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Abstract

Lexical access, the matching of auditory information onto lexical representations in the brain, is a crucial component of online language processing. To
understand the nature of lexical access, it is important to identify the kind of
acoustic information that is stored in the long-term memory and to study
how the brain uses such information. This dissertation investigates the contribution of prosodic information to lexical access and examines languagespecific processing mechanisms by studying three typologically distinct languages: English, Turkish, and Swedish. The main research objective is to
demonstrate the activation of long-term memory traces for words on the sole
basis of prosodic information and to test the accuracy of typological phonological descriptions suggested in the literature by studying electrophysiological measurements of brain activation. A secondary research objective is to
evaluate three distinct electrophysiological recording systems. The dissertation is based on three papers, each examining neural responses to prosodic
changes in one of the three languages with a different recording system. The
first two papers deal directly with the interplay between prosody and the
lexicon, and investigate whether prosodic changes activate memory traces
associated with segmentally identical but prosodically different words; the
third paper introduces morphology to this process and investigates whether
prosodic changes activate memory traces associated with potential lexical
derivations. Neural responses demonstrate that prosodic information indeed
activates memory traces associated with words and their potential derivations without any given context. Strongly connected neural networks are
argued to guarantee neural activation and implementation of long-term
memory traces. Regardless of differences in prosodic typology, all languages
exploit prosodic information for lexical processing, although to different
extents. The amount of neural activation elicited by a particular piece of
prosodic information is positively correlated with the strength of its lexical
representation in the brain, which is called lexical specification. This dissertation could serve as a first step towards building an electrophysiologicalperceptual taxonomy of prosodic processing based on lexical specification.
Keywords: lexical access, prosody, neuroimaging, electroencephalography,
event-related potentials, memory trace, typology, English, Turkish, Swedish
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1 Introduction

For lexical access, the auditory information stored in the auditory sensory
memory is instantaneously matched with the lexical representations in the
brain. Transformation of auditory input into a meaningful representation is
affected by several constraints. Prosodic as well as segmental information
are extracted from the incoming speech signal, coordinated within milliseconds and encoded in memory to be retrieved and used later on.
To understand the nature of lexical access, it is important to investigate this
auditory-lexical matching procedure and language-specific processing
mechanisms. The brain stores knowledge about lexical items as distributed
memory circuits, and the development of these memory circuits is possible
by virtue of linguistic experience. Exposure to a specific language shapes the
brain’s ability to process segmental and prosodic information, and enables
the development of language-specific memory traces. Once formed, such
traces facilitate lexical access even with partial auditory input.
In this dissertation, the focus is on prosodic input. The principal research
objectives are to investigate: (i) whether prosodic features are represented
and processed separately or holistically in the brain; (ii) whether prosodic
features constrain lexical access alone and cue the upcoming stress/lexical
item; (iii) what the neural time-course of prosodic processing and lexical
access is; (iv) to what extent the role of prosodic features in lexical access
varies with language type; and (v) whether memory traces for lexical prosody exist and are pre-attentively accessible. The research objectives are
achieved by carrying out electrophysiological measurements of brain activity. A side objective is to evaluate various electrophysiological recording
systems.
The dissertation is structured as follows: Chapter 2 presents a short introduction to prosody and prosodic typology, and offers a typological summary of
the investigated languages. Chapter 3 presents a brief overview of lexical
access and the role of prosody in this process. Chapter 4, the central part of
the dissertation, provides a short introduction to electrophysiological and
neuroimaging techniques, and presents the methodology of the dissertation
as well as a review of relevant literature. Chapter 5 presents studies of the
dissertation, referred as Study I, II, and III, and discusses the scientific con19

tributions they make. Chapter 6 offers a general discussion, and Chapter 7,
finally, discusses directions for future research. The three original papers are
placed at the end of the dissertation.

20

2 Prosody

Prosodic information, also called suprasegmental information, refers to any
acoustic variations that extend over more than one linguistic segment
(Couper-Kuhlen, 1986; Cutler, 2012; Lehiste, 1970). The prosodic information is based on variations in physical correlates such as duration, intensity, and fundamental frequency (f0), as well as their psychological counterparts: length, loudness, and pitch.
Prosodic variables are crucial for spoken language comprehension both at
the lexical level and at the phrase/sentence level. They are exploited, for
example, to distinguish lexical meaning, to encode syntactic structure, to
express focus, and to distinguish sentence types (Cutler, 2012; Cutler,
Dahan, & van Donselaar, 1997).
This dissertation concerns lexical-level prosody, which utilizes physical
correlates such as duration, intensity, and f0 to distinguish lexical meaning.
Lexical prosody includes lexical stress (or stress-accent)1, lexical tone, and
lexical pitch-accent. This dissertation deals primarily with lexical stress,
which is briefly reviewed below.

2.1 Lexical stress
Lexical stress (i.e., word stress) is a structural property of a word that specifies which syllable in the word is more salient than any of the others (Cutler,
2005, 2012; Sluijter & van Heuven, 1996b; Terken & Hermes, 2000). Lexical stress is a prosodic (suprasegmental) phenomenon; that is, stressed
(strong) syllables typically have longer duration, greater intensity, and/or
higher f0 than unstressed (weak) syllables. Apart from these prosodic characteristics, lexical stress may also have consequences at the segmental level;
vowels in unstressed syllables tend to be reduced in certain languages
(Cutler, 1986, 1997; Cutler & Clifton, 1984; Fry, 1958).

1

In literature, both stress and accent have been employed to express word-level prominence.
In the present dissertation, the term stress is used for languages that do not require pitch specification (see Section 2.2).
21

Languages differ in the realization and function of lexical stress: (i) different
acoustic parameters may contribute differentially to prosodic information,
and hence differ in importance, and (ii) the same structure may not be used
to the same extent; the contribution of lexical stress toward lexical access (if
any), for instance, may vary across languages.
This dissertation addresses the processing characteristics of different acoustic parameters of lexical stress and examines how speakers of languages with
different prosodic systems use these parameters for lexical access. Three
different languages are investigated: English, Turkish, and Swedish, whose
lexical stress characteristics are shortly reviewed in Section 2.3. Before proceeding, a brief summary is given of the relevant taxonomy.

2.2 Stress typology
Stress typology classifies languages into predetermined types depending
mainly on phonemic status of stress, sources of prominence, and segmental
processes conditioned by stress. It is beyond the scope of this dissertation to
provide a full typology of this phenomenon, which is already a complex
matter, as discussed in Hyman (2012) and van der Hulst (1999a). This section, therefore, provides a brief overview of the major distinctions found in
the literature.
One of the major classifications of the typology entails distinguishing between fixed-stress and free-stress languages. These terms are associated with
the phonemic status of stress. In fixed-stress languages (e.g., Finnish, Hungarian, French, and Turkish2), the location of stress is predictable and stress
is primarily assigned by phonological rules, whereas in free-stress languages
(e.g., English, Swedish, German, and Spanish), stress is at least partially
unpredictable and has to be lexically specified (Hayes, 1995). Predictability
of stress position has led some researchers to argue that speakers of fixedstress languages may be insensitive to stress variations. It has been argued
that speakers of fixed-stress languages do not need stress information since it
does not differentiate between lexical items. Accordingly, a typology of
stress deafness has been suggested (Peperkamp & Dupoux, 2002). This typology claims stress deafness to be correlated with the regularity of stress

2

Although Turkish and French have typically been analyzed as fixed-stress systems, some
researchers treat Turkish as an unbounded system (i.e., stress can be realized anywhere) and
French as a right-edge system (stress is either ultimate or penultimate) (see Goedemans & van
der Hulst, 2013).
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patterns and predicts speakers of fixed-stress languages to exhibit stress
deafness to a certain degree.3
In line with the classification into fixed- and free-stress languages, a typology of quantity (weight) sensitivity has been proposed, where stress systems
are divided into two groups depending on the role of heavy and light syllables4 in stress placement: quantity-sensitive and quantity-insensitive systems
(Goedemans & van der Hulst, 2013; Goldsmith, 1990; Gordon, 2011; Hayes,
1995). Specifically, in quantity-sensitive systems, stress placement depends
on the distinction between heavy and light syllables, whereas syllable weight
is not relevant for quantity-insensitive systems. In quantity-sensitive systems, heavy syllables typically receive stress, whereas light syllables get
stress only in the absence of a suitable heavy syllable, and only if they are in
the right location (Goedemans & van der Hulst, 2013; Goldsmith, 1990;
Hayes, 1995). Fixed-stress languages are argued to be quantity-insensitive
(Goedemans & van der Hulst, 2013; Gordon, 2011).
Another distinction concerns the source of prominence. Languages are usually divided into two groups depending on the phonemic status of pitch (i.e.,
whether differences in prominence rely on lexical contrasts in pitch or not):
stress and tone languages (Bybee, Chakraborti, Jung, & Scheibman, 1998;
Gordon, 2014; Hyman, 2006). In stress languages (e.g., English, German,
Dutch, and Spanish), a combination of duration, intensity, and f0 is used to
signal prominence, whereas in tone languages (e.g., Mandarin, Thai, and
Vietnamese), f0 is the only phonetic variable. In typical stress languages,
there is one stress per word, whereas in tone languages, there are few restrictions on the number of high tones per word (Bybee et al., 1998). The
fact that not all languages can be classified into these two groups led some
researchers to introduce a new hybrid type of system called pitch-accent

3

For instance, in contrast to speakers of Spanish, which is a free-stress language, speakers of
French, which is a fixed-stress language, have great difficulties in distinguishing stress contrasts. However, French speakers detect acoustic correlates of stress under appropriate circumstances (Dupoux, Pallier, Sebastian, & Mehler, 1997). The term deafness is, therefore,
used with caution since speakers are not completely insensitive to stress contrasts; deafness
depends on memory load and the amount of phonetic variability (see Dupoux, Peperkamp, &
Sebastian-Galles, 2001). It should also be noted that French has alternatively been characterized as having phrasal stress rather than lexical stress (Grammont, 1965, cited in Peperkamp
& Dupoux, 2002). Under both assumptions, stress is utterance-final (Peperkamp & Dupoux,
2002).
4
Heavy syllables typically have long vowels, or diphthongs or a coda; light syllables have
short vowels and no coda. Weight criteria might vary across languages (see Gordon, 2004).
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language (e.g., Japanese and Basque)5, which can freely pick and choose
prototypical properties of stress and tone languages.
Another distinction is associated with general rhythmic tendencies, which is
also called isochrony. Languages are classified as being one of two major
rhythmic types depending on the unit of timing: syllable-timed and stresstimed languages. In the former type, syllables come at equal intervals,
whereas in the latter, stressed syllables occur at regular intervals (CouperKuhlen, 1986; Pike, 1945). There is also a third rhythmic type based on the
mora, a sub-syllabic unit that includes either onset or nucleus or a coda
(Ladefoged, 1975; Nespor, Shukla, & Mehler, 2011; Port, Dalby, & O’Dell,
1987). However, finding signal-based evidence for isochrony (whether in
syllable- or stress-timed languages) has generally been unsuccessful.6 Rather, segmental processes conditioned by stress and syllable structure have
been argued to play a significant role in rhythmic classification. For instance,
while stress-timed languages tend to change vowels qualitatively and quantitatively in unstressed syllables, a process known as vowel reduction, syllable-timed languages have a relatively full vowel articulation (Bybee et al.,
1998; Dauer, 1983; Fernández & Cairns, 2011; Nespor et al., 2011).
The final parameter that is of interest here is associated with prominence
patterns. Languages are typically classified into two groups depending on
prominence relations between stressable elements (moraic7 or syllabic): trochaic and iambic. In the trochaic pattern, the left-hand element is more
prominent (stressed) than the right-hand, whereas in the iambic pattern, the
right-hand element is strong (Goldsmith, 1990; Hayes, 1995; Liberman,
1975; van der Hulst, 1999a, 1999b). The phenomenon that concerns this
dissertation is the regularity of stress patterns with lexical categories. For
instance, in English, disyllabic nouns tend to have the trochaic pattern,
whereas disyllabic verbs are much more likely to have the iambic pattern.
This regular difference between stress patterns is especially interesting for
stress-alternating verb-noun homographs (e.g., súbject – subjéct and pérmit –
permít).
To sum up, these classifications take certain features into account in their
taxonomies. Depending on the predetermined type, languages can be classi5

It should however be noted that there is no single prototype of pitch-accent; it is, therefore,
difficult to characterize a pitch-accent language (for a recent discussion of the validity of the
notion of pitch accent language, see Hyman, 2006; van der Hulst, 2011).
6
For instance, comparison of several syllable-timed languages such as Spanish, Greek, and
Italian with English as a stress-timed language did not indicate any differences in the duration
of interstress intervals (Dauer, 1983).
7
For a detailed explanation of rhythmic organization that is operative at the moraic level, see
Kager (1993).
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fied into one or another category. There can also be hybrid systems that carry prototypical properties of different types. It should be noted that these
classifications are primarily theoretical, supported mostly by impressionistic
observations rather than empirical evidence.

2.3 Investigated languages
This section presents the main characteristics of the stress systems of English, Turkish, and Swedish, respectively. Table 1 summarizes the classification of these three languages, based on the literature, according to the taxonomy given above. Details of these classifications and the acoustics of stress
in each language are briefly presented in the following sections.
Table 1 The classification of English, Turkish, and Swedish according to the
typology of stress systems. See text for sources.

Phonemic status
Quantity sensitivity
Source of prominence
Isochrony

English

Turkish

Swedish

Free
Yes
Stress
Stress-timed

Fixed
Limited
Unclear
Syllable-timed

Free
Unclear8
Stress/Pitch-accent
Stress-timed

2.3.1 English
English stress assignment has been studied extensively from a phonological
perspective (Chomsky & Halle, 1968; Couper-Kuhlen, 1986; Goldsmith,
1990; Hayes, 1995; Kager, 1989; Liberman, 1975). English is considered to
be a stress-timed and free-stress language. Stress assignment is quantitysensitive; heavy syllables generally attract stress, and stress involves a distinction between strong syllables with full vowels and weak syllables with
reduced vowels (Goldsmith, 1990; Kager, 1989; Trommelen & Zonneveld,
1999).
Although English is characterized as a free-stress language, stress assignment has some regularity. Derivational morphology, for instance, plays a
role in English stress assignment. Affixes are typically classified into two
categories: stress-sensitive and stress-neutral. Noun-making suffixes such as
8

The quantity system of Swedish is argued to be dependent on stress. In contrast to English,
in which heavy syllables attract stress, stressed syllables are mandated to be heavy in Swedish; that is, if stress falls on a light syllable, that syllable lengthens (Riad, 2014).
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–ness and –ment are, for instance, considered to be stress neutral and do not
contribute to stress assignment (Goldsmith, 1990; Trommelen & Zonneveld,
1999). In English, there is also an association between the stress pattern and
the grammatical function of certain words. While the trochaic stress pattern
is typically associated with nouns, the iambic pattern is most common in
verbs as in permít (v) – pérmit (n) (Cutler & Clifton, 1984). 9
Prominence contrasts in English are characterized by a combination of duration, intensity, and f0; English is, therefore, argued to be a stress language
(Beckman, 1986; Campbell & Beckman, 1997; Hyman, 2006, 2012; Sluijter
& van Heuven, 1996a). This argument has been proven by a number of phonetic studies, some of which are reviewed below.
In a series of experiments, Fry (1955, 1958, 1965) investigated the role of
duration, intensity, f0, and vowel quality on the perception of English stress
patterns, using stress-contrastive minimal pairs such as subject, object, and
digest. The findings indicated that all four features were used for the judgments of stress and established a hierarchy of stress correlates in which f0 is
the most important correlate, followed by duration, intensity, and vowel
quality, in descending order. The results indicated that change in f0 differed
from change in duration and intensity in that it produced an all-or-none effect. That is, the presence of a clear f0 change was enough for stress judgments; the magnitude of f0 change had no effect. The importance of f0 as a
primary correlate has been shown in several other studies (Beckman, 1986;
Morton & Jassem, 1965).
It should be noted that the f0 of stressed syllables may exhibit a different
behavior depending on the presence of phrasal accent.10 Phrasal accent is
used for focus11 and is, therefore, dependent on the communicative intentions
of the speaker, whereas stress is a structural property of a word and is, therefore, dependent on the language system (Sluijter & van Heuven, 1996a).
Thus, Sluijter & van Heuven (1996a) investigated the acoustic correlates of
stress under two conditions: focus and non-focus. The results indicated that
duration was the most reliable cue, followed by vowel quality. Overall intensity and f0 showed little or no value in the non-focus condition. The authors,
therefore, claimed that f0 and overall intensity were not reliable acoustic
correlates of stress in English. Accordingly, Sluijter and van Heuven (1996b)
9

It should be noted, however, that these patterns are surface, that is, not derived by different
types of stress foot. This is due to noun extrametricality in English. The final syllable is ignored (extrametrical) in nouns (Hayes, 1995).
10
The term accent refers to phrasal prominence here, which is different from the one used to
express the hybrid type of system that is mentioned in Section 2.2.
11
Single words can be put into focus (i.e., be made more prominent) in order to convey new
information or to emphasize the most important part of the utterance (Heldner, 2001a).
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argued that spectral emphasis, the relative intensity in the higher frequency
bands, was a better measure of intensity. Regarding the acoustics of English
stress, support for this argument has been provided by a recent study that
ranked the acoustic correlates of English stress in the following order: spectral emphasis, duration, and f0 (Eriksson & Heldner, 2015). Spectral emphasis is further discussed in Section 5.2.

