & Makeig, 2004).
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For the ERSP calculations, the raw EEG data wete filtered
off-line with a 1-Hz high-pass filter. Epochs with a voltage
change below 0.1 uVorabove 100 uV in the 356-ms prestimulus
to 656-ms poststimulus interval at any EEG or EOG channel
were rejected from further analysis. On average, 172 trials were
included from each stimulus block per subject, separately for the
standard and deviant stimuli. Two infants’ data were discarded
from the ERSP analyses due to low numbers of accepted trials
(n< 100 per block).

For statistical analysis of the gamma-band activity, a window
of 140-ms duration was selected in the 30-40-Hz frequency
range. The window was centered on the peak of the observable
gamma-band oscillations in the grand-averaged central {Cz)
ERSP response to deviants delivered in the random condition,
where deviance-related gamma-band activity could be expected
(Edwards et al., 2005). The effects of stimulus condition and
stimulus type on the observed gamma-band activity were ana-
lyzed with a three-way repeated-measures analysis of variance
(ANOVA): Condition (random vs. grouped) x Stimulus Type
(Standard vs. Deviant) x Electrode (C3 vs. Cz vs. C4). Green-
hounse—Geisser correction of the degrees of freedom was applied
where appropriate and e values are given in the text. The results
of the ANOVA were further specified by planned comparisons.

Results

ERP Results
Grand-average ERPs to deviants in the random condition dis-
played a fronto-centrally negative wave between 150 and 250 ms
from stimulus onset (Figure 1A). No similar wave was observed
in the grouped condition. The Condition x Stimulus Type x
Electrode ANOVA of the ERP amplitudes measured in the 172—
212-ms window revealed a significant Condition x Stimulus Type
interaction, M1,11)=6.33, p<.05, n°>=0.36, which was ex-
plained by a significant difference between the standard and de-
viant stimulus responses in the random condition but not in the
grouped condition (tested by planned comparisons, p<.05). No
other effects or interactions reached the level of significance. That is,
the D tones elicited a different response when they appeared as part
of the repeating pitch pattern than in the randomized sequence.
The central negafivity elicited by deviants in the random con-
dition was followed by a positivity with a similar scalp distribu-
tion. The ANOVA of the ERP amplitudes measured in the
262-322-ms window vielded no significant results.

ERSP Results

Wavelet-bagsed time-frequency analysis of the single-trial re-
sponses revealed peaks of electrical brain activity in the gamma
band (Figure 1B), consistent with our hypothesis. In the random
condition, at approximately 200 ms from stimulus onset, strong
gamma-band oscillations appeared with a center frequency of
about 36 Hzin response to deviants. In contrast, standards were
followed by a decrease in the gamma-band activity amplitude.
However, no such difference can be seen in the grouped condi-
tion. The three-way ANOVA (Condition x Stimulus Type x
Electrode) of the gamma-band activity revealed a significant
main effect of Stimulus Type, F(1,9) = 10.224, p< .05, 1> = .53,
which was explained by a significant difference between the
standard and deviant stimulus responses in the random condition
(tested by planned comparisons, p<.05), whereas the same dif-
ference was not significant in the grouped condition. No other
effects or interactions reached the level of significance.
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Figure 1. A Grand-averaged ERPeelicited by frequent (M'standard,” blue line} and rars (*deviant,” red line) soundsin the random
condition (top row) and grouped condifion (bottom row) at thres eentral electrode locations (C3, Cz, and C4). Stimulus onest is at
the erossing of the x (time in millisceonds) and ¥ (amplitude in micrevelts) axes. The interval in which deviants eliated a simificantly
mors negative response nthe random condition is marked by light blue shading. B: Grand-averaged event-related spuetral
perturbation (ERSP) time-frequeney matrioss calenlated by wavelet-based analysis of single-tnal data from the randem condiion
(top rows) and grouped condition (bottem rows), ssparately for the frequent sound (upperr ow) and infrequent sound (lower row ) at
thres centralelectrods locations (3, Cz, and C4). The signal power (indeeibelsjrelative tothe prestmulus bassline [ — 1000 to 0 ms)
is shown by color code, with warmer eol ors representing higher power values (eolor calibration is at the right side of each row). The
time-frequency windew wed for measurements is marked by white boxes.
DISCUSSION detaction system, which may be similar to that indarlying the

We found that in the random condition, daviant tones elicited a
significantly morte negative ERF waveform in the 172 212-ms
poststimulus interval than standard tones. Becauss the newborn
infants were asleep dunng the EEG recordings, this differential
negativity teflects the activation of an awtomatic deviance-

MMM response in adults, as was suggestad by saveral studies
(e.g., Alho atal., 1990; Kushnerenko et al., 2002). In the gronped
condition, no such a difference was observed. The difference be-
tween the two conditions suggests that, similarly to adults [Suss-
man & Gumenyuk, 20035 Sussman et al, 199§, 2002), in
the gronped condition, the repetition of the 88880 pattem was
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detected and, therefore, S and D tones were processed as part of
the same regnlarity. Thus, it appears that the neonate auditory
system detects repeating pitch patterns quite similarly to adults.

Our analysis of gamma-band oscillations triggered by devi-
ants and standards in the random condition showed a clearly
discernible burst of gamma activity for deviants, whereas stan-
dards were followed by a decrease in amplitude in the 30—40-Hz
frequency range 140270 ms from stimulus onset. Induced os-
cillatory gamma activity with a similar time course has been ob-
served for occasional frequency deviants (Edwards et al., 2005;
Kaiser et al., 2000) and omissions of a repeating tone (Gurtubay
et al., 2006). Thus, similarly to adults, newborn infants show
gamma-band oscillatory activity that is sensitive to stimulus
probability. The gamma-band response corroborates the ERP
finding in showing that the D tones were processed differently
from the S tones in the random condition, but not in the grouped
condition.

The current and some previous results {e.g., Carral et al.,
2005; Ruusuvirta et al., 2003; Winkler et al., 2003) provide im-
portant glimpses into intermediate levels of anditory processing
in human neonates. The fragments we have learned about so far
suggest that newborn infants possess basic capabilities for sound
organization similar to those of adults. This does not mean that
neonates perceive the anditory world similarly to adults. Sensi-
tivity to various types of sound as well as sound discrimination
abilities develop until well into childhood (e.g., Allen & Wight-
man, 1992; Trehub, Schneider, Morrongiello, & Thorpe, 1988).
Furthermore, perception is largely dependent on experience (e.g.,
Bregman, 1990). On the other hand, newborns have the means to
extract invariant relationships from varying input, form com-
posite units, and so forth. In short, they are able to organize and
represent auditory information. These capabilities are crucial for
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finding relevant information in realistic environments, and thus
they underlie learning, which starts even before birth (DeCasper
& Spencer, 1986), becanse auditory functions emerge very early
during prenatal development (Chugani & Phelps, 1986). So,
what are the main directions of maturation and learning, beyond
improved sensitivity and discrimination thresholds? In a recent
study, we compared the ERP responses of adults and neonates to
environmental sounds embedded in the repetitive sequence of a
simple harmonic tone (Kushnerenko et al., in press). We found
that neonates were much more sensitive to the surface features of
the environmental sounds than adults (i.e., these sonnds covered
a wider range of frequencies and were somewhat londer than the
repeating tone). In contrast, adults show much faster categori-
zation than what we found in newborns, and their categories are
finer than that observed in newborns or in ¢-month-old infants
(for the latter, see Quinn, Westerlund, & Nelson, 2006). The
ability of the neonate auditory system to form groups from a
short sequence of sounds, which was revealed by the current
results, is an important prerequisite of forming anditory objects
(Kubovy & Van Valkenburg, 2001). Therefore, it underlies higher
level operations, such as categorization, ultimately enabling in-
fants to learn to speak or understand music.

