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1. Introduction

The desire to learn to understand and speak a language derives from an aspiration to
communicate one’s thoughts, feelings and needs to others. How does the brain accomplish,
with remarkable ease, the translation of complex, time-varying acoustic content to elaborate
meanings in speech comprehension? How does the brain learn a multitude of such mappings
and acquire the ability to understand and produce many different languages, and why is this
accomplished particularly well if exposure to the language starts early in life? These intriguing
questions, fundamental to human communication, remain a challenge to science.

Understanding spoken words requires mapping their highly variable acoustic input into
existing phonological and lexical representations that are stored in memory. How acoustic and
semantic information contained in speech may be encoded differently from other sounds and
when and where this possible speech-specific neural signalling emerges has been the focus of
many neuroimaging studies, but has remained unresolved. The special nature of speech applies
also to the ease at which it is acquired in early development, requiring no formal training and
only a limited amount of input. Humans acquire, apart from some very rare exceptions, at least
one spoken language early in life (native language, L1). Most also learn at least one other
system of sounds, rules and form-to-meaning mappings. Learning of a second language (L2)
or a foreign language (depending on whether that language is or is not part of the person’s daily
environment) can take place throughout life, but is typically achieved only with great effort
later in life. Little is known of how learning of new word forms and sound sequence regularities
differs between mature and immature brains.

This thesis addresses the above-described fundamental questions of human language, by
investigating how the cortical encoding of acoustic and semantic features of spoken words
might be different from that of other natural sounds (Study I), and by examining the cortical
basis of learning new word forms and foreign phonotactic regularities in adults (Studies II–
III) and children (Study IV). Throughout this thesis, spoken word processing is viewed as
operating on many different representational levels: Phonemes are the smallest units that
differentiate two words of a language from each other, e.g. /p/ and /t/ in /palo/ (fire) and
/talo/ (house). The phoneme inventory is different in each language, as are also the
phonotactic probabilities or rules, which govern the probabilities of particular sequences of
phonemes occurring in words and the legal forms of syllables at each position of the word. For
example, in Finnish the syllable /tak/, with a stop consonant as the last phoneme, would be
acceptable as word initial, but not as word final. Lexical word forms are the phonologically
structured sequences representing words in the mental lexicon in long-term memory, and
lexical semantics refers to word meanings. Access to these different levels during processing of
spoken word forms can be thought of as hierarchical and sequential, but the levels are also
highly interactive. Nevertheless, for gaining knowledge of how the different processing levels
are implemented cortically, it is important to investigate them separately: In Study I, acoustic,
phonemic and semantic feature encoding in the cortex are separately addressed, and in Studies
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II–IV, phonological processing and learning is investigated out of meaning context. In all four
studies of the thesis, magnetoencephalography (MEG) is used for measuring responses of
cortical neural populations. With its millisecond temporal resolution MEG is an excellent tool
for investigating the temporal progression of neural activity evoked by words and the different
stages in the sequence of processing.

The Introduction (Chapter 1) reviews current theoretical views on the cortical correlates of
spoken word form processing, the development of the processing system, and the learning of
new word forms. Chapters 2, 3 and 4 introduce the Aims, Methods and Results of the
experiments, respectively, and Chapter 5 discusses the findings in a broader frame.

1.1 Theoretical accounts of speech processing and word recognition

1.1.1 Mapping speech sounds onto linguistic units

To understand spoken words, the listener has to map the acoustically highly variable speech
signal into its lexical and semantic representations in memory. According to most cognitive
models of speech processing, this happens via categorically perceived phonemes that the
continuous acoustic stream is mapped onto. However, as there is huge variation between
different speakers and linguistic contexts in how a certain phoneme is produced, there are no
acoustically invariant phonetic signals that would map onto a certain phoneme. Much of this
variation goes unnoticed, as phonemes are perceived categorically (Liberman et al., 1967).
Speech is also processed at a remarkable rate compared to nonspeech sounds (Warren et al.,
1969). These types of observations have led some researchers to assume specialized processing
mechanisms for speech, different from other sounds.