2.3.2 Turkish
Turkish stress assignment has so far been investigated primarily from a phonological point of view (Barker, 1989; Hameed, 1985; Inkelas & Orgun,
1995, 2003; Kabak & Vogel, 2001; Lees, 1961; Sezer, 1983). Turkish is
considered to be a syllable-timed and fixed-stress language, with default
stress being reported typically on the final syllable. This pattern is neither
sensitive to morphological nor to quantity considerations; stress is final regardless of the suffixes attached (Sezer, 1983). However, there are a number
of exceptions to this default pattern (Lees, 1961; Lewis, 1967; Özsoy, 2004;
Sezer, 1983; Underhill, 1986). These exceptions are typically analyzed as
being in one of two groups: irregular roots and pre-stressing suffixes, which
are reviewed below.
If categorized according to their prosodic properties, roots in Turkish are
divided into two categories: regular and irregular (Charette, 2008; Göksel &
Kerslake, 2005; Kabak & Vogel, 2001). Most roots in Turkish are considered to be regular and they are stressed on the final syllable; stress moves
rightward as suffixes are added. There are also roots with irregular stress; the
typical irregular roots include place names, adverbs, and loanwords, and
follow another stress placement algorithm (Göksel & Kerslake, 2005; Kabak
& Vogel, 2001).
Irregular roots are typically claimed to be subject to a quantity-sensitive rule,
called the Sezer stress rule (Sezer, 1983; for alternative explanations, see
Inkelas & Orgun, 1995, 2003; Kabak & Vogel, 2001). According to the
Sezer stress rule, stress placement is determined by the syllabic structure:
Stress occurs on the antepenult if the penult is light and the antepenult is
heavy, as in Ánkara; otherwise it falls on the penult, as in İstánbul. Turkish
speakers apply Sezer stress when asked to pronounce unfamiliar place names
and may convert any existing word (monomorphemic or derived) to a place
name by applying Sezer stress (Inkelas & Orgun, 2003). Regular and irregular roots occasionally create minimal pairs, as in mısír ‘maize’ and mísır
‘Egypt’ (Barker, 1989; Göksel & Kerslake, 2005; Inkelas & Orgun, 2003;
Özsoy, 2004; Sezer, 1983; Underhill, 1986).
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Based on their prosodic properties regarding stress, suffixes in Turkish are
divided into two types: stressable and pre-stressing (Göksel & Kerslake,
2005; Inkelas & Orgun, 2003; Lees, 1961). The majority of suffixes are
stressable and take stress on themselves. In contrast to stressable suffixes,
pre-stressing suffixes require that the stress fall on the preceding adjacent
syllable. The typical pre-stressing suffixes include (i) instrumental/commutative suffix –(y)lA, as in arabá-yla ‘by/with car’; (ii) the negative
marker –mA, as in yáp-ma ‘do not do’; and (iii) the mitigative suffix –cA, as
in süt-lǘ-ce ‘kind of milky’ (Göksel & Kerslake, 2005; Inkelas & Orgun,
2003).12 Similar to regular and irregular roots, stressable and pre-stressing
suffixes occasionally create minimal pairs, as in kazmá ‘pickaxe’ vs. kázma
‘do not dig’.
Turkish is classified as a stress language with no tones (Hyman, 2006, 2012).
However, some authors have claimed that Turkish is a pitch-accent language
rather than a stress language (Levi, 2005; Underhill, 1986). Other authors
have claimed that there is a difference in the manifestation of the stress on
the first and the second syllable; while stress is manifested by a stress on the
final syllable, it is realized by a pitch-accent on the non-final syllable (Csató
& Johanson, 1998; Johanson, 1998; Konrot, 1981).
A few studies have investigated the phonetic aspects of Turkish stress by
looking at minimal pairs created by stressing and pre-stressing suffixes
(Konrot, 1981; Levi, 2005; Pycha, 2006). These studies examined the role of
duration, overall intensity, and f0 by comparing final and non-final stress.
The findings have established f0 as the most salient cue in marking stressed
syllables. However, there was disagreement as to where and to what extent
prosodic features are employed. While some identified both intensity and f0
as correlates, but only in non-final position (Konrot, 1981), others identified
duration, intensity, and f0 as correlates for both final and non-final positions,
but argued that only f0 can function as a perceptual correlate (Pycha, 2006). 13

2.3.3 Swedish
Similar to English, Swedish is a stress language; however, beside its stress
system, Swedish also exhibits a tonal word accent system. There are two
word accents, one called Accent I (acute) and the other Accent II (grave).
Each of these accents is represented with an H+L tone string, and the differ12

Capital letters indicate that segment is unspecified and might vary according to vowel
harmony.
13
A certain acoustic change may not be perceivable when, for instance, it is below the just
noticeable difference (JND).
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ence between them depends on which of the two tones is associated with the
stressed syllable. In Accent I, the L tone is associated with the stressed syllable, whereas in Accent II, the H tone is assigned to the stressed syllable
(Bruce, 2007; Bruce & Hermans, 1999; Heldner, 2001a; Riad, 2012).14 Given that stress plays a role in the distribution of tones, Swedish is considered
to be a pitch-accent (tonal accent) language (Bruce et al., 1997; Bruce &
Hermans, 1999; Gussenhoven & Bruce, 1999; van der Hulst, 1999a). However, some researchers have noted that Swedish is far more similar to stress
languages such as English and Dutch than to a typical pitch-accent language
such as Japanese (Nagano-Madsen & Bruce, 1998, cited in Heldner, 2001a).
Similar to English, the placement of stress is not fixed on a certain syllable
in Swedish. However, it is not impossible to predict the placement of stress
with the help of some morphological regularities. The Swedish stress system
has traditionally been investigated based on phonological information such
as syllabic structure and word edge (Frid, 2003; Shokri, 2001; Zonneveld et
al., 1999). Exceptions have been treated with features such as extrametricality (i.e., ignoring a particular segment for stress placement), lexical specification of vowel quantity, and even lexical stress. One general problem with
these phonological approaches is that they overlook any morphological dependence and generalizations that can be drawn from morphology. Recently,
however, the central role of morphology has been investigated much more
directly.
Riad (2012, 2014) gives a more central role to morphological information by
suggesting a substantial role for prosodic specification in the lexicon. In his
approach, a large part of the stress system is claimed to be morphologically
determined; stress placement relies largely on morphologically specified
prosodic information. Morphemes are categorized as prosodically unspecified or prosodically specified; prosodically specified morphemes are either
lexically stressed, i.e. tonic, or occur in positions before stressed syllables,
i.e. pretonic, or after stressed syllables, i.e. posttonic. Roots are either unspecified or tonic, whereas affixes may be any of the four categories. Prosodically specified morphemes bear stress information as part of their lexical
representations, whereas prosodically unspecified morphemes receive stress
through a phonological rule, which is right-edge oriented, but sensitive to
prosodic specification at that edge. The presence of prosodic specification is

14

It should, however, be noted that in Swedish there are two prominence levels at which
accent is realized: Word accent and Focus accent (Bruce, 2007; Heldner, 2001a), or Prominence level 1 and Prominence level 2 (Myrberg, 2010), or Big accent and Small accent
(Myrberg & Riad, 2015). The realization of both Accent I and Accent II is different under the
two prominence conditions. The description given above holds for word accent.
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inferred from vowel quality and vowel quantity. This is further reviewed in
Section 5.3.
The phonetics of Swedish lexical stress has also been the focus of a few
studies that examined duration, intensity, and f0 (Eriksson, Barbosa, &
Åkesson, 2013; Fant & Kruckenberg, 1994). For the operationalization of
loudness, the former employed a spectral emphasis measure, whereas the
latter used overall intensity. The results indicated that duration and f0 were
correlates, with duration being the primary correlate of stress. Overall intensity and spectral emphasis were not consistent stress correlates and did not
lead to any straightforward interpretation.
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3 Lexical access

A crucial component of online language processing is lexical access – the
matching of auditory input onto lexical representations in the brain
(MacGregor, Pulvermüller, van Casteren, & Shtyrov, 2012; Taft, 1989). This
matching procedure is near-instantaneous; crucial information for lexical
access is processed already within the first 50–200 ms after critical information for word recognition is made available (MacGregor et al., 2012;
Pulvermüller, Shtyrov, & Hauk, 2009).
Although seemingly simple and effortless, the mapping of auditory input
onto a meaningful representation is a complex process. After the speech
signal enters the peripheral auditory systems, the brain first encodes physical
features such as phonological segments and prosodic features (i.e., suprasegmental information), then stores the encoded information as lexical entries in memory and retrieves a lexical item among multiple candidates that
are activated in parallel. Candidates may be activated by partial information,
and listeners use distinctive information rapidly to choose a matched item
among these candidates (for reviews, see Cutler, 2005, 2012; Jusczyk &
Luce, 2002; McQueen, 2007; Shiffrin & Atkinson, 1969; Stevens, 2008).
The role of segmental information in this activation process has received
considerable attention and is indisputable. It has been shown that even a
small amount of mismatching segmental information is enough to hamper
lexical access (for a review, see McQueen, 2007). This dissertation concerns
the role of prosodic features, which varies as a function of lexical stress. The
role of lexical stress information in word recognition process has also received considerable attention in the literature; it has however been controversial not only across languages but also within languages (for reviews, see
Cutler, 2005, 2012; McQueen, 2007). To understand the matching of prosodic information onto lexical representations in the brain, it is crucial to understand the nature of lexical access, which is addressed in the following sections.
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3.1 Models of lexical access
Several psycholinguistic models have been suggested to explain the auditory-lexical matching procedure, such as the Cohort, Trace, and Shortlist models (for recent reviews, see Cutler, 2012; Luce & McLennan, 2008; A.
Weber & Scharenborg, 2012).
The Cohort model was the first model suggested for spoken word recognition (Marslen-Wilson & Welsh, 1978). According to this model, the activation of word candidates is fundamentally based on the acoustic-phonetic
properties of the initial segments of the word, that is, lexical interpretation
starts after the initial 150–200 ms. All words matching this particular acoustic-phonetic sequence are activated in parallel and make up the cohort. Depending on the subsequent input, they are either kept or removed from the
cohort. The cohort size will eventually be reduced until only a single candidate remains. Once the acoustic-phonetic input critical for the identification
of the word has been obtained, the listener becomes less dependent on the
rest of the input.
However, the model neither handles the cases where the initial segments of a
word cannot be perceived correctly due to, for instance, noise and elision,
nor does it describe a procedure for recovering these items once they are
excluded from the cohort (McClelland & Elman, 1986). The model was,
therefore, revised and a new Cohort model was proposed (Marslen-Wilson,
1987). In contrast to the original model, items mismatching the initial segment in the revised model may still enter the cohort and be evaluated. That
is, the activations are not strictly constrained by the initial segment of the
word, and selection does not rely on simple presence or absence in the cohort. Lexical activation depends instead on the goodness of the fit (similarity) with the word input; context compensates for the deficiencies in the
acoustic-phonetic properties of the input. The revised model also introduced
frequency effects into early stages of recognition process in the sense that
frequent words are recognized faster than infrequent ones.
The Cohort model was the source of inspiration for other models such as the
Trace model (McClelland & Elman, 1986) and its successor, the Shortlist
model (Norris, 1994), both of which retained the basic assumptions of the
original model but improved upon its weaknesses. Unlike both versions of
the Cohort model, Trace and Shortlist are computationally implemented
models of spoken word recognition and depend on competition between
multiple lexical candidates. Trace was the first model to argue for the activation of multiple word candidates based on any part of the speech input (A.
Weber & Scharenborg, 2012). It is an interactive framework with three levels: feature, phoneme, and word levels, and there is a continuous information
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flow between these levels.15 The model allows only excitatory connections
between levels and only inhibitory connections within levels. These competitive inhibitory interactions enable the model to select the best candidate
available (McClelland & Elman, 1986). Similar to the Trace model, the
Shortlist model is based on competition between multiple lexical candidates;
however, this competition occurs within a relatively smaller set of candidate
words in the Shortlist model (Norris, 1994).
Despite certain differences in their specifications, all these models commonly assume that recognition is an incremental process. That is, rather than
waiting until the end of a word to interpret the input, listeners consider multiple word candidates that are activated in parallel. This activation process is
modulated by the goodness of match between the incoming acoustic signal
and stored lexical representations (A. Weber & Scharenborg, 2012). Although lexical representations contain a variety of information, spoken word
recognition models have so far focused mostly on the segmental information.
They have not been successful in fully incorporating sources of information
specifying suprasegmental structure into spoken word recognition, as argued
by Cutler (2012), Friedrich (2003), and McQueen (2007). Various behavioral and electrophysiological and neuroimaging studies have provided evidence for the contribution of prosodic information in this process.

3.2 Sensitivity to prosodic information: Behavioral
evidence
As reviewed in Chapter 2, prosodic information refers to any acoustic variations that extend over more than one linguistic segment. The ability to extract the relevant prosodic information may be of vital importance for spoken
language processing. Several studies have investigated infants’ sensitivity to
prosodic information by using various behavioral paradigms such as High
Amplitude Sucking and Headturn Preference paradigms (Houston, Jusczyk,
Kuijpers, Coolen, & Cutler, 2000; Jusczyk, Cutler, & Redanz, 1993; Mehler
et al., 1988; Nazzi, Bertoncini, & Mehler, 1998; for a review, see C. Weber,
2004).16
These studies have indicated that newborns are able to discriminate the prosodic properties of different languages. For instance, through the High Am15

The model is called the Trace model because the pattern of activation of a spoken input is a
trace of the analysis of this input at each processing level.
16
The High Amplitude Sucking paradigm is based on a relation between nonnutritive sucking
and auditory stimulation; the Headturn Preference paradigm is based on a relation between the
duration of an infant’s head turn and auditory stimulation.
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plitude Sucking paradigm, it has been demonstrated that newborns suck at
higher rates when listening to their native language than when listening to
another language, even after the segmental characteristics have been removed through a low-pass filter17 (Mehler et al., 1988).
Using the Headturn Preference paradigm, infants’ preference for the dominant stress pattern of the native language has also been demonstrated. For
instance, American infants choose to listen longer to items with the trochaic
pattern, which is the typical stress pattern of English, than to the items with
the iambic pattern (Jusczyk et al., 1993). Similarly, infants’ ability to segment speech based on stress patterns has been investigated using the same
paradigm. Infants were able to segment a foreign language following the
same typical stress pattern as the native language. For instance, Dutch infants were able to successfully segment English words following the trochaic
stress pattern (Houston et al., 2000).
Using the High Amplitude Sucking paradigm, it has been demonstrated that
newborns use language-specific rhythmical information when discriminating
between different languages. For instance, infants were able to discriminate
between stress-timed English and mora-timed Japanese, whereas they were
not successful in discriminating between stress-timed English and stresstimed Dutch. Accordingly, it has been argued that infants cannot discriminate between languages with the same rhythmical organization, whereas they
are good at discriminating between languages with differing rhythmical organizations (Nazzi et al., 1998).
These behavioral findings demonstrate that sensitivity to language-specific
prosodic information is present at birth. Apart from just being sensitive to
their mother tongues, infants show a preference for typical stress patterns
and exploit it for the purposes of speech segmentation even in the absence of
segmental information. To sum up, prosodic information seems to be crucial
to the early stages of lexical processing.

3.3 Prosody in lexical access: Behavioral evidence
Prosodic information that varies as a function of lexical stress may be exploited to distinguish lexical meaning. Languages may differ, however, in
the realization and function of lexical stress. For instance, listeners of fixedstress languages such as French and Turkish may be less sensitive to stress
information in lexical access compared to free-stress languages such as English and Swedish.
17

Low-pass filtering reduces segmental information while sparing prosodic information.
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Several behavioral techniques have been employed to investigate lexical
processing such as eye tracking18, gating19, and priming paradigms (for
reviews, see Cutler, 2005; 2012). It is beyond the scope of this dissertation to
review all the behavioral techniques employed in this regard; this section,
therefore, presents a single behavioral technique that has often been employed to investigate lexical stress: the cross-modal priming paradigm.
Compared to other behavioral techniques, priming paradigms are better suited to investigate the nature of lexical access, since they show how listeners
evaluate multiple lexical activations in parallel.
Priming paradigms measure the effect of a previously processed prime item
on the subsequent processing of a target item. Cross-modal priming involves
the interaction of two different sensory modalities such that the prime is
heard and the target is seen. A version of cross-model priming is crossmodal fragment priming, in which only the initial fragment of prime is presented. The initial fragment may be compatible with multiple words; for
instance, diff- may be difficult or different. This makes it possible to examine
the activation of multiple word candidates (Cutler, 2012).
Several cross-modal fragment priming studies have investigated the use of
stress in lexical processing and have found that suprasegmental information
is used as effectively as segmental information in many languages. English,
Spanish, and Dutch have, for instance, been examined to investigate the use
of stress in lexical processing (N. Cooper, Cutler, & Wales, 2002; SotoFaraco, Sebastián-Gallés, & Cutler, 2001; van Donselaar, Koster, & Cutler,
2005). Listeners were presented with a word fragment, which fully matched
one of the two possible words and mismatched the other in stress placement,
which is marked with suprasegmental features. After listening to the word
fragment, listeners were visually presented with a string of letters and were
asked to make a lexical decision. The results of the Spanish and Dutch studies indicated that lexical decisions were significantly faster when the fragment and word matched in stress compared to when the fragment and word
mismatched in stress; that is, responses after a matching prime were facilitated, whereas responses after a mismatching prime were slowed. The authors argued, therefore, that the listeners made use of stress information in
lexical processing. However, the results of the English study showed that
English listeners did not use stress information as effectively as Spanish and
18

In an eye-tracking experiment, a camera registers the gaze and eye movements as the participant looks at experimental stimuli.
19
The gating paradigm entails presentation of spoken words in segments of successively
increasing duration. The subject’s task is to guess the correct word and to give a confidence
rating based on the guess (Grosjean, 1980).
35

Dutch listeners did. Responses after a matching prime were significantly
faster; however, a mismatching prime did not make responses slower. That
is, English listeners were not able to use stress information to eliminate alternative interpretations of the input. The authors argued that segmental information outweighs suprasegmental information in lexical processing in
English; mismatching suprasegmental information does not, therefore, produce inhibition effects. Given that unstressed syllables without vowel reduction are quite rare in English (i.e., minimal pairs are mostly segmentally
distinct), the authors claimed that listeners are not motivated to attend to the
suprasegmental information in English.
Although all three of these languages are free-stress languages, the degree to
which English speakers use stress information differs from the two others.
The possible reason for this cross-linguistic difference could be the English
speakers’ insensitivity to prosodic information, as stated above, or may
simply be the nature of behavioral measures. That is, English speakers may
actually use prosodic information, but this is not reflected in the behavioral
findings. Notably, behavioral measures provide indirect evidence for lexical
access, since they reflect only the final and conscious outcome of this processing. Although the cross-modal priming paradigm reflects the processing
of multiple activations, it does not specify the mechanisms underlying lexical access. Apart from saying that a lexical item is represented in the brain, it
is crucial to specify in which way such items are represented and processed.
Lexical access must, therefore, be specified in terms of neurons and neuronal
connections. In the following sections, neural processing from auditory sensory to long-term memory is reviewed.