Conclusion

The ERPs and induced gamma-band responses obtained in this
study show that the neonate auditory system is sensitive to the
large-scale structure of a sound sequence and that the sequential
context can determine the way individual sounds are processed in
the newborn brain. Our results demonstrate the operation of a
sound grouping function in newborn infants. The ERSP findings
suggest that, similarly to adults, newborn infants show gamma-
band oscillatory activity, which is sensitive to stimulus probability.
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3.4. Study 1V: Processing of meter in adults

Ladinig, O., Honing, H., Haden, G., Winkler, 1. (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., Haden, G., & Winkler, 1. (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) x Position (Strong vs. Weak) % Frontality (Frontal
vs. Central electrode line) x 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, n2 =(0.67, and
Laterality, F(2, 20) =4.14, p < .05, n2 = (0.29; significant interactions between Attention x
Frontality, F(1, 10) = 15.30, p < .01, n* = 0.60, Frontality x Laterality, F(2, 20) = 5.00,

p <.05, n2 = (.33, and Attention x Position x Laterality, F(1, 10) =7.32, p <.05, nz =042. 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 (Schroger & 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:
Schroger, E., & Winkler, 1. (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 pV with Standard Errors of the Mean (SEM) in

Parentheses.

Attention Passive Unattended
Electrode/Position Strong Weak Strong Weak
F3 -1.07 (0.28) -0.47 (0.35) -0.82 (0.28) -0.92 (0.28)
Fz -1.08 (0.31) -0.73 (0.50) -1.01 (0.34) -1.24 (0.29)
F4 -0.82 (0.24) -0.49 (0.51) -0.23 (0.13) -1.14 (0.25)
C3 -0.89 (0.22) -0.61 (0.33) -1.44 (0.38) -1.30(0.31)
Cz -1.03 (0.30) -0.65 (0.42) -1.57 (0.38) -1.61 (0.32)
C4 -0.85 (0.24) -0.63 (0.38) -1.44 (0.33) -1.59 (0.32)
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Emergent Meter in Adult Listeners 377

PROBING ATTENTIVE AND PREATTENTIVE EMERGENT METER IN ADULT
LISTENERS WITHOUT EXTENSIVE MUSIC TRAINING

OLIVIA LADINIG AND HENKIAN HONING defined as being composed of at least two levels of beat
Universiteit van Amsterdam, Amsterdans, with different periodicities. However, there is little
The Netherlands agreement in the literature regarding the perceptual/

cognitive reality of meter. Is meter simply a concept
GAROR ITADEN AND ISTVAN WINKLER facilitating the structuring of written musical scores,
Hungarian Academy of Sciences, Budapest, Hungary introduced by composers and performers, or are there

indeed some cognitive faculties reflected in the concept
BEAT AND METER INDUCTION ARE CONSIDERED impor-  of meter? Beat induction can be considered the sim-
tant structuring mechanisms underlying the perception  plest case ol meter, and refers to the subjective empha-
of rhythm. Meter comprises two or more levels of hier-  sis of certain elements of a rhythm (but also in an
archically ordered regular beats with different periodic-  isochronous stream of clicks), making some elements

ities. When listening to music, adult listeners weight more salient than others; the beat or tactus (Lerdahl &
events within a measure in a hierarchical manner. We  Jackendoff, 1983) is usually equally spaced in time, and
tested if listeners without advanced music training form is reflected in spontaneous tapping and dancing, usually
such hierarchical representations for a rhythmical  with an interbeat interval close to 600 ms (Bolton,
sound sequence under different attention conditions 1894; Brochard, Abecasis, Potter, Ragot, & Drake, 2003;
(Attend, Unattend, and Passive). Participants detected London, 2004; Yeston, 1976). Meter, seen here as a more
occasional weakly and strongly syncopated rhythmic  fine-grained ditferentiation of the elements of a rhythm

patterns within the context of a strictly metrical rhyth-  due to multiple levels of hierarchically ordered regular
mical sound sequence. Detection performance was bet beats, requires the specification of a fixed entity of
ter and faster when syncopation occurred in a metrically  duration, in this case one musical measure. Theoretical
strong as compared to a metrically weaker position.  models (Lerdahl & Jackendoff, 1983; Longuet-Higgins

Compatible electrophysiological differences (earlierand & Lee, 1984) specily metric salience, a value assigned 1o
higher-amplitude MMN responses) were obtained  each sequential position of a rhythmic sound pattern
when participants did not attend the rhythmical sound  regarding to its position within that measure, by recur-

sequences. These data indicate that hierarchical repre sively breaking down a musical pattern (with an initially
sentations for rhythmical sound sequences are formed  specified length) into subpatterns of equal length (see
preattentively in the human auditory system. the top of Figure 1),

The number of recursive subdivisions needed 1o
arrive at a given point (event) in a rhythmic pattern
Key words: rhythm, emergent meter, syncopation, governs the salience of that point: the more subdivi-
event related potentials, attention sions needed, the lower the salience of the point. The
first position in the measure (referred to as the down-
beat) receives the highest salience in any pattern. In
ather words, meter reflects the fact that different events
THE CONCEPTS OF BEAT AND METER ARE well-  in a musical pattern have different importance for the

Received June 22, 2008, accepted January 12, 2009.

established terms in music production and per-  listener. In general, it holds that the higher the salience

ception (Clarke, 1999; London, 2004). Most of an event compared to other events within the same
authors agree that beat induction, the cognitive ability  measure, the more listeners expect it to occur, A high
that allows one to infer a regular beat (or pulse) froma  salience event is more important for processing the
musical excerpt, is universal in and unique to humans,  measure, as indicated for example by the fact that it gets
enabling us to entrain to music, and coordinate our memorized and recalled easier, and, il it is absent, the
movements with others (Honing, 2002). Meter can be  measure will be perceived as being more complex (Fitch
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Metrical expectancy (theoretical):
Salience indicated by relative
length vertical line
s1 hihat IIIII]II
Standard spare
without OI'an?s?ion bass | | il
s2 hihat I.IIIIII
Standard with snare
mission c?r:l pggit;’éir) 2 bass | | [} |
s3 hihat III"IIII
.. Standard with spare
omission on positiond ass | | [} |
s4 i -
.. Standard _w'nh8 Shlg_?é I I I I I l I
mission on position ass | il

o Dl hihat TEJINEQN
Do onisse gnare
1 .
psc;stlnng syncopatimgl bass [} |
S hihat NEHJEERJN
Devasogistmcs  spare
P veak sy'nmpaljog bass | | ol |
Omission
Sound

150 msec onset-to-onset interval
75 msec onset-to-offset interval
1200 msec interval between successive pattern onsets

FIGURE 1. Schematic illustration of the stimuli used in the experiment. The top of the figure represents the recursive subdivision of a rhiythmic pat-
tern (cf. Martin, 1972) with eight equidistant grid points. The horizontal dimension represents the subdivisions of one musical measure; the vertical
dimension represents event salience (i.e., increasing salience with lonqger lines).