The nature of the possible prelexical code for speech has been long debated. An early model
attempting to explain how speech processing might be special was the analysis-by-synthesis
model, or motor theory of speech perception (Stevens, 1960; Liberman et al., 1967). It states
that speech sounds are recognized through synthesizing or simulating the actions needed to
produce the sequence, and that the objects of speech perception are not acoustic features but
the (intended) articulatory movements. This theory has been backed up by evidence showing
that motor cortex is activated during passive speech perception (Watkins et al., 2003; Wilson
& Iacoboni, 2006), and that transcranial magnetic stimulation of the motor areas disrupts the
processing of speech sounds (Meister et al., 2007; Möttönen et al., 2013). This model has
regained popularity in the recent years along with the discovery of so-called mirror neurons in
the monkey premotor cortex, responding both during active production and passive
observation of motor actions (Rizzolatti & Craighero, 2004); a similar “mirror-neuron system”
has been suggested to underlie speech perception in humans (Liberman & Whalen, 2000).
However, results demonstrating categorical perception for unreproducible sounds (Miller et
al., 1976; Lotto & Kluender, 1998) and in animals whose motor system does not allow the
production of speech (Kuhl & Padden, 1982) indicate that speech perception must also rely on
auditory processing for discriminating complex acoustic patterns, rather than only on speech-
specific articulatory processing (Jusczyk & Luce, 2002; Diehl et al., 2004). The present
consensus seems to favour the view that perception of speech mainly depends on the mapping
of complex acoustic features to abstract perceptual units and motor representations have a
modulatory role in this process. However, how this is realized is not completely clear.

In early cognitive models of speech processing, the sequence of phonetic features within a
spoken word was assumed to be mapped onto progressively more abstract representations,
from acoustic features to a sequence of phonemes, syllables and finally lexical representations
(Pisoni & Luce, 1987). Connectionist models have subsequently explicitly described the
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assumed representational units and connections between different levels (Trace, McClelland
& Elman, 1986; Recurrent networks, Gaskell & Marslen-Wilson, 1997; Shortlist, Norris &
McQueen, 2008). Different models offer partly different views on the nature of the prelexical
processing units (abstract phonetic features and/or phonemes) that are subsequently mapped
onto lexical items (Jusczyk & Luce, 2002). Regardless of the specific nature of the
representations, substantial abstraction is thought to take place at the prelexical level, so that
acoustic-phonetic features containing variance due to contexts and speakers can be mapped
onto intermediate units (cf. Marslen-Wilson & Warren, 1994, who have suggested direct
mapping from acoustic-phonetic features onto lexical items). Mapping of speech stream to a
prelexical level of representation (e.g. a sequence of phonemes) is necessary to enable
transforming of new sound sequences (new words) into phonological code via the same
processing route as existing words (Jusczyk & Luce, 2002). In Study I, we model the spoken
words as acoustic features and as phoneme sequences to investigate how these different
representational levels are encoded cortically.

Besides categorical phonemes, syllable units are highly relevant in the prelexical processing
of speech. Investigation of speech spectrograms has shown that individual consonants and
vowels cannot be separated from the acoustic signal because of coarticulation, where
information about neighbouring consonants and vowels is carried as overlapping in time
(Liberman et al., 1967). Indeed, units corresponding to larger segments than phonemes seem
to be more accessible to listeners (Massaro, 1972; Greenberg et al., 2006). Models suggesting
larger chunks as the basic units for speech segmentation also account for the effects of native-
language phonotactic regularities and prosody, which are a challenge to the more fine-grained
segmental models. It is plausible that parsing of the speech signal takes place simultaneously
on several different levels of the linguistic hierarchy, from phonemic to syllabic to lexical and
phrasal scales. According to a recent suggestion, this parsing might rely on simultaneous
tracking of different time-scales inherent in language based on rhythmic cortical activation
(~20–80 ms, ~150–300 ms etc.) that correspond to different linguistic units (phonemes,
syllables etc., Poeppel, 2003; Giraud & Poeppel, 2012; Ding et al., 2016). Also, speech may be
first processed as larger, syllable-sized units during early development, while segmentational
skills on the single-phoneme scale would only develop later. It has been proposed that initially
infants’ phonological representations contain only a minimum sufficient detail of words,
sufficient to distinguish them from near neighbours in the lexicon. However, as the lexicon
expands, these representations become more detailed by necessity (Jusczyk, 1993; Walley et
al., 2003). There is evidence that even school-aged children’s phonological representations are
less detailed and lexical activation slower compared to adults (Storkel & Rogers, 2000; Bonte
& Blomert, 2004). Thus, explicit phonemic parsing might not fully emerge before children
learn to write (Hazan & Barrett, 2000; Dehaene et al., 2015). This possibility is discussed in
relation to the results presented in this thesis on the cortical correlates of word form processing
and learning in children (Study IV) in contrast to adults (Studies II & III). Regardless of the
nature of the prelexical representations, the goal of processing the speech acoustics is
ultimately to access lexical representations. Different theoretical accounts on this process are
described in the next section.