3.4 Auditory sensory memory
Sensory memory refers to the earliest, modality-specific neural representation of sensory stimuli and involves preconscious and automatic processing
(Alain, Woods, & Knight, 1998; Cowan, 1988; Lu & Sperling, 2003). The
sensory memory has a crucial place in auditory processing because the perception of speech depends on an integration of the incoming acoustic information with stored representations of preceding auditory information. Since
the acoustic information is intrinsically temporal, it must be represented in
temporary storage until integration is complete. This temporary storage is
called auditory sensory memory (ASM) (Alain et al., 1998; Bartha-Doering,
Deuster, Giordano, am Zehnhoff-Dinnesen, & Dobel, 2015; Cowan, 1988)
or echoic memory (Neisser, 1967).
The representation of acoustic information in the ASM lasts for several seconds (Kutas, Kiang, & Sweeney, 2012; Näätänen & Kreegipuu, 2011;
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Näätänen, Paavilainen, & Reinikainen, 1989; Sams, Hari, Rif, & Knuutila,
1993). For lexical access, the acoustic information stored in the ASM should
be instantaneously matched with the lexical representations stored in the
mental lexicon (MacGregor et al., 2012; Taft, 1989). The mental lexicon is a
system dedicated to the storage of all knowledge about a lexical item (Kutas
& Schmitt, 2003; Oldfield, 1966; Taft, 2001; Yelland, 1994). Rather than a
list of words with definitions, it is a system of complex and widely distributed neural networks that spread throughout long-term memory, which is reviewed below.

3.5 Long-term memory traces for words
Lexical access is possible by virtue of the coordinated activity of larger
number of neurons (i.e., nerve cells), which are functional elements of the
brain. Neurons receive and transmit electrical and chemical signals. The
cerebral cortex, which is the most relevant part of the brain for language
processing, includes 1010 to 1011 neurons (Pulvermüller, 2002). Neurons
become associated with each other when co-activated and develop into functional units; these anatomically and functionally connected units are called
cell assemblies (Hebb, 1949) or functional webs (Pulvermüller, 2002). Stimulation of a sufficient number of neurons is enough to activate the entire
assembly, a process called assembly ignition. On the cognitive level, ignition
may correspond to perception of a meaningful stimulus and to activation of
its representation (Pulvermüller, 1999).
Pulvermüller has extended Hebb’s cell assembly theory and developed a
neurobiological model of language in this framework (1999). Within the cell
assembly framework, it has been claimed that different words in the mental
lexicon have distinct cortical assemblies with possibly overlapping populations of neurons (Pulvermüller, 1999; Pulvermüller, 2002; Pulvermüller,
Garagnani, & Wennekers, 2014). These cortical assemblies are also called
memory circuits; they are characterized by short- and long-distance connections and are formed by phonological and semantic information. After such
an assembly has formed, the entire assembly may become ignited by phonological information alone. Frequent co-activation of word form and meaning
is, therefore, necessary only in the acquisition process; at later stages, strongly connected long-term memory circuits assure ignition of the entire assembly when only partially activated (Pulvermüller, 1999).
Activation of such memory traces has been indicated by enhanced brain
activation to words over pseudowords. This enhanced brain activation has
been explained by strongly connected long-term memory circuits, which
generate stronger activation for words than for pseudowords that lack such
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cortical representations (Alexandrov, Boricheva, Pulvermüller, & Shtyrov,
2011; Pulvermüller et al., 2009).
Lexical access has been shown to be automatic, that is, independent of attentional processes. This has been explained by long-term memory networks for
words whose strong internal connections guarantee rapid activation even in
the absence of attention. In contrast, the processing of pseudowords, which
do not have such cortical representations, is modulated by attention
(Shtyrov, Goryainova, Tugin, Ossadtchi, & Shestakova, 2013; Shtyrov,
Kujala, & Pulvermüller, 2010).
The development of language-specific memory traces is a prerequisite for
accurate lexical access. Exposure to a specific language shapes the brain’s
ability to process segmental and prosodic features during the first year of
life, also called neural commitment to native language (Kuhl, Tsao, & Liu,
2003). For instance, while infants demonstrate a pattern of segmental perception that is language-general, adults exhibit a pattern of segmental perception that is specific to their native language (Kuhl, Williams, Lacerda,
Stevens, & Lindblom, 1992; Werker & Tees, 1984). This sensitivity to native language features is based on automatically responding long-term
memory traces (Peltola & Aaltonen, 2005).
To understand the mapping from ASM to long-term memory, it is crucial to
approximate the temporal dynamics of human auditory speech perception
and to investigate the activation of long-term memory traces for spoken
words automatically. Given that behavioral measures are influenced by attentional biases and strategies that are characteristic of cognitive tasks, electrophysiological techniques, with their millisecond temporal resolution, are
better suited to investigate the dynamic nature of lexical access and the activation of long-term memory traces. However, not all the electrophysiological techniques provide good spatial resolution, which is crucial for the topography of language processing. Neuroimaging techniques are at this point
complementary to electrophysiological techniques and enable the localization of neural activity. The following section presents a short overview of the
hemispheric localization of language processing.

3.6 Hemispheric localization of language processing
Hemispheric localization of language processing relies on neuroanatomical
and neurophysiological properties of the cortex. Figure 1 illustrates the cortex, which consists of two halves: the left and the right hemisphere. Each
hemisphere can be divided into 50–100 regions; the most common subdivision is called Brodmann areas (Pulvermüller, 2002). A rougher subdivision
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of the cortex is associated with lobes: frontal, temporal, parietal, and occipital lobes, roughly illustrated in Figure 1. The cortex can also be specified by
using other anatomical terms of location such as anterior and posterior, indicating front and back, respectively, and superior and inferior, indicating
the upper and lower part of the brain.

Occipital

Hemispheres

Parietal

Right

Temporal

Left

Frontal

With respect to the hemispheric localization of language processing, several
approaches have been formulated, including the localizationist, the holistic,
and the cell assembly framework (Pulvermüller, 1999; Pulvermüller, 2002).
According to the localizationist viewpoint, the cerebral organization of language processing occurs in only one hemisphere, being represented predominantly in the left hemisphere. In this approach, certain areas such as Broca’s
and Wernicke’s areas are responsible for language processing; no other cortical areas contribute to this process. By contrast, the holistic approach assumes that the whole cortex is responsible for language processing; all cortical areas contribute equally to this process (Pulvermüller, 1999;
Pulvermüller, 2002).

Figure 1 View of the right and left cerebral hemispheres from the top and
view of the frontal, temporal, parietal, and occipital lobes from the left cerebral hemisphere.
The cell assembly framework, on the other hand, seems to mediate between
these two approaches. It suggests a bi-hemispheric activity with defined
cortical topographies, that is, a more widely distributed cortical network.
Since neurons in different cortical areas are co-activated when a word is
being processed, the cell assembly representing the word is argued to be
distributed over both hemispheres (Mohr, Pulvermüller, & Zaidel, 1994;
Pulvermüller & Mohr, 1996; Pulvermüller & Schönle, 1993). However, if
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neurons in one hemisphere are more likely to respond to a specific word, cell
assemblies representing this word may be gradually lateralized, in the sense
of having more neurons connected in one hemisphere than in the other. That
is, according to the cell assembly framework, a lateralized cell assembly is
not restricted to one hemisphere. Rather, the percentage of its neurons would
be larger in the dominant hemisphere than in the non-dominant hemisphere
(Pulvermüller & Mohr, 1996).
The representation of a word is not restricted to a small cortical area, but
distributed over well-defined cortical regions. Recent neuroimaging studies
suggest a topological difference for different aspects of word processing.
Processing of phonological information has typically been reported to occur
in the left frontal cortex, whereas semantic processing has been found to be
associated with a more widely distributed cortical network (see studies cited
in Friederici, Meyer, & von Cramon, 2000). Processing of prosodic information has been reported to occur predominantly in the right hemisphere,
which is reviewed in Section 4.7.
The temporal and spatial dynamics of language processing can be investigated precisely by employing electrophysiological and neuroimaging techniques, respectively, which differ in their temporal as well as spatial resolution. The next chapter provides a short introduction to electrophysiology and
neuroimaging, and presents an overview of the electrophysiological technique used in the present dissertation.
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4 Electrophysiology and neuroimaging

Electrophysiological and neuroimaging techniques have two important advantages over behavioral measures. First, they demonstrate when and/or
where neural activity in the brain is associated with particular sensory and
cognitive processing. Second, they allow examination of sensory and cognitive processes that are not associated with a behavioral response (Bunge &
Kahn, 2009; Luck, 2014; Näätänen, 1992).
Neural activity generates local changes in the electric and magnetic fields,
and cerebral metabolism; these changes can be measured by non-invasive
techniques, which are typically classified into two groups: electrophysiological measures, such as electroencephalography (EEG) and magnetoencephalography (MEG), and hemodynamic measures, such as positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI). EEG
records electrical activity associated with neuronal firing, and MEG detects
the corresponding magnetic fields. PET and fMRI record local blood flow
and metabolic activity associated with neuronal firing (Bunge & Kahn, 2009;
Kemmerer, 2015; Näätänen, 1992).
With regard to temporal and spatial resolution, electrophysiological and hemodynamic measures can be seen as complementary. EEG, for instance, has
a relatively high temporal resolution; it is sensitive to changes in neural activity at a millisecond level, whereas it has a relatively low spatial resolution,
which makes it difficult to localize the activity exactly. In comparison to
EEG, MEG has a better spatial resolution, in addition to having a high temporal resolution. Similar to MEG, hemodynamic measures, PET and fMRI,
have a relatively high spatial resolution and can provide millimeter spatial
sampling. However, they have low temporal resolution (about 1 s) (Bunge &
Kahn, 2009; Kemmerer, 2015; Luck, 2014; Näätänen, 1992).
The papers in this dissertation use the EEG technique to measure the electrical activity associated with neural firing. This technique is described in more
detail in the following section, mostly based on Luck (2014; for more indepth discussion of technical and theoretical issues, refer to Coles & Rugg,
1996; R. Cooper, Osselton, & Shaw, 1974; Kemmerer, 2015; Kutas & Dale,
1997; Münte, Urbach, Düzel, & Kutas, 2000; Picton et al., 2000; Picton,
Lins, & Scherg, 1995).
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4.1 Electroencephalography
While communicating, neurons produce electrical signals that travel along
the neural pathways. These electrical signals are responsible for various sensory and cognitive processing, and can be recorded noninvasively using electrodes placed on the scalp. Voltage fluctuation in this electrical activity is
called electroencephalography (EEG). Voltage is described as the potential
for an electrical current to move from one place to another. Thus, voltage
cannot be recorded at a single scalp electrode. The EEG is, therefore, recorded as the potential for current to pass from one electrode to another.
EEG recordings typically require electrodes of three types: active, ground,
and reference. These are linked together to produce a single channel of EEG.
These EEG signals must be amplified before they can be converted from
analog voltage into digital form; that is, amplification is necessary to give
the EEG voltage sufficient power to be graphically displayed. To create a
functioning amplifier, the ground electrode has to be connected to a ground
circuit, which is attached to the amplifier. This ground circuit, however,
collects noise from the amplifier circuitry. To cancel out this electrical noise,
EEG recording systems usually employ differential amplifiers, in which a
reference electrode is used along with the active and the ground electrodes.
Differential amplifiers measure the difference between active-ground voltage
and reference-ground voltage. Ground circuit-related noise will be the same
for both voltages and, therefore, is eliminated by subtraction. The output of a
differential amplifier is equal to the electrical potential between the active
and reference electrodes.
While the ground electrode can be placed anywhere on the scalp, the location of the reference electrode was originally thought to be a neutral site
containing no neural activity. However, it has been shown that there is no
electrically neutral site on the head; EEG recording systems, therefore, allow
the selection of any reference. The most common reference sites are the mastoid process20 and the earlobes. Some systems may, however, require a particular reference location such as Cz (see Figure 1) to avoid hemispheric
bias.
The typical frequency range of the EEG signal is 1–70 Hz. Scalp-recorded
voltages outside of these frequency ranges are likely to be noise from nonneural resources. EEG recordings are, therefore, filtered to restrict the frequency response to the frequency range of interest. Both high-pass and lowpass filters are used to remove very slow voltage changes (<0.01–0.1 Hz)
and very fast voltage changes (>15–100 Hz).
20

Mastoid process is a protruding area of the temporal bone that is located behind the ear.
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The International 10–20 system is the most common method for defining
and naming electrode positions.21 In this system, the location of an electrode
is associated with the underlying area of cerebral cortex. The distances between adjacent electrodes are either 10% or 20% of the total front-back or
right-left distance of the skull. Each electrode has a letter to mark the lobe
(F: Frontal; T: Temporal; C: Central; P: Parietal; O: Occipital) and a number
to establish the hemisphere location. Even numbers (2, 4, 6) refer to electrode positions on the right hemisphere, and odd numbers (1, 3, 5) to positions on the left hemisphere. The z (zero) is used to refer to electrodes placed
on the midline. The larger the number, the greater the distance from the midline. In case of very large numbers of electrodes (dense-array), other systems
may be employed, such as a geodesic arrangement, which keeps the same
distance between any two adjacent electrodes. Figure 1 illustrates the International 10–20 system and the geodesic arrangement with some 10–20 system equivalents marked.

Figure 2 The International 10–20 system for electrode placement (left; used
with permission from Trans Cranial Technologies) and the EGI geodesic
arrangement with some 10–20 system equivalents (right; used with permission from EGI).
Good contact between the electrodes and the head is critical for getting a
good EEG signal and is required for noise reduction. The traditional way of
minimizing noise is to reduce the impedance between the electrodes and the

21

Further details can be found in the 10/20 system positioning manual (2012), which is available at www.trans-cranial.com.
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skin. Impedance is the resistance that restricts the flow of current.22 Higher
impe-dance would make the amplitude of the EEG signal smaller and would
increase the noise in the data. Many EEG recording systems reduce impedance by cleansing and abrading the skin and these systems are called lowimpedance systems. Abrasion of the skin removes layers of dead skin and
provides a direct contact with living skin tissue. However, reducing the impedances may be very time consuming if the number of electrodes is large;
therefore, new EEG systems, which can tolerate high electrode impedances,
have been developed and these systems are called high-impedance systems.
These systems solve the noise problem by using high-impedance input amplifiers23 and/or by using active electrodes rather than passive electrodes.
Active electrodes are built with pre-amplifiers that eliminate electrical noise.
Some active electrode systems also use a driven right leg circuit (DRL)24,
which further improves electrical noise elimination. Since high electrode
impedances are tolerated, either at the amplifier or electrode level, highimpedance systems can be used without skin cleansing and abrasion.
As mentioned at the beginning of this chapter, determining the location and
distribution of current sources is a fundamental physical problem of the EEG
technique, which requires solving so-called forward and inverse problems.
Projecting the current sources onto the electrodes entails the solution of the
forward problem; calculating the current sources on the basis of external
measurements as well as the geometry and conductivity of the head requires
the solution of the inverse problem. There are various approaches to solving
these problems; however, it is beyond the scope of the present dissertation to
review these approaches (for EEG source localization and different
solutions, refer to Grech et al., 2008; Hallez et al., 2007; Kutas, Federmeier,
& Sereno, 2000; Michel et al., 2004; Pascual-Marqui, 1999; Picton et al.,
1995; Zhukov, Weinstein, & Johnson, 2000). Increasing the number of electrodes (to at least 128) has been shown to improve the spatial resolution and
the accuracy of both the forward and inverse solutions; however, it has still
been argued that the information will be insufficient due to, for instance, the
distortion of currents as they flow through the highly resistant skull (Gevins,
Leong, Smith, Le, & Du, 1995; Kutas et al., 2000; Wendel et al., 2009).

22

Impedance restricts the flow of an alternating current rather than a constant current (Luck,
2014).
23
The amplifier’s input impedance is its resistance to the flow of current from the electrodes
through the amplifier. It is a fixed value, set by the electronics used in the amplifier
(Kappenman & Luck, 2010).
24
DRL is a circuit that is used with biopotential amplifiers in order to reduce common mode
interference (Winter & Webster, 1983).
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4.2 EEG recording systems
There are various EEG recording systems, each having different features for
optimizing recording efficiency and data quality (for a review, see Stemmer
& Connolly, 2011). The experiments reported in this dissertation employed
three different EEG systems: a passive low-impedance system NeuroScan25;
a passive high-impedance system EGI26; and an active high-impedance system BioSemi27. Below, an overview of these systems is provided. Further
technical details and manuals are available on the systems’ webpages. An
applied technical specification of each system is provided in Table 2.
Table 2 Technical specifications of NeuroScan, EGI, and BioSemi, as used
in Studies I, II, and III.

Cap
Electrode numbers
Electrode arrangement
Electrode contact
Amplifiers
Filter
Sampling rate
Online reference
Ground
Acquisition software
Offline analysis
Operation platform

NeuroScan

EGI

BioSemi

Easy cap
30+7 electrodes
10–20 system
<5 kΩ
SynAmps2
Online
500 Hz
Cz
Centro-parietal
SCAN
Matlab
Windows

HydroCel net
128 electrodes
Geodesic
<50 kΩ
Net amps 300
Online
250 Hz
Cz (fixed)
Centro-parietal
Net Station
Net Station
Mac OS

Head cap
16+7 electrodes
10–20 system
±40 mV
ActiveTwo
Offline
2048 Hz
CSM-DRL
CSM-DRL
ActiView
Matlab
Windows

4.2.1 NeuroScan
The EEG equipment used in Study I is NeuroScan with SynAmps 2 differential amplifier along with Scan acquisition and analysis software (Compumedics Inc., Charlotte, North Carolina, USA). The Scan software runs on
the Windows operating system and allows acquisition and offline analysis of
EEG data. NeuroScan has recently developed another acquisition and analysis software called Curry that has superseded Scan. Curry includes modules
enabling procedures that were not possible within the Scan architecture, such
25

www.neuroscan.com
www.egi.com
27
www.biosemi.com
26
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as real-time artifacts suppression, event subtraction, and statistical analysis
of individual and group responses.
NeuroScan offers Quik-Caps in a variety of electrode configurations from 12
to 256 channels that are arranged according to the International 10–20 electrode placement standard. However, Study I used EasyCap with 30 channels,
also arranged according to the International 10–20 system. EasyCap uses a
low-impedance application method and is applied along with an electrolyte
gel. EasyCap is compatible with the NeuroScan SynAmps 2 amplifier, and
external electrodes can be attached.