& Rosenfeld, 2007; Pressing, 2002). Supporting this
notion, Palmer and Krumhansl (1990} showed, for a
corpus of Western classical music, that the average dis-
tribution of event occurrences within a measure was
highly correlated with the theoretical model proposed
by Lerdahl and Jackendoff {1983).

Existing theories disagree whether or not sensitivity
to meter is prevalent in all listeners, and where such
sensitivity, if any, would come from. Specifically, the
question is, whether or not listeners form multilevel
hierarchical representations for rhythmic sequences.
Expectations in adult listeners with formal music train-
ing suggest that they weight events within a measure in
a hierarchical manner (Jongsma, Desain, & Honing,
2004; Palmer & Krumhansl, 1990). A study by Ladinig
and Honing (2009) shows that this holds irrespective of
listener’s musical expertise. Furthermore, recent evi-
dence suggests that already at a very early age (e.g., at
seven months of age), human infants are sensitive to
metric violations (Hannon & Johnson, 2005). Thus it is
possible that humans possess some processing predis-
position to extract hierarchically structured regularities
from complex patterns. Lower—level chunking processes
are usually more or less automatic (i.e., they proceed
even when one does not attend the given stimuli; e.g.,

temporal integration, see Cowan, 1984). In contrast,
higher-level chunking processes typically require atten-
tion to be focused on the stimuli, because they rely on
voluntary allocation of limited—capacity resources (e.g.,
finding sentences in continuous speech). The crucial
question is whether or not the hierarchical representa-
tion characterizing meter emerges when the rhythmical
sound sequence falls outside the focus of attention.

In the current study, we tested whether meter (hier-
archical representation for a rhythmical sound
sequence) emerges in adults with no extensive music
training, and whether meter emergence is modulated
by attention. To this end, reactions to meter violations
were assessed using behavioral and electrophysiological
measures. Reaction time (KT} and discrimination sen-
sitivity (d’) measurements served to characterize active
detection of meter violations, whereas event-related
brain patentials (ERP) were used to assess the detection
of meter violations under different task loads while the
rhythmic sound sequences were not relevant to the par-
ticipants™ task. The mismatch negativity (MMN) ERP
component (Niitinen, Gaillard, & Mintysalo, 1978;
for a recent review, see Niiitinen, Paavilainen, Rinne, &
Alho, 2007) can be used as a sensitive tool for deter-
mining which regular features of a sound sequence the
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brain has detected, because MMN is elicited by sounds
violating detected auditory regularities. Furthermore,
MMN is elicited even when participants perform a task
that is unrelated to the test sound sequence (for a
review of the effects of attention on MMN, see
Sussman, 2007).

MMN has been shown to reflect violations of musi-
cal regularities and the effects of music training (for a
review, see Tervaniemi & Huotilainen, 2003). For exam-
ple, Trainor, McDonald, and Alain {2002} showed that
participants with no formal music training detected
occasional pitch interval changes within transposed
melodies in the absence of focused attention. Other
studies showed sensitivity to musical key {e.g., Brattico,
Tervaniemi, Ndidtinen, & Peretz, 2006), mistuning of
chords {Leino, Brattico, Tervaniemi, & Vuust, 2007),
etc. Although fewer previous investigations addressed
rhythm processing with the MMN method (the excep-
tions are Pablos Martin, Deltenre, Hoonhorts,
Markessis, Rossion, & Colin, 2007; Vuust et al., 2005),
the representation of simpler temporal features has
been studied in more detail. For example, it was found
that occasionally shortening the interstimulus interval
in an otherwise isochronous sequence of sounds elicits
the MMN (Nordby, Roth, & Pfefferbaum, 1988).
Omitting a sound from a sequence delivered at a fast
presentation rate also triggers the MMN response
(Yabe, Tervaniemi, Reinikainen, & Niiitinen, 1997).
Regarding more complex temporal patterns, Pablos
Martin and colleagues (2007) found faster processing
of binary (e.g., 1:2) as opposed to nonbinary (e.g., 1:3)
interval ratios. Finally, music training effects have been
shown for both melodic {e.g., Brattico & Nidtinen,
2002; Fujioka, Trainor, Ross, Kakigi, & Pantev, 2004)
and rhythmic patterns {Vuust et al., 2005; van Zuijen,
Sussman, Winkler, Nidtinen, & Tervaniemi, 2005). The
current interpretation of MMN generation suggests
that this ERP component is elicited in response to devi-
ations from expected sounds (Baldeweg, 2007; Winkler,
2007). This makes MMN especially appropriate for
testing the emergence of musical meter, because it
allows one to compare the strength of expectations
between violations at different positions of a rhythmi
cal pattern. The strength of expectation is a prime
behavioral correlate of the hierarchical metric structure
and more salient deviations trigger earlier and possibly
larger-amplitude MMN responses (for a review, see
Niidtinen & Alho, 1997).

Based on these principles, we presented participants
with sound sequences consisting of four sound patterns
(Figure 1) having strictly metrical rhythms of the same
type (Standard patterns; 90% of the patterns overall),
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and two patterns that were syncopated variants of the
same rhythm (Deviant patterns; 10% overall). One
deviant violated the standard pattern at the downbeat
position (strong syncopation), and the other at the sec-
ond most salient position (weaker syncopation). If
the brain creates a hierarchical representation for the
rhythm of the sound sequences, syncopation at the
downbeat is expected to elicit stronger responses from
participants than syncopation at the metrically less
salient position. “Stronger” response means better
detection performance when syncopated patterns are
designated as targets and earlier and possibly higher
amplitude MMN response when participants ignore
the rhythmic sequence. If, however, the sound sequence
is represented in terms of a single-level structure, then
sounds in all positions are equally expected by the brain
and, therefore, the responses to syncopation will not be
stronger at the downbeat than in the metrically less
salient position.

Effects of attention were tested at three levels: (1) meter
violations are task-relevant ( Behavioral Experiment); (2)
meter violations are task-irrelevant: participants per
form an easy concurrent task (watching a muted movie
with subtitles; Electrophysiological Experiment, “Passive
Condition™); and (3) meter violations are task-irrelevant:
participants perform a difficult concurrent task {detect-
ing unpredictable slight intensity changes in a noise
stream; Electrophysiological Experiment, “Unattend
Condition”}. If forming a hierarchical representation of
the rhythmical sound sequence required focused atten-
tion, then the strength of expectation should only
depend on the position of the syncopation within the
pattern when participants focus their attention on the
sound sequence. If, however, a hierarchical representa-
tion of the rhythmical sound sequence is formed even
without focused attention, then syncopation is expected
to elicit a stronger response at the downbeat than in the
metrically less salient position, irrespectively of the
attention condition.