4.2.2 EGI
The EEG equipment used in Study II is EGI with Net Amps 300 amplifier
along with Net Station complete software package for data acquisition, review, and analysis (Electrical Geodesic Inc., EGI, Eugene, Oregon, USA).
Net Station is optimized for the Mac OS operating system. From filtering to
baseline correction and from averaging to statistical extractions, Net Station
provides a complete set of data processing tools. Data analysis can be automated with scripting, which chains tool operations together. Through a statistics extraction tool, a text file can be generated and then imported into
statistical analysis software. Similar to NeuroScan’s SynAmps 2, EGI’s Net
Amps inputs are differential.
EGI uses Geodesic Sensor Nets (GSN), which are available in densities of
32, 64, 128, or 256 channels. GSN is designed to acquire dense-array EEG
data using a geodesic structure. In contrast to Easy-Cap used in Study I,
GSN employs a high-impedance application method and does not require
skin abrasion or gel application. Instead, GSN is soaked in an electrolyte
formulation before application. There are currently two models of GSN:
GSN 200 and HydroCel GSN (HCGSN). Study II employed a 128-electrode
HCGSN, which is designed to provide more coverage of the lower part of
the head. All electrodes for recording, plus reference and ground (isolated
common) electrodes, are contained in the net’s structure, which, in turn,
makes the application a one-step process. Due to reasons of symmetry, EGI
places the reference on the vertex.
Each electrode is cabled to an individual pin on a Hypertronics connector.
Hypertronics connector for an adult HCGSN does not have jacks for external
electrodes. Given that adult HCGSN contains built-in inferior sensors for
EOG activity, external electrodes required to monitor eye movements in
other systems are not needed in adult HCGSN. However, not having an external electrode may be problematic when another channel (e.g., tip of the
nose) is needed for off-line referencing.
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4.2.3 BioSemi
The EEG equipment used in Study III is BioSemi ActiveTwo along with
ActiView acquisition software written in LabVIEW (BioSemi, Netherlands).
The system is compatible with various operating systems, such as Windows,
GNU/Linux, and Mac OS. In contrast to the systems mentioned above,
which use passive electrodes, BioSemi ActiveTwo employs active electrodes, which are equipped with pre-amplifiers and provide impedance transformation directly on the electrode. Since high electrode impedances are
tolerated, no skin abrasion is required. Instead of a traditional ground electrode, BioSemi Active Two has two separate electrodes: a common mode
sense (CSM) active electrode and a driven right leg (DRL) passive electrode.28 In contrast to NeuroScan’s and EGI’s differential amplifiers, BioSemi Active Two measures the single-ended voltage between each electrode
and CMS. Referencing is accomplished offline after acquisition.
The system is available with 8 to 256 channels, offering also the possibility
of adding 8 external electrodes. Biosemi headcaps are available with both
the International 10–20 system layout and an equiradial layout, called ABC
layout. Study III employed a head cap with 16 electrodes placed according to
the International 10–20 system. In contrast to NeuroScan and EGI, BioSemi
does not give a measure of impedance; the electrode contact is checked by
the offset values, which reflect running average of the voltage at each electrode. BioSemi requires gel application for a stable connection; electrodes
with high offsets can often be improved by applying more electrode gel.
BioSemi comes along with a USB2 interface. The USB2 receiver enables the
system to be used with notebooks, which in turn makes the system portable.
In contrast to Scan and NetStation, no analysis is possible in ActiView.

4.2.4 Compatibility with other software
EEG recording systems may or may not include a stimulus delivery system.
Most of the commonly used stand-alone stimulus delivery software include
E-Prime by Psychology Software Tools29 and Presentation by Neurobehavioral Systems30. For stimulus presentation, the papers in this dissertation used
E-Prime, which is fully integrated with the EEG recording systems mentioned above.

28

These electrodes create a feedback loop in which CSM acts much like a traditional ground,
and DRL drives the potential of the subject very close to the potential of the ground circuit
(Luck, 2014).
29
www.pstnet.com
30
www.neurobs.com
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While the acquisition software is implemented in all the EEG recording systems, the analysis software may not be available or the users may prefer to
use other software applications for data analysis. There are numerous opensource programs such as EEGlab31, FieldTrip32, and BrainStorm33 running
under Matlab (for other programmes, see Baillet, Friston, & Oostenveld,
2011). For data processing, Study II used NetStation analysis software,
which is implemented in the EGI recording system; Study I and Study III
employed EEGlab (Delorme & Makeig, 2004). The use of another software
application in Studies I and III was due to the fact that (i) Scan, which is now
superseded by Curry, was not equipped with the necessary procedures, and
(ii) no analysis was possible in the ActiView software.

4.3 Event-related potentials
The EEG recording systems enable real-time measurements of brain activity.
However, individual sensory and cognitive processes are difficult to establish in continuous EEG data due to simultaneously ongoing neural activities.
To extract neural signals associated with specific sensory and cognitive processes, continuous EEG data must be epoched (i.e., segmented); epochs must
be time-locked to a stimulus (event). Specific neural responses within these
epochs are called event-related potentials (ERPs) (for a detailed review of
ERP, see Alain & Winkler, 2012; Coles & Rugg, 1996; Hillyard & Kutas,
1983; Kutas & Dale, 1997; Kutas et al., 2012; Kutas, van Petten, &
Kluender, 2006; Luck, 2014; Luck & Kappenman, 2012; Münte et al., 2000;
Otten & Rugg, 2004; Picton et al., 2000; Picton et al., 1995).
Since the ERP amplitude at the scalp is quite small (5–10 µV), it needs to be
extracted from the background EEG activity (50–100 µV) by averaging. This
involves recording a number of EEG epochs that are time-locked to the same
event (trials) and then averaging the activity across trials. This strengthens
the ERP signal and reduces unrelated random activity to nearly zero (Coles
& Rugg, 1996; Kutas & Dale, 1997; Kutas et al., 2006; Luck, 2014; Picton et
al., 1995). Figure 2 illustrates continuous EEG data and the waveform of an
averaged ERP.
ERPs are typically described in terms of their physical signal (polarity: positive and negative) and latency relative to stimulus onset (in ms). Thus, the
ERP component N200 is a negative-going ERP occurring around 200 ms
after stimulus onset, and the ERP component P300 is a positive-going ERP
31

sccn.ucsd.edu/eeglab
www.fieldtriptoolbox.org
33
neuroimage.usc.edu/brainstorm
32
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occurring 300 ms after stimulus onset. ERPs are occasionally labelled according to their ordinal position within the waveform such as N2 and P3.
Some ERPs are named according to their physical signal and functional interpretation such as mismatch negativity (MMN) or with their physical signal and topographical distribution such as left anterior negativity (LAN)
(Kutas et al., 2006; Luck, 2014; Picton et al., 1995).
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Figure 3 The waveform of an averaged ERP. The top of the figure illustrates
a continuous multi-channel EEG signal. The bottom of the figure shows a
time-locked and averaged ERP. By convention, negative differences are
plotted upwards.
If categorized according to their functional source (sensory or cognitive processing), the ERP components are conventionally divided into two main
categories: early and late (Donchin, Ritter, & McCallum, 1978). Early ERP
components (with latencies <100ms) are called exogenous (sensory or obligatory), and are considered to be stimulus driven because their amplitude and
latency are affected by the physical parameters of the stimuli. Exogenous
components do not depend on the subjects’ consciousness and attention. Late
ERP components (with latencies >100ms) are called endogenous (cognitive)
and do not depend on the physical parameters of the stimuli; they can be
evoked even in the absence of stimuli (e.g., as a result of stimulus expectan49

cy). Attention level, previous experience, and stimulus significance may
have an impact on endogenous components (Alain & Winkler, 2012;
Donchin et al., 1978; Hillyard & Kutas, 1983; Kutas et al., 2006; Luck,
2014; Münte et al., 2000; Näätänen, 1992; Picton et al., 2000).34
Endogenous components are considered to reflect specific aspects of cognitive processing. There are a number of endogenous components that are typically associated with language processing such as left-anterior negativity
(LAN), N400, and P600 (Kutas & Dale, 1997; Kutas et al., 2012; Münte et
al., 2000): LAN indexes problems with morphosyntactic evaluation
(Friederici, Hahne, & Mecklinger, 1996); N400 indexes violations of semantic expectancies (Kutas & Hillyard, 1980); and P600 indexes syntactic violations (Osterhout & Holcomb, 1992).
This dissertation employs early endogenous components such as N200,
P200, and P300, which are not necessarily language-specific. Table 3 presents the typical latency and topography of these components as well as their
attention dependence. These components are reviewed in detail in Section
4.5. The following section presents the experimental paradigm that is associated with the components of the dissertation.
Table 3 Auditory ERP components investigated in Studies I, II, and III, and
their typical features. See Section 4.5 for sources.

34

Component

Latency
(ms)

Subcomponent

Topography

P200

180–200

N200

150–250

P300

250–500

Frontal
Parietal
MMN(N2a) Fronto-central
N2b
Centro-parietal
P3a
Frontal
P3b
Parietal

Attention
dependence
Yes
No
Yes
No
Yes

The exogenous-endogenous distinction has been argued to be an oversimplification since
early ERP components have been shown to be sensitive to cognitive manipulations and late
ERP components have been shown to be affected by the physical attributes of the stimuli
(Coles & Rugg, 1996).
50

4.4 Oddball paradigm
There are a number of experimental paradigms such as oddball, chronometric and go/no-go, semantic anomaly, and semantic priming paradigms (for a
review, see Kutas et al., 2012). These paradigms are associated with certain
ERP components and enable investigation of various cognitive processes
such as automatic auditory processing, attention, working memory, and semantic analysis. The choice of the paradigm or the ERP component depends
on the research question. The most frequently used paradigm is the oddball
paradigm, which enables understanding how the brain discriminates stimuli
and interprets probability (Kutas et al., 2012; Luck, 2014; Picton et al.,
2000).
In the oddball paradigm, infrequent (oddball or deviant) stimuli are presented within a sequence of frequent (standard) stimuli. The probabilities are
usually ≥80% for standards and ≤20% for deviants. Interstimulus interval
(ISI) affects the amplitude of ERP components and the effect seems to be
differential for separate components (Čeponiené, Cheour, & Näätänen, 1998;
Näätänen, 1990). ISIs are usually kept small for components reflecting preattentive ASM processing35 (Mäntysalo & Näätänen, 1987; Näätänen, 1990;
Näätänen, Paavilainen, Rinne, & Alho, 2007). The oddball paradigm is illustrated in Figure 3.

Figure 4 Illustration of the traditional oddball paradigm. The vowel /a/ is the
standard (80%); vowel /u/ is the deviant (20%). S, standard; D, deviant;
SOA, stimulus onset asynchrony; ISI, interstimulus interval.

In the traditional oddball paradigm, a single type of deviant stimulus is presented among a sequence of standards. It is, however, possible to present
35

ISIs for ASM processing are typically ≤2 s. However longer intervals (e.g., 10 s) are, in
theory, possible given that the estimated duration of memory traces, which do not depend on
attention, is about 5–10 s (Näätänen, Paavilainen, & Reinikainen, 1989; see also BöttcherGandor & Ullsperger, 1992; Sams et al., 1993).
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multi-deviants to obtain as much information as possible in one recording
session (for multi-feature oddball paradigm, see Näätänen, Pakarinen, Rinne,
& Takegata, 2004).
The oddball paradigm can be active (attended) or passive (ignored). In an
active oddball paradigm, subjects actively respond to the deviants, while in a
passive oddball paradigm, subjects are instructed to ignore the stimuli, and
their attention is directed away from the stimuli with a distractor task, usually in another sensory modality (Näätänen, 1990). The active oddball paradigm is used to study brain responses to conscious discrimination of deviant
stimuli, whereas the passive oddball paradigm is used to investigate automatic (pre-attentive) discrimination of deviant stimuli and attention switches to
this deviation (Näätänen, 1990). Active and passive oddball paradigms are
used in different sensory modalities and elicit different ERP components.
The oddball paradigm makes it possible to minimize physical variance and
exactly match speech stimuli for basic auditory features and word recognition points. Moreover, the oddball paradigm, comparing deviants to the
memory traces formed by standards, allows direct access to the memory
networks underlying cognitive processes. As reviewed in Section 3.5,
memory traces are conceptualized as activation of strongly connected neural
networks and the oddball paradigm is optimal for examining the activation
of such networks (Pulvermüller & Shtyrov, 2006).
The papers in this dissertation relied on the passive oddball paradigm. Since
one of the aim of the dissertation has been to investigate the pre-attentive
processing of lexical prosody, the withdrawal of attention was fundamental.
When investigating the processing of multiple prosodic features, as in Studies I and II, multi-deviants were presented among standards.

4.5 ERP components of interest
This section reviews the ERP components used in this dissertation: the N200
complex (mismatch negativity/N2a and N2b), P200, and the P300 complex
(P3a and P3b). These components enable the understanding of central auditory processing and brain mechanisms controlling auditory memory and
attention.
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4.5.1 The N200 complex: Mismatch negativity (MMN) and
N2b
There are two negative components in the time range of N200: N2a, or mismatch negativity (MMN), and N2b (Näätänen, 1992; Näätänen & Gaillard,
1983). These components are presented in detail respectively in the rest of
this section.
MMN is elicited by any detectable change in auditory stimulation irrespective of the subject’s attention. It typically peaks at 100–250 ms from change
onset and shows a fronto-central scalp distribution (Bartha-Doering et al.,
2015; Näätänen, Gaillard, & Mantysalo, 1978; for reviews, see Näätänen,
1990, 1992, 2001; Näätänen & Kreegipuu, 2011; Näätänen et al., 2007;
Schröger, 1998). MMN elicitation depends on ASM; frequently presented
standards develop a memory trace, and MMN is generated when deviants
mismatch this memory trace. This memory trace interpretation has been
supported by several findings (for a review, see Näätänen, Jacobsen, &
Winkler, 2005; Näätänen et al., 2007). For instance, presenting deviants with
very long ISI invoke no MMN (Mäntysalo & Näätänen, 1987). Moreover,
presenting single deviants alone in the absence of standards elicits no MMN,
but rather exogenous ERP responses such as P100 and N100 (Näätänen &
Picton, 1987)
This memory trace-mismatch interpretation of MMN, which is based on
results obtained mainly in the auditory oddball paradigm, is widely accepted
in the literature. However, given that MMN has been observed in stimulus
paradigms containing not frequently repeating sound, Winkler (2007) has
recommended a different variant of memory trace-mismatch interpretation:
the regularity-violation interpretation. According to this interpretation,
MMN elicitation is based on predictive models in the brain that encode auditory and abstract regularities and predict upcoming sound events; MMN is
elicited when incoming stimuli violate the predictions.
Winkler (2007) emphasizes that the notion of prediction has previously been
regarded as a property of memory traces involved in MMN elicitation; however, deviation from a prediction has not been considered as the general basis of MMN elicitation. Rather, the focus has been on deviation from
memory traces formed by repetitive standard stimuli. Thus, in order to provide a unified explanation, the regularity-violation interpretation explains all
MMN phenomena on the basis of sounds violating the regularities encoded
in the auditory system. This interpretation does not eliminate other possible
functions of the MMN signal and is argued to be a legitimate extension of
the original memory trace-mismatch interpretation. Since the present dissertation used the auditory oddball paradigm and evaluated whether the brain
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detects various kinds of acoustic deviations, the regularity-violation and
memory trace-mismatch interpretations reach similar conclusions.
The amplitude of MMN depends on the degree of deviation and stimulus
probability. Increasing the acoustic difference between the deviant and the
standard stimulus increases the MMN amplitude (Pakarinen, Takegata,
Rinne, Huotilainen, & Näätänen, 2007; Sams, Paavilainen, Alho, &
Näätänen, 1985). Increasing the deviant-stimulus probability decreases the
MMN amplitude because this weakens the memory traces developed by the
standards (Näätänen et al., 2007; Sabri & Campbell, 2001). The amplitude of
MMN is quantified by subtracting the ERP of standard stimuli from that of
deviant stimuli. By this way, it is guaranteed that MMN responses are not
due to larger exogenous responses to deviant stimuli than to standard stimuli
(Näätänen et al., 2007). The subtracted MMN waveform is illustrated in
Figure 5.
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Figure 5 Illustration of the mismatch negativity (MMN) component. (A)
shows the responses elicited by the standard and the deviant stimuli at the
fronto-central scalp location (Fz). In (B), the response elicited by the standard stimuli is subtracted from the response elicited by the deviant stimuli.

Some infant studies, however, reported positivity in the difference between
deviant and standard stimuli (Friederici, Friedrich, & Christophe, 2007; M.
Friedrich, Herold, & Friederici, 2009). This positive response has not been
reported in adult studies. In order to prevent confusion created by the differences in polarity seen in infant studies, the term mismatch response (MMR)
has been introduced within the ERP literature. MMR is considered to be the
infant counterpart of the adult MMN and can be either negative or positive
(Friederici et al., 2007; M. Friedrich et al., 2009).
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MMN generation is considered to be an automatic brain process and hence is
elicited in the absence of attention. Distractor tasks (e.g., reading a book,
watching a silent movie, or playing a video game)36 are used to take subjects’
attention off the stimuli. Subjects’ attention to stimuli makes it difficult to
establish MMN due to the elicitation of attention-dependent ERP components such as N2b (Näätänen, 1992; Näätänen et al., 2007).
N2b, the second component in the N200 complex, is associated with conscious processing, and is typically elicited when deviance detection occurs in
attended conditions (for a review, see Näätänen, 1992; Näätänen & Gaillard,
1983). However, when a stimulus deviation is large, N2b may also occur in
ignored conditions (Näätänen, Simpson, & Loveless, 1982). N2b typically
peaks at about 200–300 ms from stimulus onset and has a scalp distribution
more posterior than the distribution of MMN (Näätänen & Gaillard, 1983;
Näätänen et al., 2007; Sussman et al., 2004). In contrast to MMN, which is
not linked with any positivity, N2b is usually followed by a positive component, P3a, which is reviewed in Section 4.5.3 (Coles & Rugg, 1996;
Näätänen & Gaillard, 1983; Näätänen et al., 1982).
N2b is less sensitive to sequential and temporal effects compared to MMN.
When two deviants occur in a row, MMN to the second deviant is typically
smaller in amplitude or absent whereas N2b is approximately the same for
both deviants. As reviewed above, presenting deviants with very long ISIs
invoke no MMN. However, even though diminished in amplitude, N2b deflections persist even for long ISIs (Näätänen & Gaillard, 1983; Näätänen et
al., 2007). While MMN reverses its polarity in nose references mastoid recordings, N2b indicates no such polarity reversal (Näätänen et al., 2007).

4.5.2 P200
In contrast to the N200 complex, P200 has received relatively little attention
in auditory perception, although it can, in principle, be used to measure the
threshold of any discriminable change, such as pitch, loudness, and quality
(Hyde, 1997). P200 occurs roughly 180–200 ms after stimulus onset
(Näätänen, 1992) and attention directed toward the stimuli enhances its amplitude (Picton & Hillyard, 1974). There is no consensus regarding the topography of it; there have been reported cases of P200 with a fronto-central
scalp distribution (Picton, Hillyard, Krausz, & Galambos, 1974; Reinke, He,
Wang, & Alain, 2003) and cases with a parietal distribution (Dunn, Dunn,
Languis, & Andrews, 1998).

36

These activities do not interfere with the focus of the study since random activity is eliminated by recording multiple trials and grand averaging.
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There is a controversy whether P200 is an exogenous or endogenous component. Even though it is usually classified as an obligatory ERP component
(Näätänen, 1992; Näätänen et al., 2007), a few studies have indicated that it
is related to cognitive processing such as selective attention, item encoding,
and short- and long-term memory functions (see Dunn et al., 1998; Shaul,
2008). Different cognitive processes have been argued to be associated with
different topographical distributions. For instance, it has been suggested that
frontal P200 may be associated with early item encoding, whereas parietal
P200 with word retrieval from long-term memory (Dunn et al., 1998).
P200 has recently been suggested as an ERP index of neuroplasticity in the
auditory cortex. Several studies have indicated that the amplitude of P200 is
enhanced with training; enhanced P200 amplitude was associated with an
improved performance, for instance, at discriminating two similar sounds,
tones, and voice onset times (Reinke et al., 2003; Shahin, Roberts, Pantev,
Trainor, & Ross, 2005; Tremblay & Kraus, 2002; Tremblay, Kraus, McGee,
Ponton, & Otis, 2001). However, some studies have reported increased P200
amplitude in both trained and untrained groups, and have argued that changes in P2 amplitude may reflect simply stimulus exposure rather than training
(Sheehan et al., 2005; see also Reinke et al., 2003).

4.5.3 P300
Another ERP component modulated by attention in auditory modality is
P300 (for reviews, see Coles & Rugg, 1996; Donchin, 1981; Donchin et al.,
1978; Picton, 1992; Polich, 2007, 2011). The latency range of P300 is 300–
600 ms, which is argued to be proportional to the stimulus classification
speed. P300 is considered to be one of the most robust ERP components and
reflects brain processes associated with attention and memory. Similar to
MMN, the amplitude of P300 increases with a rise in the number of consecutive standards preceding the deviant and with a decrease in the stimulus
probability (Polich, 2011).
If categorized according to their functional correlates and scalp distributions,
P300 is typically divided into two subcomponents: P3a and P3b (Patel &
Azzam, 2005b; Picton, 1992; Polich, 2007, 2011; Squires, Squires, &
Hillyard, 1975). P3a shows a frontally maximum scalp distribution and indexes the orientation of attention to unexpected events. P3b shows a parietally maximum scalp distribution and indexes the updating of working
memory. P3b is task relevant, that is, elicited as a result of a conscious processing or a behavioral response. On the other hand, P3a is elicited without a
task.
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4.6 ERP components in prosodic processing
Although not traditionally considered language-specific components, P200,
MMN, N2b, P3a and P3b have effectively been used to address languagerelated questions. In particular, the MMN component, which is given a special focus in this dissertation, has been an objective and useful tool for investigating spoken language processing. This section reviews the contribution
of the above-mentioned ERP components toward the understanding of language processing in the brain with a special focus on prosodic processing.

4.6.1 MMN and N2b
As mentioned in Section 4.5.1, MMN is elicited by any discriminable
change in auditory stimulation. MMN is elicited by, for example, changes in
frequency (Jacobsen & Schröger, 2001; Näätänen et al., 1978; Tervaniemi,
Schröger, Saher, & Näätänen, 2000), intensity (Näätänen et al., 1978;
Näätänen, Paavilainen, Alho, Reinikainen, & Sams, 1989; Schröger,
Tervaniemi, & Näätänen, 1995), and duration (Näätänen, Paavilainen, &
Reinikainen, 1989; Ylinen, Shestakova, Huotilainen, Alku, & Näätänen,
2006).
Apart from detecting such discriminable changes in auditory stimulation,
MMN reflects higher-level cognitive processes in the auditory system
(Näätänen et al., 2007; Pulvermüller & Shtyrov, 2006). The MMN evidence
for the presence of language-specific memory traces for phonemes has been
shown by a number of studies (Dehaene-Lambertz, 1997; Eulitz & Lahiri,
2004; Näätänen et al., 1997; Winkler et al., 1999). Näätänen et al. (1997), for
instance, found that a vowel deviant presented in a sequence of Finnish vowel standards elicited greater MMN when it was a typical Finnish vowel relative to when it was an unfamiliar (Estonian) vowel. Several studies have
demonstrated the existence of memory traces also for individual spoken
words (Pulvermüller et al., 2001; Shtyrov & Pulvermüller, 2002). Pulvermüller et al. (2001), for instance, investigated brain responses to the same
spoken syllable completing a Finnish word or a pseudoword. The results
indicated that the MMN to the syllable completing a word was larger than to
the syllable completing a pseudoword.
MMN to language-specific stress patterns has also been previously investigated in several studies (Friederici et al., 2007; M. Friedrich et al., 2009;
Honbolygó & Csépe, 2013; Honbolygó, Csépe, & Rago, 2004; C. Weber,
Hahne, Friedrich, & Friederici, 2004; Ylinen, Strelnikov, Huotilainen, &
Näätänen, 2009). These studies examined the sensitivity to trochaic and
iambic stress patterns in adults and infants. Findings indicated that changes
in the stress pattern of words elicited an MMR (for an explanation of MMR,
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see Section 4.5.1) in infants and an MMN in adults. Below, some of these
studies will be reviewed briefly.
Honbolygó et al. (2004) investigated processing characteristics of stress patterns in adult participants. The standard was a disyllabic Hungarian word
with trochaic stress, the typical stress pattern in Hungarian. The deviant differed from the standard in its stress pattern, having an iambic pattern instead.37 The results indicated that the deviant evoked two different MMNs:
one as a response to the lack of the typical stress pattern on the first syllable,
and another to the additional stress on the second syllable. The authors argued that these MMN responses are due to a long-term representation of the
typical stress pattern in Hungarian.
C. Weber et al. (2004) compared sensitivity to trochaic and iambic stress
patterns in German adults and 4- and 5-month-old German infants. Disyllabic pseudowords with trochaic and iambic stress patterns served both as
standards and deviants in two separate blocks. The findings indicated that
both the trochaic and the iambic deviant elicited MMNs in adults, indicating
discrimination of both stress patterns. No reliable discrimination response
was observed for either the trochaic or the iambic deviant in 4-month-old
infants. A significant MMR response was, however, seen for the trochaic
deviant in 5-month-old infants, indicating a developmental change in discrimination abilities. The authors argued that this finding indicates a processing advantage for the trochaic pattern, which is the most typical stress
pattern in disyllabic German words, by the age of 5 months.
Friederici et al. (2007) investigated processing of stress patterns in 4-monthold German and French infants. Similar to C. Weber et al. (2004), disyllabic
pseudowords with trochaic and iambic stress patterns served both as standards and deviants in two separate blocks. The findings showed different responses in German and French infants. While German infants showed a clear
positive MMR for the iambic deviant but no MMR for the trochaic deviant,
which is the typical stress pattern in German, French infants demonstrated a
clear positive MMR for the trochaic deviant, but no MMR for the iambic
deviant, which is the typical stress pattern in French. The authors argued that
German and French infants alike reacted strongly to the stress pattern that
was deviant relative to the typical stress pattern of their native language. In
contrast to C. Weber et al. (2004), the authors argued that language-specific
neural representations of word forms are available in the infant brain as early
as 4 months of age.

37

In addition to the stress deviant, a phoneme deviant has also been employed. The results
indicated a significant MMN for the phoneme deviant in line with the previous findings.
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Ylinen et al. (2009) investigated the effect of stress pattern familiarity on
automatic word processing in Finnish adults. The standard was a disyllabic
pseudoword with a trochaic stress pattern, which is the typical stress pattern
in Finnish. The standard was occasionally replaced by one of the three deviant types: words with a trochaic stress pattern, words with an iambic stress
pattern, and pseudowords with an iambic stress pattern. In line with
Honbolygó et al. (2004), the change of stress from the first to the second
syllable in the pseudowords elicited two MMNs: one as a response to the
lack of the typical stress pattern on the first syllable, and another to the additional stress on the second syllable. Words with a trochaic pattern elicited an
MMN in the time window of 200–280 ms., whereas no MMN was elicited
for the words with an iambic pattern in this time window. However, they
elicited negativities in the time windows of 280–360 ms and 400–480 ms.
The authors argued that when words were accompanied by an iambic stress
pattern, the MMN response was significantly delayed in comparison to the
words with a trochaic stress pattern, indicating that an unfamiliar prosodic
pattern caused a delay in pre-attentive processing of words. The authors
claimed that in fixed-stress languages such as Finnish, a change in stress
pattern would not change the meaning of a word but would simply produce
an unfamiliar prosodic pattern, which would make the word processing more
difficult but not impossible.
Honbolygó and Csépe (2013) investigated stress processing in Hungarian
adults. Disyllabic pseudowords with the trochaic stress pattern, which is the
typical stress pattern in Hungarian, and the iambic stress pattern served both
as standards and deviants in two separate blocks. In line with Honbolygó et
al. (2004) and Ylinen et al. (2009), the results indicated that the deviant with
an iambic stress pattern elicited two consecutive MMNs. However, the deviant with a trochaic stress pattern did not elicit any MMN. The authors argued
that the pseudoword with its unfamiliar stress pattern mismatched both the
short and long-term representations, and, therefore, elicited MMN, whereas
the pseudoword with the typical stress pattern did not elicit any MMN, since
it did not mismatch the long-term representation of word stress. The authors
claimed that these findings provide evidence that processing of stress pattern
changes relies on language-specific long-term representation.
As mentioned in Section 4.5.1, N2b, the second component in the N200
complex, is associated with conscious processing and is usually elicited in
attended conditions. Several studies have shown that N2b is elicited by attended acoustic changes such as pitch (Sussman, Winkler, Huotilainen,
Ritter, & Näätänen, 2002; Tervaniemi, Just, Koelsch, Widmann, & Schröger,
2005; Tervaniemi, Schröger, & Näätänen, 1997).
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N2b has been claimed to be particularly important for the study of phonological activation processes (D'Arcy, Connolly, & Crocker, 2000; Patel &
Azzam, 2005a; Tomé, Patricio, Manchaiah, & Teixeira, 2015). Several studies have indicated that the N2b component is sensitive to the phonological
characteristics of words. D’Arcy et al. (2000), for instance, investigated sensitivity to phonological differences in incorrect words in spoken sentences.
Incorrect words were either identical or different from the initial phonemes
of their correct counterparts. The results indicated that different initial phonemes elicited an earlier N2b than the identical phonemes. The authors interpreted that early N2b reflects the immediate attentional detection of the
mismatched phoneme, whereas delayed N2b indexes the unexpected nature
of the stimulus deviation following an initial matching phoneme.
This phonological activation-related N2b finding may be linked to phonological mismatch negativity (PMN). The PMN response, which typically occurs
at 250–350 ms interval, is argued to reflect the phonological stage of auditory word processing (Connolly & Phillips, 1994; Connolly, Service, D'Arcy,
Kujala, & Alho, 2001). PMN is argued to precede the semantic processing
response (i.e., N400) to sentence-ending words that are primed by the context. For instance, PMN and N400 responses were recorded to sentenceending words whose phonological and semantic features were varied. The
results indicated that words that were semantically incongruent, but had the
expected initial phoneme, elicited only N400, whereas words characterized
by an unexpected initial phoneme, yet were semantically congruent, elicited
only PMN (Connolly & Phillips, 1994).

4.6.2 P200
As mentioned in Section 4.5.2, P200 can, in principle, be used to measure
the threshold of any discriminable change, such as pitch, loudness, and
quality (Hyde, 1997). Several studies have investigated processing of stress
patterns and, in particular, pitch information using the P200 component
(Böcker, Bastiaansen, Vroomen, Brunia, & de Gelder, 1999; C. K. Friedrich,
Alter, & Kotz, 2001; Heim & Alter, 2006; Henrich, Alter, Wiese, &
Domahs, 2014; Roll, Horne, & Lindgren, 2010).38 For instance, Böcker et al.
(1999) investigated the processing of disyllabic Dutch words that had either
a trochaic or an iambic stress pattern in both attended and ignored conditions. The iambic pattern, which is not the typical pattern in Dutch, elicited a
greater P200 than the trochaic pattern in the ignored condition. The authors
argued this P200 enhancement to be an exogenous effect rather than an en38

In these studies, in addition to the P200 component, other components have also been reported. The reader should refer to the papers for findings on these components.
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dogenous effect, claiming that if it were an endogenous effect, one would
expect larger amplitude differences between stress patterns under the attended condition. The authors also argued that this exogenous response is probably due to the acoustical differences between trochaic and iambic stress patterns, or due to the distribution of these patterns in Dutch.
C. K. Friedrich et al. (2001) investigated the processing of correct and incorrect stress patterns in disyllabic German words. Only the pitch contour was
artificially manipulated to mark stress. Words were presented auditorily, and
the participants’ task was to judge the correctness of each stress pattern. The
results indicated that the words with initially unstressed pitch elicited a larger P200 than words with initially stressed pitch. Given that P200 is sensitive
to pitch contour, the authors argued that the participants must have perceived
the unstressed pitch in the first syllable as a mismatch in relation to the typical trochaic stress pattern in German.
Heim and Alter (2006) investigated the processing of accents in isolated
German sentences by comparing sentence-initial and sentence-medial positions.39 The presence of an accent in sentence-initial position is expected to
be surprising because, in isolated sentences, accents do not refer to some
information given earlier and, therefore, cannot be related to some existing
information. On the other hand, accents occurring in sentence-medial position can be related to the context of the preceding part of the sentence. The
results indicated that the sentence-initial accents elicited P200 and the response was modulated by the latency of the first peak in the f0 contour.
Roll et al. (2010) investigated the processing of Swedish word accents in
auditorily presented sentences. Some of the words had a low tone (Accent
1), which is considered to be the default word accent40, on their stressed stem
syllable, whereas some had a high tone (Accent 2). Considering the findings
from Friedrich et al. (2001), and Heim and Alter (2006), it has been argued
that a P200 effect would be expected for the perception of Accent 2 but not
for Accent 1. In line with this argument, their findings indicated that the high
stem tone of Accent 2 increased the P200 component.
Henrich et al. (2014) investigated the influence of rhythmic expectancy in
language processing by looking at stress deviations in English compounds.
Compounds with every possible stress combination were embedded in carri39

See focus in Section 2.3.1.
There are opposing views regarding the markedness of word accents in Swedish. In contrast
to above mentioned view, other researchers argue that Accent 1 is marked while Accent 2 is
the default (Felder, Jönsson-Steiner, Eulitz, & Lahiri, 2009; Lahiri, Wetterlin, & JönssonSteiner, 2005, 2006).
40
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er sentences, and the participants’ task was to judge the prosodic naturalness
of each sentence. The results indicated that the initially stressed word, which
is typically stressed on the final syllable, elicited P200. The authors argued
that the P200 response reflects the detection of a mismatch between the expectation of a specific stress pattern and a deviating stress pattern, claiming
that this finding is in line with previous findings that found a P200 effect for
a sentence-initial accent (Heim & Alter, 2006).

4.6.3 P300
As mentioned in Section 4.5.3, P300 reflects brain processes associated with
attention and memory. Familiarity with lexical stress has been previously
investigated using the P300 component (Domahs, Genc, Knaus, Wiese, &
Kabak, 2013; Domahs, Knaus, Orzechowska, & Wiese, 2012; Domahs,
Knaus, El Shanawany, & Wiese, 2014; Domahs, Wiese, BornkesselSchlesewsky, & Schlesewsky, 2008; Knaus, Wiese, & Janβen, 2007). For
instance, Knaus et al. (2007) investigated processing of word stress violations in German adults. The processing tasks varied from explicit judgments
(attended) to implicit processing (ignored) of stress violations. The stimuli
were trisyllabic words with correct (penultimate) and incorrect (initial or
final) stress patterns. Both stress pattern violations evoked an N400 effect in
both explicit and implicit processing, reflecting increased cost in lexical
retrieval. P300, on the other hand, was elicited for correct and incorrect
stress patterns only in the explicit judgment condition, and its latency was
associated with the perception of a strong syllable. The authors argued that
the P300 response seems to be linked to task relevant match-mismatch processing.
Domahs et al. carried out similar ERP experiments in German (2008) and
Turkish (2013). In these studies, trisyllabic words with correct and incorrect
stress patterns were presented auditorily. The participants’ task was to judge
the correctness of each stress pattern explicitly. In order to avoid a lexical
search effect and to develop an expectation for the correct stress pattern,
target words were always presented visually before being presented auditorily. Findings from German study indicated that in words with correct antepenultimate stress, only violations with penultimate stress elicited a P300 response41; similarly, in words with correct final stress, only violations induced
by penultimate stress evoked a P300 response. On the other hand, in words
with correct penultimate stress, violations induced by both final and antepenultimate stresses elicited P300 responses. The authors argued that only the
violations that cause a restructuring of the foot structure produce a P300
41

The authors did not specify the P300 component; however, due to the task-dependent elicitation and the authors’ claim in other papers, it seems to be a P3b response.
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effect. Findings from Turkish study indicated that while stress violations
with final stress elicited an N400 component, violations with non-final stress
produced a P3b component. It was argued that the application of the predictable default (final) pattern to words with non-final stress resulted in higher
costs in lexical processing. In contrast, application of the unpredictable pattern to the words with final stress resulted in the evaluation of this pattern.
The authors concluded that Turkish speakers are sensitive to lexicalized
stress patterns but not to default stress.42

4.7 Topography of prosodic processing
The topography of prosodic processing is not central to the present dissertation; however, a short review of functional lateralization is necessary to support probable topographical findings of the dissertation and to plan for further research.
To pinpoint the exact topography for prosodic processing, it is crucial to
have a neuroimaging technique with good spatial resolution. As mentioned
in the beginning of this chapter, the EEG technique has a relatively low spatial resolution, which makes it difficult to localize the activation precisely.
The source may in fact be far away from the point at which it is measured
and be contaminated by several factors such as head shape, brain tissue, and
current source location (Bunge & Kahn, 2009). It is, therefore, crucial to
build source localization algorithms to pinpoint the possible source of the
signal. MEG, EEG’s magnetic equivalent, reflects the neural currents with
less contamination than EEG; that is, magnetic fields are not distorted as
they travel through brain and scalp. However, MEG mainly measures neural
activity in sulci; it is not very sensitive to current sources in gyri (Bunge &
Kahn, 2009; Kemmerer, 2015).43
Hemodynamic measures such as PET and fMRI do not have localization
problems; they can localize the activated brain area with millimeter spatial
resolution (Bunge & Kahn, 2009; Kemmerer, 2015; Luck, 2014). Several
PET and fMRI studies have investigated the hemispheric status of prosodic
perception. Although typically reported to be lateralized to the right hemisphere (Bryan, 1989; Friederici, 2002), the functional lateralization of pros42