Method
Farticipanis

Twelve healthy volunteers (seven male, M =22.83, 5D =
3.93) participated in the experiment. Participants gave
informed consent after the procedures and aims of the
experiments were explained to them. The study was
approved by the Ethical Committee (institutional
review board) of the Institute for Psychology,
Hungarian Academy of Sciences. All participants had
frequency thresholds not higher than 20 dB SPL in the
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250-4000 Hz range and no threshold difference exceed-
ing 10 dB between the two ears (assessed with a
Mediroll, SA-5 audiometer). All participants reported
to have received less than one year of music training
(i.c., playing an instrument, or singing in a choir) after
the obligatory music lessons in primary/secondary
school in the past, and did not perform music regularly
(defined as once a month} for the past two years. Each
participant was tested in both experiments (behavioral
and electrophysiological), which were carried out in
one session on the same day. One participant’s {male,
age 20) data was excluded [rom the analyses because of
measurement errors. Throughout the experiments,
participants sat in a comfortable chair in the sound-
attenuated experimental chamber of the Institute for
Psychology, Budapest.

Stimuli

Six different sound patterns were constructed (see
Figure 1), which were variants of a rhythmic rock pat

tern (base-pattern, S1) with eight grid points. The
rhythmic patterns were presented by a typical rock-
drum accompaniment using snare and bass, and with a
hihat an every grid point. The base pattern and the three
variants (containing omissions on the lowest metrical
level) were strictly metricaly that is, they contained no
syncopation or slurred notes throughout the pattern.
Together, these four metric patterns formed the set of
standard patterns (S1-S4). In order to avoid the con

found of finding responses resulting from simple pat

tern matching, a set of sound patterns that share the
characteristic of being strictly metrical and regular
rhythms, instead of a single sound pattern, was
employed to constitute the standard {“abstract MMN™).
Two deviants were constructed by omilting events on
metrically salient positions in the base-pattern, which
lead to syncopated patterns: A strongly syncopated pat-
tern was created by omitting the downbeat (D1), and a
slightly weaker syncopation by omitting the second
most important beat (D2). Sounds were generated using
QuickTime's drum timbres (Apple Inc.). Sound dura-
tion was 50 ms for hikat, 150 ms for snare, and 100 ms
for bass sounds. The interval between grid points
(onset-to-onset interval) was 150 ms. Thus each pattern
lasted 1200 ms, with no extra silence between patterns
(i.e., they formed a continuous stream of rhythm).

Procedures for the Behavioral Experiment

In the behavioral experiment, we assessed the effects of
different metrical positions on deviance detection by

asking participants to listen to two blocks of 300 con-
tinuously presented patterns and to indicate when they
felt that there was a break in the rhythm by pressing a
response button placed in their dominant hand. The
instructions given 1o participants were as follows:

You will be presented with sequences of a continuous,
regular rhythm. From time to time, the rhythm will be
disrupted by some irregularity. This irregularity can be
described as if the rhythm appeared to break, or stum
ble, or get syncopated for a moment. Please indicate by
pressing the button as soon as you think such an event
occurred.

Two stimulus blocks with 909 standard patterns (51,
82, 83, and $4 with equal probabilities of 22.5% each)
were presented. In one block, D1 was the deviant rhyth-
mic pattern (10%) and in the other block, 132 was the
deviant rhythmic pattern (10%). Randomization was
constrained so that at least three standard patterns
intervened between successive deviants and with S4
never preceding a deviant. The latter constraint was
necessary to avoid concatenating two gaps, because 54
had an omission at the last grid position, whereas D1 at
the first. The stimuli were presented binaurally using
MATLAB via headphones {Sennheiser ITD-430), 60 dB
over the individual hearing threshold. The order of the
two stimulus blocks (differing in the deviant pattern)
was balanced across participants.

Data Analysis for the Behavioral Experiment

For each participant, d” values (a measure of discrimi
nation sensitivity; see Macmillan & Creelman, 1991)
and average reaction-times (RT) for correct responses
were computed using MATLAB. The o’ values were cal-
culated separately from the hit rates for the D1 and D2
deviants and the overall false alarm rate. Responses
given within 200-2000 ms from the target {omission)
onset were regarded as hits; all other responses as false
alarms. Paired two-sample -tests were performed to
compare d” and RT between the two deviants.

Procedures for the Electrophysiological Experiment

The electrophysiological experiment was conducted
always before the behavioral experiment. The fixed
order was necessary to avoid drawing participants’
attention to the rhythmic deviations. Electrodes were
removed between the two experiments, thus giving par
ticipants approximately 30 minutes of break time
between the two experiments.
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The rhythmic stimulus sequences were constructed
from the same sound patterns as in the behavioral exper
iment, but they were delivered by two loudspeakers posi-
tioned 0.40 m from the side and 0.15 m behind the
participants’ head. Sound intensity was again 60 dB
above the participant’s hearing threshold. A continuous
white noise with its intensity alternating between 52 and
54 dB above the participant’s hearing threshold was pre
sented concurrently with the rhythmic sound sequences.
The noise stream was used to direct attention away from
the rhythmic sound sequence in the Unattend condition
(see below). Intensity changes occurred randomly with
1.5-32.0 s (M =16.75 s) between them. The noise siream
was delivered by a third loudspeaker placed directly in
front of the participant at a distance of 1.35 m. During
the stimulus blocks, participants also watched a self
selected muted movie with subtitles.

Two attention conditions were employed with identi-
cal auditory stimulation (rhythmic sequence and con-
tinuous noise). In the Unattend Condition, participants
were asked to press a response button to the intensity
changes in the noise stream. Performance in the inten
sity change detection task (group-average hit rate HR =
0.78, standard deviation $D = 0,12, and reaction time
RT = 1035 ms, 8D = 77 ms) showed that the task was
difficult but possible to perform at a relatively high
level. In the Passive Condition, participants were
instructed to ignore all sounds (both the rhythmic
sequence and the continuous noise) and to follow a
muted self-selected movie. Fach condition received 10
stimulus blocks of 300 continuously presented rhyth-
mic patterns. Stimulus blocks consisted of 90% stan-
dard patterns (SI, $2, $3, and S4 with equal
probabilities of 22.5%, each), 5% of the D1, and 5% of
the D2 pattern. Presenting both types of deviants with
in the same stimulus block ensured that they appeared
within exactly the same context and thus the deviance-
related ERP responses could be compared directly.
Randomization was constrained so that at least three
standard patterns intervened between successive
deviants and, for the same reasons as mentioned above,
the S4 pattern never preceded a deviant pattern.
Constructing 90% of the sequence from four different
frequent patterns was necessary to avoid MMN being
elicited by simple pattern deviation and thus to allow us
to interpret the ERP responses specific to the D1 and
D2 deviants as related to rhythm violations, Occasional
changes of a single repeating pattern are known to elic-
it MMN even when rhythm is not violated (e.g.
Winkler & Schréger, 1995). In the current design, the
“standard” (the sequences made up of S1, S2, §3, and
$4} is the rhythm, not any given sound pattern, and the
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deviants are the rhythmic violations caused by D1 and
D2, In order to be able to directly compare the
deviance-related responses elicited by D1 and D2, these
responses were derived by separately subtracting the
response elicited by the D1 and D2 patterns when they
were regular (standard) within a sequence from when
they were violating the rhythm of the sequence
{deviant}. Thus the pattern-specific responses were
eliminated from the difference waveforms, which could
then be compared with each other. To this end, partici
pants also were presented with two control stimulus
blocks of 300 patterns presenting sequences composed
of either the D1 or the D2 pattern alone. The responses
recorded to the D1 and D2 patterns in the contral stim
ulus blocks (ie., when they are standard patterns)
served to derive the MMN response (see the EEG data
analysis section below). The order of the two attention
conditions was balanced across participants. Stimulus
blocks usually were separated by short 1-2 minutes
breaks, with longer breaks allowing the participant to
leave the experimental chamber inserted at need.