The findings are discussed within the scope of phonological/metrical structures, which is
beyond the scope of the present review. The reader should refer to these papers for the details.
The significance of these findings for the present review is that the P300 component has been
used to address stress pattern violations.
43
The cortex is a folded layer; parts that are not visible from outside are called sulci and parts
that are visible from outside are called gyri (for basics of cortex, see Pulvermüller, 2002).
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ody remains disputable. It is possible to find studies that suggest bilateral or
left-lateralized activation for prosodic processing. Alternatively, separate
neural subsystems have been suggested for different prosodic features. It has
also been suggested that language experience influences brain circuitry in
prosodic processing. Some of these studies are reviewed below.
Several PET studies have demonstrated the importance of right hemisphere
in pitch perception (Zatorre, Evans, & Meyer, 1994; Zatorre, Evans, Meyer,
& Gjedde, 1992; Zatorre, Mondor, & Evans, 1999) and intensity discrimination (Belin et al., 1998). The cerebral blood flow changes have indicated that
the right prefrontal cortex is crucial in making judgments regarding pitch and
that the right hemispheric fronto-parietal network is activated in intensity
discrimination. Specialization of the right hemisphere has also been demonstrated for the overall accent detection (Berman, Mandelkern, Phan, &
Zaidel, 2003). Some PET studies have suggested, however, that neural
mechanisms representing prosodic processing may differ as a function of
linguistic relevance. For instance, in a tone perception study, a right inferior
fontal activation has been indicated for a non-tone language, whereas a left
frontal activation has been observed for a tone language (D. Klein, Zatorre,
Milner, & Zhao, 2001).
fMRI has also been used to study auditory perception processes, despite the
acoustic noise from the gradient system of the scanner, which typically varies from 65 to 95 dB. fMRI measures blood oxygenation, also called BOLD
(Kemmerer, 2015; Matthews, 2001). The effect of stimulus intensity on the
BOLD response has, for instance, been investigated, and the results indicate
that increasing stimulus intensity is associated with increasing cerebral blood
flow and activation in the superior temporal gyrus (Jäncke, Shah, Posse,
Grosse-Ryuken, & Müller-Gärtner, 1998).
However, as noted above, acoustic scanner noise forced researchers to investigate high sound intensity levels over a comfortable listening level, which is
60–65 dB SPL. Some recent studies have investigated auditory stimuli with
limited hindrance from acoustic scanner noise (Bilecen, Seifritz, Scheffler,
Henning, & Schulte, 2002; Langers, Van Dijk, & Backes, 2005; Yetkin,
Roland, Christensen, & Purdy, 2004). For instance, Bilecen et al. (2002)
reduced the influence of the scanner noise with a blocked sampling method
in which a long repetition time of 12 s was used. This 12 s repetition time
allowed the recovery of the BOLD signal change caused by the scanner
noise, which is in the range of 5–8 s.
fMRI data has also indicated the right hemisphere superiority in processing
pitch movements; right superior temporal areas responded more strongly to
slow pitch modulations (Meyer, Alter, Friederici, Lohmann, & von Cramon,
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2002). Some fMRI studies, on the other hand, have suggested that left hemisphere is essential in prosodic processing. For instance, it has been shown
that word stress and vowel quality processing is represented in the left superior temporal gyrus (E. Klein, Domahs, Grande, & Domahs, 2011).

4.8 Summary
The EEG technique has been proven to be a powerful research tool for investigating different processes taking place during spoken language processing.
ERP components, especially MMN, allow for assessment not only of acoustic-phonetic processing but also of activation of long-term memory traces
associated with lexical processing. The studies reviewed above have indicated the importance of prosodic well-formedness for language processing and
have shown the effects of native language on perceptual sensitivity to stress
patterns.
It has been suggested that infants begin to learn about the regular stress pattern of their native language by the age of 4 to 5 months. It should be noted,
however, that varying results have been subject to the same interpretation.
For instance, although Friederici et al. (2007) found an MMR response for
the iambic deviant and C. Weber et al. (2004) for the trochaic deviant in
German infants, both studies argued that their findings indicated a processing advantage for the stress pattern typical in German. Friederici et al.
(2007) argued that the MMR response for the non-native stress pattern reflects the additional effort in the processing of the non-native language deviant, indicating that the memory traces for the non-native stress pattern are
not as well established as those for the native stress pattern. C. Weber et al.
(2004) argued that MMR response indicates a processing advantage for the
trochaic pattern, which is the most typical stress pattern in disyllabic German
words.
Although only a few were reviewed above, most existing ERP studies on
prosodic processing have been limited to certain languages such as English,
German, and Finnish. Languages such as Turkish and Swedish, which have
been subject to investigation in the present dissertation, have not received
much attention. To our knowledge, the only EEG study on Turkish stress is
Domahs et al. (2013), which investigated sensitivity to violations of predictable and unpredictable stress patterns; however, this study was not concerned with establishing perceptual correlates of stress and their role in lexical access. Although Swedish tonal accents have been subject to several
EEG studies, the Swedish stress system has never been studied from an electrophysiological point of view.
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Language type seems to affect the way prosodic features are encoded; while
leading to lexical costs in free-stress languages, stress pattern violations do
not disrupt word recognition in fixed-stress languages. For instance, Knaus
et al. (2007) found an N400 response for incorrectly stressed German words
and argued that stress violations lead to difficulties in lexical retrieval in
German, which is a free-stress language. Conversely, Ylinen et al. (2009)
found a delayed MMN response for incorrectly stressed words in Finnish,
which is a fixed-stress language, and argued that stress violations made word
processing more difficult but did not prevent the recognition of words. Considering the findings from these two studies, one may argue that the delayed
MMN response found in Ylinen et al. (2009) may actually be the N400 response described by Knaus et al. (2007). However, it should be noted that
these two studies differed in their experimental procedures. In the former,
the task of participants was to judge the correctness of the stimuli (either
explicitly or implicitly), whereas in the latter, an automatic processing took
place. It should be mentioned, however, that the N400 effect in Knaus et al.
(2007) was argued to be task and attention independent.
Although the temporal reliability of EEG is well established, it is necessary
to take particular caution when interpreting the results. As seen above, there
may be temporal overlap between ERP components. At this point, components can be distinguished by their scalp topographies. Despite its poor spatial resolution, the EEG technique can differentiate the gross topography of
ERP components. For instance, while MMN shows a fronto-central scalp
distribution, N400 shows a centro-parietal distribution. It should be noted,
however, even techniques with good spatial resolution do not seem to be in
full agreement regarding the localization of cerebral processes.
Some of the studies reviewed above have employed real words, while some
used pseudowords to investigate the effect of stress pattern familiarity on
lexical processing. In the present dissertation, it was crucial to distinguish
between lexical processing and general auditory processing, and, therefore,
words were compared to physically matched pseudowords. Although language-specific phonological rules may be applied to pseudowords, as seen in
some of the studies reviewed above, language-related processing can best be
investigated using real words. That is, to distinguish between lexical activation and the failure of such activation requires comparison of word and
pseudoword processing.
Since the ERP components are sensitive to several stimulus properties simultaneously, from a methodological perspective, careful control of the acoustic
properties is crucial. This might be challenging to deal with when investigating speech material, which is characterized by a high acoustic variability.
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Through synthesizing, acoustic properties of stimuli can be kept under strict
control. However, synthesis may have a deteriorating effect on the quality of
speech stimuli and, therefore, has to be done with caution. Synthesis has
mostly been used with isolated vowels or syllables, whereas complex sound
sequences have been manipulated by splicing techniques, where sounds or
sound sequences are cut and replaced by other realizations (for a review, see
Steinberg, Truckenbrodt, & Jacobsen, 2012). Splicing techniques preserve
the naturalness of the speech signal to some degree; however, they may also
cause interference effects on the linguistic features. For instance, appropriateness of coarticulatory information about forthcoming segments has an
impact on the ERP responses (Steinberg et al., 2012). Taking particular caution when using synthesized and spliced stimuli in ERP research is, therefore, necessary.
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5 The
studies
and
their
contributions and novelties

scientific

This chapter presents the motivations for Studies I, II, and III, and outlines
the main scientific contributions and novelties of these studies. All three
studies investigate the interplay between prosodic cues and lexical access,
and the neurophysiology underlying this interplay. The reader should refer to
the relevant publications for further details.

5.1 Study I
In free-stress languages, prosodic cues are potentially available for use in
lexical access (N. Cooper et al., 2002; Cutler, 1986; Cutler & Clifton, 1984).
Although classified as a free-stress language, English is considered to be
unrepresentative in this respect because patterning of strong/weak syllables
relies mainly on segmental distinctions rather than on prosodic distinctions
(Cutler, 1986, 2005; Cutler et al., 1997). As mentioned in Section 2.3.1,
vowels in unstressed syllables are typically reduced, as in object (v)
[ɘbˈdʒɛkt] and object (n) [ˈɒbdʒɪkt]. Therefore, stress-contrastive minimal
pairs typically differ not only in prosodic features but also in vowel quality.
Vowel quality differences need to be controlled in order to investigate the
role of purely prosodic features. However, minimal pairs, which are segmentally identical but suprasegmentally different, are rare in lexical stress languages (Cutler, 1986, 2012; Cutler & Clifton, 1984). Nonetheless, the rarity
of stress-contrastive minimal pairs should not disprove the role of prosodic
features in lexical access.
A number of studies have investigated the role of lexical stress in lexical
access in English (Bond & Small, 1983; N. Cooper et al., 2002; Cutler,
1986; Cutler & Clifton, 1984). The results indicate that segmental information outweighs suprasegmental information in lexical processing. Given
that unstressed syllables without vowel reduction are quite rare in English
(i.e., minimal pairs are mostly segmentally distinct), it has been argued that
listeners are not motivated to attend to the suprasegmental information (for a
review, see N. Cooper et al., 2002; Cutler, 2005).
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These studies employed such behavioral measures as response accuracy and
reaction time. As mentioned in Section 3.3, behavioral measures provide
indirect evidence for lexical access, since they reflect only the final and conscious result of this process. Neuroimaging techniques, on the other hand,
provide direct information about the different stages of lexical access and
reflect automatic (task-independent) processing. Moreover, studies investigating the role of lexical stress in lexical access have typically examined the
stress pattern as a whole rather than looking into individual acoustic correlates. Given that minimal acoustic changes can be tracked without being
influenced by attentional biases through neuroimaging techniques, Study I
investigated the effect of individual prosodic features as well as the effect of
the combination of these features on lexical access by carrying out EEG
measurements of brain activation.
The stimuli were a stress-contrastive verb-noun pair upsét – úpset, which is
segmentally identical but differs in its stress pattern, and a pseudoword pair,
imitating the acoustics of the verb-noun pair: ukfét – úkfet. Rather than investigating only the stress pattern as a whole, Study I also examined individual prosodic features such as f0 and intensity. Given that the individual prosodic features differ in their importance as cues to lexical stress, f0 and intensity may contribute differently to lexical access. The choice of these two
acoustic dimensions was constrained by the fact that the importance of vowel quality and duration as cues to English stress seems to be less controversial in the literature, whereas the same does not hold for the role of f0 and
intensity. While some studies have indicated both f0 and intensity as correlates, with f0 being the most salient cue (Beckman, 1986; Fry, 1955, 1958,
1965; Morton & Jassem, 1965), other studies have argued that f0 and overall
intensity are not reliable acoustic correlates of stress in English (Sluijter &
van Heuven, 1996a).
As reviewed in Section 3.5, memory circuits are assumed to form the neurobiological representations of words. These neural assemblies are fully activated when words are being processed (Pulvermüller, 1999; Pulvermüller et
al., 2001). Therefore, in theory, presentation of a word that does not occur in
the usual language output would not initiate the activation process. It is crucial to distinguish between lexical activation and the failure of such activation. Study I, therefore, compared words with physically matched
pseudowords to distinguish between lexical processing and general auditory
processing.
In a multi-deviant passive oddball paradigm, neural responses to changes in
f0 and intensity individually as well as in two combined features were recorded in English words and pseudowords. The aim was to see if changes in f0
and intensity would ensure a shift of stress from iambic to trochaic, and thus
69

trigger activation of another word. Since the direction and amplitude of the
acoustic change might influence the ERP response, deviants (with trochaic
pattern) were created from the standard (with iambic pattern) by lowering f0
and intensity of the second syllable while the first syllable was held constant
in terms of the standard’s values. In this way, physical variance across
standards and deviants was minimized and exactly matched for word recognition points. One may question the feasibility of creating a trochaic item out
of an iambic item by lowering the acoustic parameters. However, given that
stress is a relative property; that is, syllables are perceived as stressed only
by virtue of their relationship with unstressed syllables (Lehiste, 1970;
Liberman, 1975), lowering the acoustic parameters of the second syllable in
an iambic pattern should lead us to perceive it as a trochaic pattern. Total
length of the stimuli was ~425 ms, and the change onset was at ~150 ms.
The hypothesis of the study was that the salience and relevance of stress
information in lexical processing would be reflected in the neural responses,
indicating the perceptual discriminability of f0 and intensity, and the presence of long-term memory traces for stress information in the brain. The
hypothesis was tested by employing the MMN component, which signals the
brain’s automatic response not only to any acoustic change such as f0 and
intensity but also to the activation of long-term memory traces for words.
The findings indicated significant differences not only between words and
pseudowords but also between prosodic features. The first processing difference between words and pseudowords was observed as early as 130–150 ms.
While an intensity-related MMN and an f0-related P200 were observed in
this early latency range in words, no specific activation was detected in
pseudowords. In line with neuroanatomical evidence reviewed in Section
4.7, these responses were stable at right-anterior regions. This f0 finding is
further in agreement with previous results reviewed in Section 4.6.2, which
indicated the association between P200 and pitch discrimination. Considering their absence in pseudowords, these early responses are claimed to reflect a language-related process. In line with the cell-assembly model reviewed in Section 3.5, it has been argued that there are well-developed prosodic representations in the brain to support an automatic discrimination of
prosodic information at this early stage that will also accelerate lexical access.
The findings further indicated that another MMN response was elicited for
both words and pseudowords at the latency range of 230–250 ms. In this
latency range, an intensity-related processing difference was still stable between words and pseudowords; changes in intensity elicited smaller MMN
for pseudowords than for words. It should be emphasized that although being perceptually less salient than f0, intensity was the main feature that dif70

ferentiated language-related effects from acoustic change effects in this latency range. These findings make a significant contribution to the inconclusive literature on the role of intensity in lexical stress in English, as reviewed
in Section 2.3.1. Moreover, a larger area was recruited for the processing of
words than for the processing of pseudowords. These larger ERP responses
for words are probably the result of widely distributed neurons in different
cortical areas, as reviewed in Section 3.5. These findings establish the use of
prosodic cues in lexical processing. Finally, given that there was no processing difference between words and pseudowords with regard to combined
features, it was claimed that individual prosodic features, rather than combined features, differentiate language-related effects from acoustic change
effects.
Taken together, the major methodological contributions and novelties of this
study are four-fold:
• This is the first ERP study to directly assess the interplay between
individual prosodic cues and lexical access in English.
• This study controlled the direction of stress change by creating stimuli by lowering prosodic values, and, therefore, avoided an intrinsic
increase in the ERPs because of an increase in auditory features.
• This study makes a significant contribution towards the inconclusive
literature on the role of intensity in lexical stress in English.
• This study shows that it is individual prosodic features rather than
the whole stress pattern that differentiate lexical processing from
non-lexical processing.

5.2 Study II
As mentioned in Section 2.3.2, Turkish is claimed to be a fixed-stress language where stress is ordinarily located on the final syllable of the word. It
has been argued that in contrast to free-stress languages, fewer explicit
acoustic correlates of stress are available in fixed-stress languages (Cutler,
1986; Cutler et al., 1997). Similarly, according to the typology of stress
deafness, which is mentioned in 2.2, it is argued that speakers of fixed-stress
languages ignore stress information to a higher degree since it has no contrastive function. Given all these arguments, Turkish listeners can be expected to be less sensitive to stress contrasts. Since stress location is predictable, its explicit acoustic realization may be irrelevant.
Some previous research supports these claims. In a stress perception task, the
ability of Turkish speakers to perceive stress in English pseudowords was
investigated. The results indicated that Turkish speakers had difficulties in
identifying stress positions, which accordingly was taken as evidence for
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their insensitivity to stress (Altmann, 2006). Similarly, in an ERP study,
Turkish speakers’ sensitivity to violations of predictable and unpredictable
stress patterns was studied, and the results demonstrated that Turkish speakers were less responsive to stress shifts that lead to final stress patterns than
to stress shifts that resulted in non-final stress patterns. Accordingly, stressdeafness in Turkish was claimed to occur only for the final stress pattern
(Domahs et al., 2013).
Another argument for Turkish speakers’ insensitivity to stress may be associated with the presence of vowel harmony. Some linguists have assigned an
important rhythmical role to vowel harmony and have compared it with Indo-European stress (Kasevitj, 1986, cited in Karlsson, 2003). Karlsson
(2003), for instance, investigated the role of duration, formant frequency,
and f0 in prominence marking in Mongolian, a vowel harmony language like
Turkish. The results indicated that none of these acoustic parameters signaled prominence on the word level, and it was, therefore, argued that Mongolian has no lexical stress. Accordingly, the rhythmical and lexical function
of lexical stress has been claimed to be redundant in vowel harmony languages (Karlsson, 2003). Given that Turkish is a vowel harmony language,
one may argue that there is no lexical stress in Turkish.
By contrast, in a study investigating the role of stress and vowel harmony as
cues for speech segmentation in Turkish, it was shown that Turkish speakers
were able to use both stress and vowel harmony for speech segmentation
(Kabak, Maniwa, & Kazanina, 2010). Similar results have been reported for
Finnish, which is a fixed-stress and vowel harmony language like Turkish
(Vroomen, Tuomainen, & de Gelder, 1998). Considering these findings as
well as the presence of a number of exceptions to the default pattern, as reviewed in Section 2.3.2, it can be assumed that Turkish speakers may in fact
exploit prosodic information in lexical access. Study II, therefore, investigated the role of prosodic features in lexical access in Turkish.
In contrast to English, which tends to have vowel reduction in unstressed
syllables, Turkish has a relatively full vowel articulation. Since vowel quality does not serve as a cue in Turkish, other acoustic correlates may bear a
greater significance. As mentioned in Section 2.3.2, Turkish is typically
classified as a stress language (Hyman, 2006, 2012). That is, it uses duration
and intensity as well as f0 in marking the stressed syllable. However, some
authors claim that Turkish is a pitch-accent language rather than a stress
language (Levi, 2005; Underhill, 1986). Given that there is no consensus on
the source of prominence and that acoustic studies disagree on where and to
what extent prosodic features are employed, Study II investigated the role of
the individual prosodic features f0, duration, and loudness.
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Loudness has usually been investigated using an overall intensity measure
(Fry, 1955). However, other measures related to the slope of the spectrum,
such as spectral tilt and spectral emphasis (SE), have been argued to be better operationalizations of loudness. SE is characterized by the relative intensity in the higher frequency bands and has been shown to be a more reliable
correlate than overall intensity in both production and perception (Heldner,
2001b, 2003; Sluijter & van Heuven, 1996b; Sluijter, van Heuven, & Pacilly,
1997). Thus, in Study II, SE was used rather than overall intensity to better
reflect the role of loudness in stress perception.
The material chosen was a stress contrastive minimal pair, bébek – bebék,
where the location of stress on the first or second syllable led the word to be
identified either as a district in Istanbul or as a baby. A pseudoword with
both possible stress patterns, dédek – dedék, was used as a control. Such
pairs, created by regular and irregular roots, are ideal for avoiding morphological effects. For instance, minimal pairs created by stressable and prestressing suffix, as reviewed in Section 2.3.2, introduce morphological consequences, which is a drawback for the investigation of the role of purely
prosodic information.
The methodology was the same as that used in Study I. In a multi-deviant
passive oddball paradigm, MMN responses to changes in f0, SE, and duration, individually as well as in three features combined, were recorded in
Turkish words and pseudowords. It was hypothesized that the MMN responses would indicate if segmentally identical Turkish words are distinguished on the sole basis of these prosodic features and that their relevance
in lexical access would be reflected in the amplitude of MMN responses.
The findings indicated that the brain not only detected prosodic changes, but
also used them in lexical decisions. Similar to the findings of Study I, there
was a difference in how the brain treated prosodic cues depending on lexicality. Significant processing differences between words and pseudowords
were observed as early as 200–250 ms. The most remarkable processing
difference was f0-related; while f0 manipulation elicited a slightly rightlateralized frontally-maximal MMN in words, it elicited a frontal P3a in
pseudowords. With regard to topographical distributions, these findings are
in line with literature reviewed in Section 4.5. Given that P3a reflects acoustic processing rather than lexical processing and indexes involuntary allocation of attention to salient changes, as reviewed in Section 4.5.3, this f0related P3a in pseudowords was argued to be due to attention orientation to
pitch change. Considering that f0 changes elicited MMN in words but elicited
P3a in pseudowords, f0 was claimed to be lexically specified in Turkish.
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The findings further indicated a processing difference in the SE measure;
while eliciting frontal MMN in words, SE manipulations elicited frontocentrally maximal N2b in pseudowords. Given the suggestion that the presence
of N2b is a result of stimulus-directed attention, as reviewed in Section
4.6.1, negativity to SE manipulations in pseudowords was argued to be due
simply to a larger attentional load, indicating that the spectral emphasis
change was rather unexpected in the absence of lexical processing. However,
since this is the first study to introduce SE measures into ERP, and previous
studies thus cannot explain the current results, the role of SE in lexical processing will be subject to further research.
There was no processing difference with respect to duration between words
and pseudowords; duration-related frontally distributed MMN was present in
both words and pseudowords. Duration was, therefore, claimed to be a potential perceptual correlate of stress, although it did not make a significant
contribution to automatic lexical access. This is in line with the literature,
which claims that vowel length is not phonemically distinctive in Turkish;
however, this study makes an important contribution to the literature by indicating duration as a perceptual correlate, in contrast to the studies that
ruled out duration as an acoustic correlate, as reviewed in Section 2.3.2.
Finally, similar to Study I, combined features (i.e., the whole stress pattern)
did not lead to a processing difference between words and pseudowords. It
was confirmed once again that it is individual prosodic features rather than
combined features that differentiate lexical processing from non-lexical processing.
In sum, it was demonstrated that prosodic changes consistently elicited
MMNs in words while eliciting different components in pseudowords depending on the deviating cue. Different components in pseudowords were
argued to reflect acoustic-change effects in neural responses. These findings
not only established the perceptual correlates of stress, but also indicated the
presence of memory traces for word stress information in the brain.
Taken together, the major methodological contributions and novelties of this
paper are three-fold:
• This is the first ERP study to investigate perceptual correlates of
Turkish word stress and to investigate to what extent each perceptual
correlate of stress is utilized for lexical access.
• This is achieved by using simplex (monomorphemic) words in contrast to previous production studies, which employed complex words
and, therefore, failed to avoid morphological effects.
• This is the first study to introduce SE measures to Turkish word
stress and to an ERP study in general.
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5.3 Study III
Swedish is well known for its tonal word accents: Accent 1 (acute) and Accent II (grave) (Bruce & Hermans, 1999). While tonal accents have been
investigated extensively, stress has received little attention. However, stress
is more fundamental than accent in Swedish for the following reasons
(Zonneveld et al., 1999): (i) As part of the rhythmical structure of the language, stress determines the phonetic quality of sounds; (ii) unlike accents,
stress is a common feature of all dialects; (iii) accents are not independent
from stress. Study III, therefore, investigated Swedish stress, specifically the
interplay between the stress system and morphology.
As reviewed in Section 2.3.3, the Swedish stress system has primarily been
studied through phonological analysis, like many of the other Germanic languages. Stress systems of Germanic languages have typically been investigated based on phonological information such as word edge and number of
syllables (Kager, 1989; Kristoffersen, 2000; Linell, 1972; van der Hulst,
1984; Wiese, 1996). Exceptions have been treated with features such as extrametricality, exceptionally marked quantity, and direct stress marking,
whereas morphological information has not received much attention (Riad,
2012, 2014). Recently, however, linguists have started to recognize the central role of morphology in this phenomenon.
Riad (2014) argues that stress placement in Swedish largely relies on morphology and categorizes morphemes as prosodically specified and prosodically unspecified; prosodically specified morphemes are either lexically
stressed (tonic) or occur in the positions before (pretonic) or after stress
(posttonic). It is argued that prosodically specified morphemes bear prosodic
specifications as part of their lexical representations, whereas prosodically
unspecified morphemes receive stress through a phonological rule that assigns stress to the rightmost available syllable. Unspecified morphemes either carry main stress or are entirely unstressed, whereas lexically specified
morphemes maintain the traces of stress even after it moves. For instance, if
stress is moved away, the quality and quantity of vowels change radically in
unspecified morphemes, whereas in tonic morphemes, a trace of vowel
length remains, and the vowel retains the same quality.
It should be emphasized that Riad’s morphological approach removes the
need for the above-mentioned features employed in traditional phonological
analyses, and Study III is the first EEG study moving toward establishing the
central role of morphology in this respect.
The methodology was similar to the one used in Studies I and II. However,
this study differed from the others with regard to the location of the refer75

ence electrode. In contrast to Studies I and II, which had a central scalp location for the reference electrode, this study used the nose as reference to enable the differentiation between MMN and N2b. The material was a minimal
pair, consisting of a phonologically stressed word, banal [baˈnɑːl] ‘banal’,
and a lexically stressed word, banan [baˈnɑːn] ‘banana’. In a traditional
oddball paradigm, MMN responses to formant frequency (vowel quality)
and duration (vowel quantity) changes in both phonologically and lexically
stressed words were recorded. Considering potential lexical derivations such
as banalitet [banalɪˈteːt] ‘banality’ and bananeri [banɑ·nɛˈriː], a representation similar to that of orangeri ‘orangery’, changes in vowel quality and
vowel quantity were acceptable for phonologically stressed words but unacceptable for lexically stressed words. Accordingly, it was hypothesized that
formant frequency and duration changes would activate memory traces associated with potential derivations only in phonologically stressed words.
The findings indicated processing differences between phonologically and
lexically stressed words as early as 150–250 ms. MMN to vowel quality and
vowel quantity changes was elicited in two different latency ranges in the
phonologically stressed word, while restricted to one latency range in the
lexically stressed word. In the first time window, the amplitude and topographical distribution of the MMN response for the phonologically stressed
word was larger than for the lexically stressed word. In the second time window, the MMN effect seemed to develop into a positive response in the lexically stressed word. These findings indicated that the brain did not only detect acoustic changes but also used them to activate assembly-internal connections.
As reviewed in Section 3.5, memory traces for words are organized as
strongly connected cell assemblies, and these neural assemblies are fully
activated even when only partial information is available. In this respect,
greater topography- and amplitude-wise MMN responses for the phonologically stressed word were argued to be the result of strongly connected cell
assemblies.44 Changes in vowel quality and vowel quantity were argued to
signal upcoming stress and, hence, trigger potential lexical derivations. The
absence or the low-amplitude of MMN responses for lexically stressed
words was explained by the absence of memory traces associated with vowel
44

This is in line with previous studies that investigated the spatiotemporal dynamics of morphological processing of spoken derived words and indicated that the recognition of derived
words involves retrieving the derived words in their full form. The base and suffix representation is initially activated along with the whole word representation. The information enabling
the retrieval of derivational suffix starts to unfold temporally only after the acoustic completion of the base morpheme. Thereafter, if the lexical representation for the base + suffix combination already exists, the lexical representation is retrieved in its full form (Leminen et al.,
2011).
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quality and vowel quantity changes. That is, changes in vowel quality and
vowel quantity did not activate memory traces in the lexically stressed word
since it does not undergo drastic vowel quality and vowel quantity changes
even after stress moves. However, these findings need to be supported by
further research. Investigating the derived versions, for instance, bananeri
and banalitet, may provide greater detail about the lexical specification of
vowel quality and vowel quantity information.
Taken together, the major methodological contributions and novelties of this
paper are three-fold:
• This is the first EEG study to investigate the Swedish stress system.
• This is the first empirical study to investigate the direct involvement
of morphology in the Swedish stress system.
• This study provides evidence for the ignition of the entire cell assembly by indicating the activation of potential lexical derivations.
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6 Discussion and conclusion

In a broad context, the present dissertation deals with the mapping of auditory input onto a meaningful representation. A set of experiments was conducted to investigate how the brain processes prosodic information, which
varies as a function of lexical stress, and exploits this information for lexical
access. This was done by examining the early ERP components. Special
focus was given to the MMN component, due to it being an early, automatic
index of not just acoustic, but also lexical processing. By studying English,
Turkish, and Swedish, language-specific lexico-prosodic processing, as well
as the accuracy of typological phonological descriptions of these languages,
has been investigated.
The principal research questions posed at the beginning of the dissertation
were as follows: (i) are prosodic features represented and processed separately or holistically in the brain? (ii) do prosodic features constrain lexical
access alone and cue upcoming stress/lexical items? (iii) what is the neural
time-course of prosodic processing and lexical access? (iv) to what extent
does the role of prosodic features in lexical access vary with language type?
and (v) do memory traces exist and are they pre-attentively accessible? The
secondary research question concerns the relative effectiveness of various
electrophysiological recording systems.
Regarding the principal research objectives, the major findings are as follows: (i) prosodic features are represented and processed as separate units of
information in the brain; (ii) the contribution of prosody in lexical processing
is indisputable, at least in constrained settings where no segmental cue to
stress is provided; the amount of neural activation elicited by a particular
piece of prosodic information is positively correlated with the strength of its
lexical representation in the brain, which is called lexical specification; (iii)
the mapping of prosodic information onto a lexical representation in the
brain occurs as early as 100–150 ms; (iv) regardless of differences in prosodic typology, all languages exploit prosodic cues, although the lexical specification of prosodic cues differs across languages; and (v) there are memory
traces for lexico-prosodic processing in the brain, and they are not affected
by attention and, thus, possess certain automaticity. With respect to the secondary research objective, evaluation of the three EEG recording systems
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suggests some advantages of a high-impedance system with active electrodes
over the other systems.
Besides the scientific contributions and novelties presented for each investigation in Chapter 5, the major contribution of the present dissertation is that
it could be a first step towards building an electrophysiological-perceptual
taxonomy of prosodic processing based on lexical specification. The major
findings in this regard are discussed below; however, the advantage of EEG
over behavioral measures is first briefly presented, as well as the motivation
for the special focus on the MMN component.

6.1 The added-value of EEG
A considerable number of studies have attempted to explain the complexities
involved in lexical access. Most of these studies have employed behavioral
measures such as response accuracy and reaction time. However, behavioral
measures provide indirect evidence for lexical access since they reflect only
the final outcome of a series of processes such as acoustic, phonological, and
semantic processing. Some experimental paradigms, such as gating and
priming, have been suggested to account for these different stages of lexical
processing; however, these paradigms reflect conscious processing only.
They are also limited in what they can tell about underlying neural representations.
In order to understand lexical processing completely, it is crucial to observe
the unfolding recognition process and to approximate the temporal dynamics
of human auditory speech perception. For that, real-time measurement of
brain activity is required. The studies included in the present dissertation
employed EEG as an electrophysiological technique with good temporal
resolution, which in turn enabled the observation of the time-course of lexico-prosodic processing.
As reviewed in Section 4.3, there exist several ERP components, buried
within the EEG signal. In this dissertation, a special focus has been placed
on the MMN component. MMN is ideal for investigating brain processes of
language (for a detailed overview, see Pulvermüller & Shtyrov, 2006).
MMN signals the brain’s automatic response to any change in auditory input
and is elicited in the absence of attention. Therefore, MMN reveals neural
processes without being influenced by attentional biases and by any behavioral response traditionally implemented in behavioral studies.
Another reason to focus primarily on MMN is that it signals the brain’s automatic response not only to any acoustic change but also to higher cognitive
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processes such as the activation of long-term memory traces for lexical information. Since one of the objectives of the present dissertation is to investigate the activation of long-term memory traces associated with lexicoprosodic processing, MMN provides a perfect measure.
Another advantage of MMN is that it can index the neural processing of
individual language stimuli rather than large groups of stimuli. Other ERP
components typically investigate large groups of words and average brain
responses across the entire group. However, given that these words differ in
their physical features, drawing conclusions based on the averaged responses
across the entire group may introduce methodological problems. Since the
present dissertation deals with fine-grained acoustic differences, it is crucial
to minimize physical variance and to match individual speech stimuli for
basic auditory features exactly, a task that is possible to implement with
MMN.

6.2 Neural representation of prosodic features
One of the central questions of the dissertation is to determine whether prosodic features such as f0, intensity, and duration are processed separately or
holistically in the brain. In the prosody literature, it has typically been argued
that there is no one-to-one correspondence between stress and any single
prosodic parameter, and that all cues should be evaluated together (Lehiste,
1970; Lieberman, 1960). However, the present dissertation argues that prosodic features are processed separately and that these features should be
evaluated independently from each other.
Evidence for this argument comes from Studies I and II, which reveal different MMN amplitudes and, to some extent, different latencies for the different
prosodic features. These findings are in line with a number of MMN studies
indicating separate processing of acoustic features (as reviewed in Caclin et
al., 2006). For example, when two deviants are presented in a row, the amplitude of MMN is reduced for the second deviant (Sams, Alho, & Näätänen,
1984); however, the amplitude of MMN is not reduced if the second deviant
differs from the standard in a different dimension than the first deviant
(Nousak, Deacon, Ritter, & Vaughan Jr, 1996). Further evidence for separate
processing comes from studies demonstrating latency differences across
acoustic features (Deouell & Bentin, 1998). These findings confirm that the
representation of acoustic features in the brain develops independently from
each other.
Separate processing of acoustic features is also supported by separate topographical distributions of different acoustic features. Although the present
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dissertation cannot provide finely detailed topographical information due to
the poor spatial resolution of the EEG technique, it indicates slight differences in topographical distributions of f0, intensity, and duration. This finding is in line with the studies of MMN generation. Source localization models for MMN data suggest feature-specific MMN generators, that is, distinct
topographies for f0, intensity, and duration (Giard et al., 1995; Rosburg,
2003).
This separate processing argument is further supported by studies that show
additivity of responses to single deviants; that is, the MMN elicited by bidimensional deviants can be predicted by the sum of MMNs of the corresponding single deviants (Wolff & Schröger, 2001). However, deviants with
three deviating features may not follow the MMN additivity argument and
may elicit a smaller MMN than predicted by the sum of the single deviants
(Paavilainen, Valppu, & Näätänen, 2001). This could be due to complex
processing of simultaneously deviating features (Caclin et al., 2006). The
findings of the dissertation are in line with the arguments presented above in
that they show differences in MMN amplitudes of two-dimensional and
three-dimensional deviants with regard to the predicted sum.
The last, but most important, piece of evidence that the present dissertation
provides in this respect is that it is individual prosodic features that differentiate lexical processing from non-lexical processing, rather than combined
features. In summary, the present dissertation supports a model in which
prosodic features are processed independently and are stored as separate
units of representation. The retrieval of these representations is highly associated with their relevance to lexical representation, which is discussed below.

6.3 Memory traces for lexico-prosodic processing
Another central question of the dissertation is whether individual prosodic
features alone constrain lexical access. In contrast to the indisputable role of
segmental information, prosodic information has been subject to a debate in
lexical processing, typically accompanied with cross-linguistic comparisons.
The present dissertation unequivocally shows the contribution of prosody in
lexical processing, at least in constrained settings where no segmental information is available. The findings indicate that prosodic information activates
memory traces associated with words and accelerates lexical access preattentively, which provides an answer to another major question of the dissertation: whether memory traces exist and are pre-attentively accessible.
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The cell assembly model has been adapted to account for the activation of
memory traces (Pulvermüller, 1999). According to this model, the cortex is
seen as a network of neurons, called cell assemblies. Words are represented
by these cell assemblies, characterized by short- and long-distance connections. These neural assemblies are fully activated when words are being processed. Evidence for strongly connected long-term memory traces for words
comes from studies showing stronger activation for words than for acoustically similar pseudowords (Alexandrov et al., 2011; Pulvermüller et al.,
2009).
The present dissertation demonstrates the existence of long-term memory
traces associated with prosodic processing. The findings of Studies I and II
show a difference in how the brain treats prosodic cues depending on word
and pseudoword processing. Lexically specified prosodic information generates stronger neural responses in words than in pseudowords. This is explained by strongly connected neural networks that act as memory traces for
lexically specified prosodic information. Prosodic feature manipulations in
pseudowords that lack such a cortical representation trigger an increase in
attentional load and cause reevaluation of what is heard. The strongest support regarding this issue comes from Study II. Prosodic changes consistently
elicit MMN responses in words while eliciting different components in
acoustically matched pseudowords depending on the deviating cue. It is argued that different components in pseudowords reflect acoustic change effects on the neural responses rather than language-related effects.
The findings of the dissertation further indicate that a larger brain area is
recruited for the processing of words than for the processing of
pseudowords, probably due to widely distributed neurons in different cortical areas. It is also demonstrated that the amount of neural activation elicited
by particular prosodic information is correlated with the strength of its lexical specification in the brain. For instance, regarding lexical processing, f0 is
linked to a more strongly connected neuronal ensemble, whereas duration is
associated with a weakly linked circuit in Turkish.
As reviewed in Section 3.5, once such memory traces are formed, cell assemblies may be activated by partial information. The evidence in this regard comes from the present findings, which show lexical activation on the
sole basis of prosodic information. These indicate that changes in prosodic
features, as long as they are relevant, can activate memory traces associated
with potential lexical derivations. The strongest evidence in this regard
comes from Study III, which indicates stronger activation in words in which
prosodic changes are associated with lexical derivations than in words in
which lexical derivations are not accompanied by prosodic changes. These
findings demonstrate that prosodic information can indeed activate memory
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traces for words and potential lexical derivations without any given context.
Another central question of the dissertation is the time-course of mapping
prosodic information onto a lexical representation. The findings indicate that
activation of memory traces associated with lexico-prosodic processing is
near instantaneous; processing differences between words and pseudowords
emerge as early as 100–150 ms after change onset. In addition, the dissertation further indicates that strong connections guarantee neural activation and
implementation of long-term memory traces even in the absence of attention.
In summary, the present dissertation demonstrates that the brain is able to
extract prosodic features pre-attentively and activate memory traces associated with these features automatically. It is shown that the earliest stages of
lexical access are not affected by attention and may thus possess certain automaticity.