EEG Recording

The electroencephalogram (EEG) was recorded at the
F3, Fz, F4, C3, Cz, and C4 scalp locations (according to
the international 10-20 system} and the left and right
mastoids (Al and A2, respectively), with the common
reference electrode attached to the tip of the nose. The
ground electrode was placed on the forehead. Eye move-
ments were monitored by recording the electrooculo-
gram (EOQG) between two electrodes placed above and
below the lett eye (vertical EOG) and between two elec
trodes placed lateral to the outer canthi on both sides
{horizontal EOG). EEG was recorded with 32 bit resolu
tion at a sampling rate of 250 Hz by a Neuroscan,
NuAmps amplifier {Compumedics Neuroscan Inc.).
The signals were on-line low-pass filtered at 40 He.

EEG Data analysis

EEG was filtered off-line between 0.1 and 20 Hz. For
each D1 and D2 pattern (experimental and control
stimulus blocks, separately), an epoch of 1200-ms
duration was extracted from the continuous EEG
record. The epoch started 600 ms before the onset of
the deviation. Epochs with a voltage change below 0.1
UV or above 100 gV on any EEG or EOG channel with-
in the—100 to 500 ms time window (relative to the
deviation onset) were rejected from further analysis.
Epochs were baseline-corrected by the average voltage
of the whole analysis period and averaged separately for
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the two deviants and identical control patterns and in
the two attention conditions. Using the whole analysis
period as baseline balances possible slow shifts that may
appear in the long analysis period. The mean number
of artifact-free deviant trials per participant was 130.

MMN peak latencies were established as the central
{Cz) negative maximum of the average deviant-minus-
control difference waveform in the 100-250 ms post-
deviance time-range, separately for each participant,
deviant, and condition. Peak latencies were established
automatically in the target latency range. In cases where
two or more negalive peaks fell within the 100-250
post-deviance time-window and the amplitude differ-
ence between the peaks was small (<0.5 pV), selection
of the latency was aided by visual inspection of wave-
torms recorded by the C and F electrodes. The effects of
attention and deviance position were analyzed by a
repeated-measure analysis of variance (ANOVA) with
the structure Attention ( Unattend vs, Passive) < Position
(Strong vs. Weak).

MMN mean amplitudes were averaged from 60 ms
time windows centered on the central (Cz) negative
MMN peaks observed from the group-averaged deviant-
minus-control difference waveforms, separately for the
two deviants and two attention conditions. Thus MMN
was derived by subtracting between responses elicited by
identical sound patterns presented in different sequences
(i.e.,when D1 and D2 are deviants among standards and
when D1 and D2 form homogenous control sequences).
Responses elicited by the standard patterns were not
used in the MMN measurements. This derivation of
MMN prevents the emergence of confounding differ-
ences stemming from pattern-specific ERP responses.
The group-averaged central MMN peak latencies were:
160, 140, 196, and 176 ms from deviation (onission) enset
for the Unattend-Strong, Passive-Strong, Unattend-
Weak, and Passive-Weak deviant responses, respectively.
The effects of attention, deviance position, and the scalp
distribution of the MMN amplitudes were analyzed with
a repeated-measure ANOVA of the structure Attention
{Unattend vs. Passive} « Position (Strong vs. Weak}
Frontality (Frontal vs. Central electrode line) < Laterality
{Lett vs. Middle vs. Right). All significant effects and
interactions are reported below. Greenhouse-Geisser
correction of the degrees of [reedom was applied where
appropriate and the £ correction factor as well as 1° effect
size are reported.

Behavioral Data

Discrimination sensitivity was significantly higher for
Strong than for Weak deviants, #(10) = 2.80, p < .05

d’(Strong) = 2.77, d'(Weak) = 2.13. There was also a
tendency for faster RT’s for Strong than for Weak
deviants, ({10) = 1.85, p < .10; RT{Strong) = 536.69 ms,
RT(Weak) = 585.68 ms.

Discussion of the Behavioral Data

Higher sensitivity and shorter RT’s for Strong as com-
pared to Weak deviants suggest that theoretical metri-
cal salience affected the processing of rhythmic patterns
in our participants when they attended the stimulus
sequence.

Electrophysiological Data

The D1 and D2 patterns elicited a fronto-centrally
more negative response between 100 and 250 ms from
the onset of the omissions when the patterns violated
the rhythmic context set up by the frequent standard
patterns (S1-S4) than when the same patterns were
presented alone in the homogeneous control stimulus
blocks (Figure 2). The difference between the ERP
responses elicited by the deviant and the identical con-
trol stimuli can be identified as an MMN response (cf.
below). Significantly shorter MMN peak latencies
(measured from the onset of deviation; see Figures 2
and 3) were obtained for Strong as compared to Weak
deviants, F(1, 10) = 20.69, p < .01, n° = 0.67 (average
peak latencies: Passive[Strong] = 145.45 ms,
Passive[Weak] = 165.45 ms, Unattend[Strong] =
149.09 ms, and Unattend[Weak] = 190.18 ms). The
ANOVA of MMN amplitudes (see Figures 2 and 3, and
Table 1 for mean MMN amplitudes) yielded main
effects of Position, F(1, 10) = 5.62, p < .05, = 0.36,
Frontality, F(1, 10) = 10.56, p < .01, n’ = 0.51, and
Laterality, F(2, 20) = 13.86, p <.001, £ = 0.83, 1’ = 0.58.
Strong deviants elicited higher-amplitude MMN
responses as compared to Weak deviants, MMN was
larger over central than frontal electrodes and over
midline than lateral electrodes. There was also a signif-

icant interaction between Attention and Frontality,
F(1, 10) = 35.24, p < .001, n° = 0.78, stemming from
lower frontal MMN amplitudes in the Passive condi-
tion than in any other combination of these two factors
(Tukey 1ISD posthoc test with df = 10, p <.001 for all of
the referred comparisons). This result rules out the pos

sibility that the deviant-minus-control difference wave-
form would contain significant contribution from the
N2b ERP component. This is because N2b is elicited only
when participants actively detect a stimulus (Novak,
Ritter, Vaughan, & Wiznitzer, 1990). Furthermore, the
ERP difference cannot reflect difference between two
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FIGURE 2. Group-averaqged {n=11) ERP responses elicited by deviant patterns {experimental stimulus blocks; thick lines) and identical control pat-
terns (control stimulus blocks; thin lines). Left: Unattend condition; right: Passive condition. Upper panels show the responses to Strong, lower pan-
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TABLE 1. Group-Averaged MMN Amplitudes in pV with Standard Errors of the Mean

(SEM) in Parentheses.

Aftertion Passive Unattend

Eled rode/Position Strong Weak Strong Weak

F3 ~2.23(0.40) —1.20(0.29) —2.00(0.19) —1.53 (0.40)
Fz ~2.62 (047) ~1.70 (0.38) ~2.58 (0.28) ~1.99 (0.47)
F4 ~1.93 (0.41) ~1.27 (0.45) ~2.10(0.31) ~1.68 (0.41)
C3 ~2.03 (0.37) —1.42 (0.35) -2.72(0.34) —2.15 (0.37)
Cz ~2.57 (0.47) —1.71 (041} —3.29 (0.30) —2.49 (047)
c4 ~2.08 (041) ~1.48 (0.40) ~2.99 (0.35) ~2.38 (0.41)

N1 components, because it is elicited by sound omis
sions, which do not elicit the N1 component. Very
importantly, the Attention factor did not significantly
interact with the Position factor for either peak laten-
cies or MMN amplitudes. This means that Strong
deviants elicited earlier and higher-amplitude MMN
responses than Weak deviants irrespective of the atten
tion conditions.