6.4 The role of prosodic typology
As reviewed in Section 2.2, one of the major typological distinctions is that
of fixed- versus free-stress languages. While in free-stress languages such as
English, Dutch, and Swedish, stress can be placed in different syllabic positions, in fixed-stress languages such as Turkish, French, and Finnish, stress
position is fixed, as the name suggests. Speakers of fixed-stress languages
are argued to be insensitive to lexical stress information. Even within freestress languages, some variability in the value of stress information has been
suggested; Dutch listeners, for instance, have been argued to be more sensitive to stress information than English listeners because purely prosodic information has greater informational value in Dutch than in English (Cutler,
2005).
Electrophysiological evidence presented in this dissertation indicates that
things are far more complicated than the prosodic typology suggests. The
multi-dimensional nature of prosody and the complex nature of lexical processing make it difficult to taxonomize languages into broad categories.
Moreover, the stress typology suggested in literature seems to be related to
the realization, rather than the function, of lexical stress, that is, to the acoustic processing rather than the lexical processing, which in turn makes the
lexical stress classifications dubious. The present dissertation argues that
languages should be taxonomized (if needed) according to the function of
lexical stress. The fact that certain acoustic features are intrinsically more
salient should not lead us to conclude that they are more critical and decisive
for lexical access. The importance of prosody as a determining factor for
lexical access should be evaluated as long as it contributes to lexical access.
A major finding in this respect is observed in Study I: Despite being percep83

tually less salient than f0, intensity is the feature that differentiated languagerelated effects from acoustic change effects in English.
Speakers of different languages, regardless of their typological classification,
perceive prosodic information and exploit it for lexical access even when no
segmental information is available. The strongest support regarding this issue comes from Studies I and II: Speakers of English and Turkish, which are
at the two extreme ends of the typology, discriminate segmentally identical
words based on purely prosodic features. This is interesting because, although being at the two extreme ends, speakers of both languages are argued
to not be motivated to attend to the prosodic information for different reasons: Segmental information is argued to outweigh suprasegmental information in lexical processing in English, and stress information is argued to
be ignored in Turkish, since it does not differentiate between lexical items.
Different acoustic parameters contribute differentially to lexical access. Regardless of the prosodic typology, all languages exploit available prosodic
cues; however, they do so to different extents. As shown in Studies I and II,
the feature distinguishing lexical processing from non-lexical processing
seems to be intensity in English, whereas it is f0 in Turkish. There may,
therefore, be cross-linguistic differences with respect to lexical specification
of prosodic cues. It is not the intention of this dissertation to recommend a
new typology. However, it may be more effective to classify languages depending on lexical specification of prosodic cues. In order to do this, these
findings need to be supported with further research.

6.5 Comparison of EEG recording systems
The studies reported in the dissertation have employed three different EEG
recording systems: NeuroScan, EGI, and BioSemi. The choice of the system
has been constrained partly by accessibility of the system and partly by the
objectives of the research. All these systems have their advantages and disadvantages. It is beyond the scope of this dissertation to do a formal technical comparison of the systems and make any recommendation; however, I
share my personal experiences using these systems below.
EEG recordings were done with both high- and low-impedance recording
systems. As reviewed in Section 4.1, applying noise reduction is crucial for
obtaining a good EEG signal. These two systems differ in the way they minimize noise; while skin cleansing and abrasion is needed in low-impedance
systems, it is less of a concern in high-impedance systems. The electrode
preparation and application process in EGI and BioSemi, which are both
high-impedance recording systems, can be done very quickly since skin does
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not need to be cleaned and abraded. In contrast, in NeuroScan, which is a
low-impedance system, the same process is very time consuming and causes
skin irritation for some participants. Moreover, the disinfection process in
NeuroScan is laborious since it must be done cautiously due to a higher risk
for disease transmission (for electrode infection risk, see Ferree, Luu,
Russell, & Tucker, 2001). However, given a proper skin cleansing and abrasion, NeuroScan provides a good EEG signal.
Noise was observed to have a greater impact in EGI recordings than in NeuroScan and BioSemi recordings. Several factors may be considered as the
cause for this, such as the use of passive electrodes. As reviewed in Section
4.1, high-impedance systems solve the noise problem by using either highimpedance input amplifiers or active electrodes. EGI is a system with passive electrodes, and passive electrodes may increase skin artifacts, which
may add noise (Luck, 2014). On the other hand, BioSemi uses active electrodes, which are built with pre-amplifiers that eliminate electrical noise and
reduce skin artifacts. That is, the amplifier is close to the signal origin, and
the connecting cable transports a signal that is already amplified, thus, exposing the signal to less noise. Using either BioSemi, and thus solving the
noise problem at the electrode level, or NeuroScan, and assuring a good contact by proper cleansing, enabled the acquisition of a good EEG signal in the
studies of the present dissertation.
Among these three recording systems, BioSemi provided the best experience
for the purpose of the present dissertation, followed by NeuroScan and then
EGI. Apart from being fast in application and good at eliminating noise,
BioSemi is more portable compared to the other systems, which makes the
recording processing effective, without the limitations of using a certain lab.
Moreover, its compatibility with various operating systems such as Windows, GNU/Linux, and Mac OS can be considered an advantage over NeuroScan and EGI, which are limited to one operating system only. There are
however two drawbacks of BioSemi. First of all, analysis software is not
implemented in the system. However, as reviewed in Section 4.2.4, considering the availability of numerous open-source programs for post-processing,
this is less of a concern, as, for instance, acquired data in Study III was easily interfaced with Matlab. Secondly, given that multi-modal imaging is getting more and more common, systems such as EGI and NeuroScan may have
an advantage over BioSemi due to their compatibility with MRI and MEG
(Stemmer & Connolly, 2011).
Finally, recordings from 16–32 electrodes served efficiently for the purpose
of the present dissertation. There is no general rule regarding the number of
electrodes for MMN measurements; however, electrodes at Fz, Cz, Pz, and
mastoids are recommended for the identification of MMN (Schröger, 1998).
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In this manner, the typical fronto-central distribution of MMN and polarity
inversion at nose-referenced mastoid recordings can be shown (Näätänen,
1992). In the present dissertation, only Study III used a nose reference. The
Adult HCGSN of EGI, employed in Study II, is disadvantageous in this regard, since it does not enable the use of external electrodes; it is, therefore,
not possible to have a nose reference. Moreover, compared to recordings
from 16–32 electrodes, recording from the 128-electrode HCGSN did not
actually provide better data quality. On the contrary, more electrodes made it
more complicated to detect and troubleshoot problems. As mentioned in
Section 4.1, one may argue that a large number of channels are needed to
provide a good source localization in EEG. However, the usefulness of a
large number of electrodes remains limited by the distortion of neuronal
potentials as they are conducted through the highly resistive skull (Gevins et
al., 1995). Moreover, the spatial resolution of dense-array EEG systems have
been argued to be extremely sensitive to measurement noise (Wendel et al.,
2009). Some of the key effects may, therefore, not reach the statistical significance due to noisy data. In short, for the purpose of the present dissertation
(i.e., differentiating the gross topography of ERP components of interest),
recordings from few electrodes were adequate.
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7 Directions for future research

Suggestions for future research for each investigation, if applicable, have
already been presented in the relevant subsections of Chapter 5. This chapter
refers only to further directions to improve upon weaknesses of the dissertation and to strengthen current findings with some methodological improvements.
In this respect, the motivation for future research is two-fold: First, to extend
and support these electrophysiological findings with the magnetic counterpart of EEG, MEG, or hemodynamic measures, such as fMRI and PET. A
second motivation is to advance the current research with a greater number
of languages in order to enable an electrophysiological-perceptual comparison of prosodic processing.
With regard to temporal and spatial resolution, electromagnetic and hemodynamic measures are complementary. Supporting EEG findings with MEG,
PET, or fMRI is, therefore, fundamental to localizing neuronal activity with
both high temporal and spatial resolution. Topographical maps of scalprecorded electrical activity displayed in this dissertation, surely, provide
important information about the neuroanatomical regions active in prosodic
processing. However, given that sources can be localized with millimeter
precision in MEG, PET, and fMRI, these techniques will make it possible to
localize the neural generators more accurately and to investigate underlying
physiological mechanisms and anatomical substrates in detail. Alternatively,
the testing of the combination of techniques may be worth considering given
that the combination of EEG and MEG with PET and fMRI has recently
become more and more common (Dale et al., 2000; Horwitz & Poeppel,
2002; Poline, Garnero, & Lahaye, 2010).
Another direction for future research involves examining more languages in
an electrophysiological-perceptual comparison. Investigating languages,
preferably ones that are typologically distinct, will provide further insight
into the matching of prosodic input with lexical representations across languages. Lexical specification of prosodic information and its neural correlates may enable a typological comparison. Investigating perception of nonnative contrasts and the transfer of native language prosody to another lan-
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guage may also improve understanding of the overall mapping of prosodic
processing.
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Summary in Swedish

Introduktion
Lexikal access, det vill säga matchningen av hörselintryck mot representationer av talade ord i hjärnan, är en central komponent i talförståelsen. För
att förstå hur lexikal access fungerar är det viktigt att identifiera vilka typer
av akustisk information som finns representerade i långtidsminnet och att
undersöka hur hjärnan använder den typen av information. Denna avhandling undersöker om och hur prosodisk information inverkar på lexikal access
och hur språkspecifik denna inverkan är genom att jämföra tre typologiskt
distinkta språk: engelska, turkiska och svenska.
De huvudsakliga målen med forskningen är att undersöka: (i) om prosodiska
drag finns representerade i hjärnan och huruvida de processas separat eller
som en helhet; (ii) om prosodiska drag är tillräckliga för att inverka på lexikal access och ger ledtrådar till vilken stavelse som är betonad eller vilket
ord som produceras; (iii) det neurala tidsförloppet för prosodisk processning
och lexikal access; (iv) i vilken utsträckning betydelsen av prosodiska drag
för lexikal access är språkspecifik och skiljer sig åt mellan olika språktyper;
och (v) om det finns så kallade minnesspår för prosodiska drag i lexikal access och om prosodiska drag uppfattas innan uppmärksamheten riktas mot
signalen. Forskningsmålen uppnås med elektrofysiologiska mätningar av
hjärnans elektriska aktivitet. Ett sekundärt mål med forskningen är att utvärdera olika typer elektrofysiologiska system för att registrera hjärnaktivitet.
Avhandlingen har följande struktur: Kapitel 2 ger en kort introduktion till
prosodi och prosodisk typologi, och sammanfattar de prosodisk-typologiska
egenskaperna hos de tre undersökta språken. Kapitel 3 ger en översikt över
lexikal access och prosodins roll i denna process. Kapitel 4, som är den centrala delen av avhandlingen, ger en kort introduktion till elektrofysiologiska
och neuroradiologiska hjärnavbildningstekniker, presenterar den teknik som
använts i avhandlingen, samt ger en genomgång av relevant litteratur. Kapitel 5 diskuterar undersökningarna som ingår i avhandlingen och deras bidrag
till den samlade vetenskapen. Kapitel 6 innehåller en generell diskussion och
Kapitel 7, avslutningsvis, behandlar förslag till fortsatt forskning.
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Metod
För att förstå lexikal access i grunden är det nödvändigt att kunna observera
igenkänningsprocessens utveckling och att kunna uppskatta tidsutvecklingen
i mänsklig talperception. För att kunna göra detta behöver man kunna följa
och registrera hjärnaktivitet i realtid. I den här avhandlingen användes
elektroencefalografi (EEG) som är en elektrofysiologisk teknik för att studera elektrisk aktivitet i hjärnan med god tidsupplösning, vilket möjliggör
observationer av tidsutvecklingen i prosodisk och lexikal processning. Experimenten i avhandlingen använde sig av tre olika EEG system: ett passivt
låg-impedanssystem NeuroScan; ett passivt hög-impedanssystem EGI; och
ett aktivt hög-impedanssystem BioSemi.
EEG-tekniken fångar neurala responser som är direkt relaterade till specifika
sensoriska och kognitiva processer. Responserna till händelser kallas eventrelaterade potentialer (ERP). Den här avhandlingen har framför allt använt
en ERP komponent som kallas mismatch-negativity (MMN). MMNkomponenten är mycket väl lämpad för undersökningar av språkbearbetning
i hjärnan. MMN ger utslag för hjärnans automatiska reaktioner på förändringar av hörselintryck och framkallas även om uppmärksamheten är riktad
på annat. MMN kan därför fånga neurala processer utan uppmärksamhetsbias. Ytterligare en anledning att använda MMN är att komponenten både
avspeglar responser på akustisk förändring och ger utslag för högre kognitiva processer så som aktivering av (långtids)minnesspår för lexikal information (Näätänen et al, 1978; Näätänen and Winkler, 1999).
Den experimentella design som använts i avhandlingen är ett så kallat oddball paradigm. Oddball-paradigmet möjliggör en förståelse av hur hjärnan
diskriminerar stimuli och tolkar sannolikhet (Kutas et al., 2012; Luck, 2014;
Picton et al., 2000). I oddball-paradigmet mäter man hjärnans reaktion på
lågfrekventa förekomster av avvikande stimuli (devianter) i en serie av högfrekventa identiska standardstimuli.

Undersökningar
Avhandlingen baseras på tre artiklar, som alla undersöker hjärnans reaktioner på prosodiska förändringar i något av de tre språken och med något av de
tre olika EEG-systemen. Artikel 1 och 2 behandlar samspelet mellan prosodi
och lexikon och undersöker om prosodiska förändringar aktiverar minnesspår associerade med segmentellt identiska med prosodiskt olika ord. Artikel
3 tar även med morfologi i processen och undersöker om prosodiska förändringar aktiverar minnesspår associerade med möjliga lexikala avledningar.
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I artikel 1 undersöktes neurala reaktioner på förändringar i grundtonsfrekvens (f0) och intensitet i engelska ord och pseudoord. Stimuli utgjordes av
ett minimalt tvåstavigt ordpar där betoningens placering på första eller andra
stavelsen avgjorde om ordet skulle uppfattas som ett substantiv eller ett verb
samt ett pseudoordpar med liknande segmentella och akustiska egenskaper. I
artikel 2 undersöktes på liknande sätt neurala reaktioner på förändringar i f0,
spektralemfas och duration i turkiska ord och pseudoord. Återigen utgjordes
stimuli av ett minimalt tvåstavigt ordpar där betoningens placering på första
eller andra stavelsen avgjorde om ordet uppfattades som ett platsnamn eller
ett vanligt substantiv. Ett pseudoordpar med betoning på första eller andra
stavelsen användes som kontroll. Målet var att undersöka om prosodiska
förändringar medförde att upplevelsen av betoningsplacering förändrades
och därigenom utlöste aktivering av ett annat ord. Hypotesen var att MMNresponsen skulle indikera om segmentellt identiska engelska och turkiska ord
kunde skiljas åt enbart baserat på prosodiska drag och att de prosodiska dragens relevans i lexikala access skulle avspeglas i storleken på MMNresponsen. I artikel 3 undersöktes neurala reaktioner på förändringar i formantfrekvens och duration i svenska ord. Materialet var återigen ett minimalt par sammansatt av ett fonologiskt betonat och ett lexikalt betonat ord.
Målet här var att undersöka om förändringar av vokalkvalitet och vokalkvantitet skulle aktivera minnesspår associerade med möjliga lexikala avledningar. Givet att förändringar av vokalkvalitet och vokalkvantitet associeras med
avledningar endast i fonologiskt betonade ord var förväntningen att MMNresponserna skulle vara större i fonologiskt betonade ord än i lexikalt betonade ord.
Resultaten visade att prosodiska drag aktiverade minnesspår kopplade till
ord och deras möjliga avledningar även utan någon som helst kontext. I artikel 1 och 2 gav prosodiska förändringar konsekvent större MMN-responser i
ord än i pseudoord. Dessutom aktiverades större områden i hjärnan vid processning av ord än vid pseudoord. Mängden neural aktivering som framkallades av någon prosodisk förändring var positivt korrelerad med styrkan på
dess lexikala representation i hjärnan. Som exempel kan nämnas att den viktigaste egenskapen som skiljer lexikal från icke-lexikal processning verkar
vara intensitet i engelska men f0 i turkiska. I artikel 3 bekräftades förväntningen att MMN-responsen skulle vara större och uppvisa en större topografisk utbredning i fonologiskt betonade ord än i lexikalt betonade ord. Sammantaget visar dessa resultat att hjärnan inte bara uppfattar prosodiska förändringar utan att den också använder dem för att aktivera minnesspår associerade med ord och deras möjliga avledningar.
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Slutsatser
Det viktigaste resultaten vad gäller de huvudsakliga målen med forskningen
är att: (i) prosodiska drag finns representerade och behandlas som separata
informationsenheter i hjärnan; (ii) prosodins betydelse för lexikal access är
obestridlig, åtminstone i kontrollerade sammanhang där inga segmentella
ledtrådar till betoningsplacering ges; mängden neural aktivering som utlöses
av ett prosodiskt drag är större i ord än i pseudoord; (iii) mappningen av
prosodisk information mot lexikal representation i hjärnan sker redan efter
100–150 ms; (iv) alla tre språken, oavsett skillnader i prosodisk typologi,
använder prosodiska drag för lexikal access, även om de prosodiska dragen
hade olika stor betydelse i språken; och (v) det finns minnesspår av lexikoprosodisk information i hjärnan, de påverkas inte av uppmärksamhet och har
därför någon grad av automaticitet. Vad gäller det sekundära målet med
forskningen, utvärderingen av de tre olika EEG systemem, kan konstateras
att hög-impedans-system med aktiva elektroder har fördelar framför de övriga typerna av system.
Översättning från engelska: Mattias Heldner
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