Discussion of the Electrophysiological Data

MMN responses were elicited by deviations in both
metrical positions and in both attention conditions.
This suggests that rhythmic violations are detected even
when attention is not focused on the sound sequence.
Furthermore, Strong deviants elicited a stronger (earlier
and higher-amplitude) response than Weak ones. This
result corroborates the behavioral data in suggesting
that metric salience affected the detection of rhythm
violations. Stronger MMN responses are usually
recorded to perceptually more salient deviations
{MNidtinen & Alho, 1997), Since the amount of raw
acoustic deviation did not differ between the two
deviant positions, larger perceived deviations suggest
sharper (more precise) memory representations for
metrically salient elements of rhythmic patterns (a sim

ilar effect on the sharpness of the memory representa-
tions underlying MMN has been demonstrated by
masking studies; see Winkler, Reinikainen, & Niitinen,
1993). Modulation of the memory representations by
metric salience strongly argues for the conclusion that
the brain formed hierarchical representations for the
rhythmic stimulus sequences.

The only effect of attention was lower frontal MMN
amplitudes in the Passive compared with the Unattend
condition. This effect was not significantly different
between MMNs elicited by Strong and Weak deviants.
Rather, it probably reflects differences in the general activ-
ity of the frontal cortex in the two attention conditions

{e.g., difference in the arousal level or hetween process
ing simple sound change as opposed to following a
movie). Thus it appears that the processing of meter
{(forming hierarchical representations for rhythmical
sound sequences) does not require significant amounts
of limited higher-level capacities, a sign that meter may
be processed at lower levels of auditory perception. The
picture emerging from the electrophysiclogical data is
that meter is extracted more or less automatically from
rhythmic sequences, suggesting that it is an “intelligent”
low level auditory processing capability, of which more
and more are discovered by recent research (Nadtinen,
Tervaniemni, Sussman, Paavilainen, & Winkler, 2001).

General Discussion and Conclusion

The behavioral detection of syncopated rhythms data
as well as the ERPs recorded under two different atten
tion conditions concerning meter induction were con-
sistent in our group of participants. They were able to
detect syncopated rhythms in an active behavioral task
{indicated by the accuracy and speed of detection), as
well as passively in the ERP experiment when they
focused their attention on a task unrelated to the rhyth
mic sound sequences. Not only did participants distin-
guish syncopated patterns from strictly metrical ones,
but they also showed sensitivity to the position {metric
salience) or in other words, to the strength of the syn
copation. This result is in full accordance with the
Longuet-Higgins and Lee (1984) model, which predicts
that the most salient position elicits a significantly
stronger response than syncopation on any lower
salient position of the rhythm. Furthermore, this result
suggests that meter is not only a concept facilitating the
structuring of written musical scores, but it corre-
sponds to the structure of memory representations in
the human brain.

These results suggest that beat induction, which
according to Povel (1981) is an essential first step in the
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perception of temporal sequences, is functional both in
active and passive listening situations. Furthermore,
our participants clearly were sensitive to the hierarchi-
cal ordering in beat perception (as revealed by the dif-
ference in responses between D1 and D2; cf. Figure 3).
This provides further evidence for the general perceptual/
cognitive capability based interpretation of meter.
While earlier research showed only a marginal sensitiv
ity to meter in listeners with little or no formal music
training (e.g., Jongsma et al., 2004; Palmer &
Krumhansl, 1990), the current study demonstrated that
meter is a mental representation that does not require
advanced formal music training. This conclusion does
not rule out the possibility that, similarly to other
music-related processing capabilities, the representa-
tion of rhythmic structures can be improved by music
training (see for example van Zuijen et al., 2005). It
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remains a question for future research whether basic
sensitivity for meter is a result of learning by exposure
to one’s musical environment (Huron, 2006}, or, as
hinted by the current results as well as studies showing
sensitivity to meter at a very early age (Hannon &
Johnsen, 2005), whether it stems from a general cogni
tive predisposition of the human brain for breaking
down complex patterns recursively into equal sized
subpatterns (Martin, 1972).
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To shed light on how humans can learn to understand music, we
need to discover what the perceptual capabilities with which
infants are born. Beat induction, the detection of a regular pulsein
an auditory signal, is considered a fundamental human trait that,
arguably, played a decisive role in the origin of music. Theorists are
divided on the issue whether this ability is innate or learned. We
show that newborn infants develop expectation for the onset of
rhythmic cycles (the downbeat), even when it is not marked by
stress or other distinguishing spectral features. Omitting the
downbeat elicits brain activity associated with violating sensory
expectations. Thus, our results strongly support the view that heat
perception is innate.

event-related brain potentials (ERPY | neonatas | rhwthm

usic is present in some form in all human cultures.

Sersitivity to various elements of music appears quite
early onin infancy (1, 2-4), with understanding and appreciation
of music emerging later through interaction between developing
perceptual capabilities and cultural influence. Whereas there is
already some information regarding spectral processing abilities
of newbom infants (35, 6), little is known about how they process
rhythm. The ability to sense beat (a regular pulse in an auditory
signal; termed “tactus™ in music theory; 7, 8) helps individuals
to synchronize their movements with each other, such as nec-
essary for dancing or producing music together. Although beat
induction would be very difficult to assess in newborns using
behavioral techniques, it is possible to measure electrical brain
responses to sounds (auditory event related brain potentials,
ERP), even in sleeping babies. In adults, infrequently violating
some regular feature of a sound sequence evokes a discriminative
brain response termed the mismatch negativity (MMN) (9, 10).
Similar responses are elicited in newbomns (11) by changes in
primary sound features (e.g., the pitch of a repeating tone) and
by violations of higher-order properties of the sequence, such as
the direction of pitch change within tone pairs (ascending or
descending) that are varying in the starting pitch (12). Newboms
may even form crude sound categories while listening to a sound
sequence (13): an additional discriminative ERP response is
elicited when a harmonic tone is occasionally presented among,
noise segments or vice versa, suggesting a distinction between
harmonic and complex sounds.

Neonates are also sensitive to temporal stimulus parameters
[e.g., sound duration (14)] and to the higher-order temporal
structure of a sound sequence [such as detecting periodical
repetition of a sound pattern (15)]. Because the MMN is elicited
by deviations from expectations {16), it is especially appropriate
for testing beat induction. One of the most salient perceptual
effects of beat induction is a strong expectation of anevent at the
first position of a musical unit, ie., the “downbeat” (17).
Therefore, occasionally omitting the downbeat in a sound se-
quence composed predominantly of strictly metrical {regular or
“nonsyncopated”) variants of the same rhythm should elicit
discriminative ERP responses if the infants extracted the beat of
the sequence.

2468-2471 | PMAS | February 17,2009 | veol 1068 | no. 7

Results and Discussion of the Neonate Experiment

We presented 14 healthy sleeping neonates with sound se-
quences based on a typical 2-measure rock drum accompani-
ment pattemn ($1) composed of snare, bass and hi-hat spanning
8 equally spaced (isochronous) positions (Fig. 1.4 and A). Four
further variants of the S1 pattern (52-54 and D) (Fig. 1 C-F)
were created by omitting sounds in different positions. The
omissions in 52, 33, and 54 do not break the rhythm when
presented in random sequences of S1-54 linked together, be-
cause the omitted sounds are at the lowest level of the metrical
hierarchy of this rhythm (Fig. 1.4} and, therefore, perceptually
less salient (7). The 4 strictly metrical sound patterns (S1-54;
standard) made up the majority of the pattemns in the sequences.
Occasionally, the D pattern (Fig. 17, deviant) was delivered in
which the downbeat was omitted. Adults perceive the D pattern
within the context of a sequence composed of S1-584 as if the
rhythm was broken, stumbled, or became strongly syncopated for
a moment (18) (Sound File S1). A control sequence repeating
the D pattern 100% of the time was also delivered (“deviant-
control”).

Fig 2 shows that the electrical brain responses elicited by the
standard (only $2-84; see Methods) and deviant-control patterns
are very similar to each other, whereas the deviant stimulus
response obtained in the main test sequence differs from them.
The deviant minus deviant-control difference waveform has 2
negative waves peaking at 200 and 316 ms followed by a positive
wave peaking at 428 ms. The difference between the deviant and
the other 2 responses was significant in 40-ms-long latency
ranges centered on the early negative and the late positive
difference peaks (see Table 1 for the mean amplitudes) as shown
by dependent measures ANOV As with the factors of Stimulus
(Standard vs. Deviant control vs. Deviant) x Electrode {C3 vs.
Cz vs. C4). The Stimulus factor had a significant effect on both
peaks (for the early negative waveform: F[2,26] = 3.77, P < 0.05,
with the Greenhouse-Geisser correction factor & = 0.85 and the
effect size 7° = 0.22; for the positive waveform: F[2,26] = 8.26,
P < 001, ¢ = 0.97, ¥ = 0.39). No other main effects or
interactions reached significance. Posthoc Tukey HSD pairwise
comparisons showed significant differences between the deviant
and the deviant-control responses in both latency ranges (with
df = 26, # < 0.05 and 0.01 for the early negative and the late
positive waveforms, respectively) and for the positive waveform,
between the deviant and the standard response (df = 26, P <
0.01). No significant differences were found between the stan-
dard and the deviant control responses.
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Fig. 1. Schematic diagram of the rhythmic stimulus patterns.

Results showed that newborn infants detected occasional
omissions at the 1st (downbeat) position of the rhythmic pattern,
but, whereas the S2-S4 patterns omitted only a single sound (the
hi-hat), the D pattern omitted 2 sounds (hi-hat and bass). The
double omission could have been more salient than the single
sound omissions, thus eliciting a response irrespective of beat
induction. However, the omission in D could only be identified
as a double omission if the neonate auditory system expected
both the bass and the hi-hat sound at the given moment of time.
Because bass and hi-hat cooceurs at 3 points in the base pattern
(see Fig. 18), knowing when they should be encountered to-

gether requires the formation of a sufficiently detailed repre-
sentation of the whole base pattern in the neonate brain, In
contrast, beat detection requires only that the length of the full
cycle and its onset are represented in the brain. It is possible that
neonates form a detailed representation of the base pattern. This
would allow them not only to sense the beat, but also to build a
hierarchically ordered representation of the rhythm (meter
induction), as was found for adults (18). This exciting possibility
is an issue for further research.

Another alternative interpretation of the results suggests that
newborn infants track the probabilities of the succession of
sound events (e.g., the probability that the hi-hat and bass sound
event is followed by a hi-hat sound alone). However, in this case,
some of the standard patterns (e.g., 52) should also elicit a
discriminative response, because the omission has a low condi-
tional probability (e.g., the probability that the hi-hat and bass
sound event is followed by an omission, as it occurs in S2, is 0.078
within the whole sequence).

Finally, it is also possible that newborn infants segregated the
sounds delivered by the 3 instruments, creating separate expec-
tations for each of them. This explanation receives support from
our previous results showing that newborn infants segregate
tones of widely differing pitches into separate sound streams (6).
If this was the case, omission of the bass sound could have
resulted in the observed ERP differences without beat being
induced. To test this alternative, we presented the test and the
control sequences of the neonate experiment to adults, silencing
the hi-hat and snare sounds. All stimulation parameters, includ-
ing the timing of the bass sounds and the probability of omissions
(separately for the test and the control sequences) were identical
to the neonate experiment.

Results and Discussion of the Adult Control Experiment

Fig. 3 shows that the ERP responses elicited by the deviant and
the control patterns are highly similar to cach other. Taking the
peaks where the central (C3, Cz, and C4 electrodes) deviant-
minus-control difference was largest (132 and 296 ms) within the
latency range in which discriminative ERP responses are found
in adults, we conducted ANOVAs of similar structure as was
done for the nconate measurements |dependent measures fac-
tors of Stimulus (Deviant control vs. Deviant) % Electrode (C3
vs. Cz vs, C4); standard patterns could not be used, because they
contained no omission in the bass sequence]. We found no
significant main effect of Stimulus or interaction between the
Stimulus and the Electrode factor (£ = 0.2 for all tests). The only
significant effect found was that of Electrode for the later latency
range (F[2.24] = 7.30, P < 0.0L, & = 0.75, % = (.38) However,

Omission-aligned ERP responses

omission onset

deviant
== = = daviant-conirol 200
sssssssssenns standard

Fig. 2.

Group averaged (n = 14) electrical brain responses elicited by rhythmic sound patterns in neonates. Responses to standard (average of $2, 53, and 54;

dotted line), deviant (D; solid line), and deviant-control patterns (D patterns appearing in the repetitive control stimulus block; dashed line) are aligned at the
onset of the omitted sound (compared with the full pattern: 51) and shown from 200 ms before to 600 ms after the omission. Gray-shaded areas mark the time
ranges with significant differences between the deviant and the other ERP responses.
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Table 1. Group averaged (n = 14) mean ERP amplitudes

Amplitude, pV

180-220 ms interval

408-448 ms interval

Group 3 Cz 4 3 Cz ca

Deviant 0.50 (0.19) ~0.30 (0.22) -0.41 (0.27) 0.38 (0.17) 0.67 (0.13) 0.67 (0.27)
Deviant-control 0.14 (0.13) 0.06 (0.16) 0.18 (0.25) 0.10 (0.13) 0.06 (0.16) -0.18 (0.15)
Standard —0.03 (0.09) ~0.06 {0.12) —0.11 {0.08) -0.02 (0.09) -0.12(0.12) -0.16 (0.13)

SEM values are shown in parentheses.

because this effect does not include the Stimulus factor, it is not
the sign of a response distinguishing the deviant from the control
response.

Thus, in adults, omission of the position-1 bass sound does not
result in the elicitation of discriminative ERP responses in the
absence of the rhythmic context. This result is compatible with
those of previous studies showing that stimulus omissions (with-
out a rhythmic structure) only elicit deviance-related responses
atvery fast presentation rates (< 170-ms onset-to-onset intervals;
see ref. 19). In our stimulus sequences, the omitted bass sound
was separated by longer intervals from its neighbors. It should be
noted that adult participants elicited the MMN discriminative
ERP response, when they received the full stimulus sequence (all
3 instruments) as presented to newborn babies in the neonate
experiment (18).

Discussion

These results demonstrate that violating the beat of a rhythmic
sound sequence is detected by the brain of newborn infants. In
support of this conclusion we showed that the sound pattern with
omission at the downbeat position elicited discriminative elec-
trical brain responses when it was delivered infrequently within
the context of a strictly metrical rhythmic sequence. These
responses were not elicited by the D pattern per se: When the D
pattern was delivered in a repetitive sequence of its own, the
brain response to it did not differ from that elicited by the
standards. Neither were discriminative responses simply the
resull of detecting omissions in the rhythmic pattern. Omissions
occurring in non-salient positions elicited no discriminative
responses (see the response to the standards in Fig. 2). Further-
more, the discriminative ERP response elicited by the D pattern
was not caused by separate representations formed for the 3
instruments: only omissions of the downbeat within the rhythmic
context elicit this response.

So it appears that the capability of detecting beat in rhythmic
sound sequences is already functional at birth. Several authors
consider beat perception to be acquired during the first year of
life (2-4), suggesting that being rocked to music by their parents
is the most important factor. At the age of 7 months, infants have
been shown to discriminate different rhythms (2, 3). These
results were attributed to sensitivity to rhythmic variability,
rather than to perceptual judgments making use of induced beat.
Ouwr results show that although learning by movement is probably
important, the newborn auditory system is apparently sensitive
to periodicities and develops expectations about when a new
cycle should start (i.e., when the downbeat should occur).
Therefore, although auditory perceptual learning starts already
in the womb (20, 21), our results are fully compatible with the
notion that the perception of beat is innate. In the current
experiment, the beat was extracted from a sequence comprised
of 4 different variants of the same rhythmic structure. This shows
that newborns detect regular features in the acoustic environ-
ment despite variance (12) and they possess both spectral and
temporal processing prerequisites of music perception.

Many questions arise as a result of this work, Does neonate
sensitivity to important musical features mean that music carries
some evolutionary advantage? If so, are the processing algo-
rithms necessary for music perception part of our genetic
heritage? One should note that the auditory processing capa-
bilities found in newborn babies are also useful in auditory
communication. The ability to extract melodic contours at
different levels of absolute pitch is necessary to process prosody.
Sensing higher-order periodicities of sound sequences is simi-
larly needed for adapting to different speech rhythms e.g.,
finding the right time to reply or interject in a conversation (22).
Temporal coordination is essential for effective communication.
When it breaks down, understanding and cooperation between
partners is seriously hampered. Therefore, even if beat induction

Omission-aligned ERP responses

omission onset

deviant
= = = = deviant-control

Fig. 3.

Group averaged (n = 13) electrical brain responses elicited by the bass sound patterns in adults. Responses to deviant (D; solid line), and deviant-control

patterns (D patterns appearing in the repetitive contrel stimulus block; dashed line) are aligned at the onset of the omitted bass sound (compared with the
standard patterns: 51-54) and shown from 200 ms before to 600 ms after the omission. Gray-shaded areas mark the time ranges in which amplitudes were

measured,
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is an innate capability, the origin and evolutionary role of music
remains an issue for further research.

Methods
Neonate Experiment. Sound sequences were delivered to 14 healthy full tarm
newborn infants of 27-40 weeks gastational age (3 famale, birth weight
2650-3960 g, APGAR score 9/10) on day 2 or 3 post partum while the eectro-
encephalogram was recorded from scalp electrodes The study wasapproved
by the Ethics Committes of the Semmelweis University, Budapest, Hungary.
Inform ed consent was cbtained from one or both parents The mothar of tha
infant was present during the recording

The experimental session induded 5 test seguences, sach comprising 276
standard (51-54 Fig. 1)and 30 deviant (D) patterns and a control segquencein
which the D pattern (termed deviant-control) was repeated 306 times. The
control stimulus blodk was presented at a randomly chosen pasition among
the test stimulus blodks. In the test sequences, 51-54 appeared with equal
probability, 22.5%, each, with the & pattern making up the remaining 10%.
This is a prerequisite of the deviance detection method, which requires
deviations to be infrequent within the sequence (9) The order of the &
patterns was pseudorandomized, enfordng at least 3 standard patterns be-
twieen successive D patterns. The onset-to-onset interval between successive
soUndswas 150 m swith 75-m sonset-to-offset interval (75-m ssound duration).
Patterns in the sequence were delivered without breaks. Loudnass of the
sounds was normalized so that all stimuli (incduding the downbeat) had the
same loudness

EEG wasrecorded with Ag-AgCl electrodesat locations £2, Cz, and 4 of
the international 10-20 systam with the common reference elactrods
attached to the tipof thenase. Signals were off-line filtered between 1and
16 Hz. Epochs starting &00 ms before and ending 600 ms after the time of
the omission in the sound patterns (compared with the 51 pattern) wers
extracted from the continuous EEG record. Epochswiththehighastvoltage
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between the test and the control stimulus blocks. Responsesto the 52-54
patternswere averagead together, aligned atthe point of omission (termed
“standard™) Respaonseswere averaged for the D pattern separately for the
onesrecorded in the main test and thosein the control sequences (Deviant
and Deviant-control respanses, respactively). For assessing the elictation
of differential ERP responses, peaks observed on the group-average dif-
farance waveforms betwean the deviant and deviant-control responsas
were selacted. For robust measurements, 40-ms-long windows were cen-
tared on the selected peaks. Amplitude measuremants ware submittad to
AMNOWA tests (see the structure in Resufts and Discussion of the Maocnata
Experiment]. Greenhaouse-Gelsser correction was applied. The correction
factor and the effect size (partial eta-square) is reported. Tukey HSD
pairwise posthoo comparisons were used. All significant results are dis-
cussed

Adult Experiment. Fourteen healthy young adults (7 female, 18-28 vears of
age, mean: 21.07) partidpated in the experiment for modest finandal com-
pensation. Partidpants gaveinformed consent after the procedures and aims
of the experiments were axplained to them. The study was approved by the
Ethical Committee of the Institute for Psychology, Hungarian Academy of
Sciences All participants had frequency thresholds not >20 dB SPL in the
250-4000 Hz range and nothreshold difference exceading 10dE between the
2 ears (assessed with a Mediroll, 5&-5 audiometer). Participants watched a
silencad subtitled movie during the EEG recordings One partidpant’s data
were rejactad from the analyses due to excessive electrical artifacts.

&l parameters of the stimulation, EEG recording, and data analysis were
identical to the neonate study except that hi-hat and snare sounds were
removed fram the stimulus patterns without changing the timing of the
remaining sounds.
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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 1V) 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 I1), 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 Ill) 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 I11)
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hints at the possibility that newborns can extract meter from music, in a similar fashion as
adults do (Thesis 1V). 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; Horvath, 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 Il, where it is peaking at about 200 ms from stimulus onset and it follows an carly
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 pair-
onset 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 Il 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
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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 I11);
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 1V). 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, 2002¢; 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 Dehaene-
Lambertz & 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
& Molnar, 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 pitch-
contour 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 Naitinen and colleagues (2010) see

as a manifestation of a common automatic core of other sound-related cognitive abilities.

93



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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