1.1.2 Word recognition as an interactive process

In order to recognize familiar words and derive their meaning from acoustic sequences, the
input needs to be compared to existing memory representations. Theories on word recognition
(e.g. Cohort model by Marslen-Wilson, 1984) distinguish between several stages in the
identification of a spoken word. Although models differ in how activation of lexical entries is
thought to take place and how the competition of different candidates is realized, there is some
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agreement of the continuous nature of word processing and the stages of activation and
competition of lexical items that are involved: Once contact is made with the lexicon (some
features of the input match with lexical entries), a cohort of lexical entries that partly matches
the input is activated. Phonologically similar lexical items are thought to be stored in
overlapping neural representations and will, thus, be activated simultaneously by matching
input (Gaskell & Marslen-Wilson, 1997). Based on behavioural and neural evidence, lexical
selection takes place when a cohort is activated and then narrowed down during the first 150–
200 ms from the beginning of a spoken word (Indefrey & Levelt, 2004). The spoken word is
recognized typically near the word uniqueness point, when only one word candidate remains
in the activated cohort. This is usually well before the complete word has been heard; thus, the
size of a word’s phonological neighbourhood, among other factors, affects the speed of
recognition (Vitevitch & Luce, 1998). Lexical identification can be partitioned into somewhat
separate, parallel processes of selecting the lexical phonological form and accessing the
meaning of the word (Gaskell & Marslen-Wilson, 1997). This separation is also supported by
neuroanatomically separable routes for these processes (Hickok & Poeppel, 2004). According
to neural network models, word representations are stored by distributed neuronal assemblies,
concentrated on the left auditory and motor areas for the representation of the phonological
word form, and with connections to widespread cortical areas for associated semantic
properties (Pulvermüller, 1999; Garagnani et al., 2007). The assumption is that a word-specific
cell assembly is activated whenever sensory information partly matches the memory trace, and
the lexical phonological form and associated semantic properties of the word are activated in
parallel.

Different models of word recognition differ dramatically in how much and at which stages
top-down influences come into play: Some models emphasize strictly bottom-up segmental
processing, allowing information of word and sentence context to influence word recognition
only at a later decision stage (Cohort model by Marslen-Wilson, 1984; Shortlist by Norris &
McQueen, 2008), whereas others view activation at different levels of representation as
simultaneous and interactive (Trace by McClelland & Elman, 1986). Many empirical findings
can be accounted for by either class of models, but generally the evidence speaks more for the
interactive view: perception of sounds is strongly influenced by what percept the (word)
context supports (McClelland et al., 2006). The context effects may entail not only the
influences of the lexical items (words) stored in memory, but also phonotactic probability
effects (Dupoux et al., 1999). These lexical and sublexical levels (word forms and phonotactic
probabilities, respectively) might at times exert different effects on processing, suggesting two
different but interacting levels of representation: familiar sublexical speech sound sequences
are processed more efficiently than less familiar sequences, whereas recognition of words that
overlap with many lexical neighbours shows large inhibitory effects arising from lexical
competition (Vitevitch & Luce, 1998). In Studies II-IV we investigated cortical responses to
novel native and foreign word forms, aiming to disentangle the effects of established memory
representations for newly-learned word forms from the effects of familiarity at the level of the
phonotactic system. Top-down support from existing lexical representations and familiar
phonotactic structure should be especially influential in conditions where the acoustic input is
degraded, e.g. when the word forms are embedded in noise as in Study III. How the auditory
system might implement the continuous and interactive mapping between sound acoustics,
phonemes and lexical items is characterized in the next chapter.
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1.2 Auditory processing: The special case of speech

1.2.1 The representation of sound along the auditory pathway

The neural processing of spoken words, like all other acoustic signals, starts with the
conversion of the air pressure changes to electric signals. This takes place in the cochlea in the
inner ear, where vibrations of the basilar membrane are picked up by sensory hair cells and
transmitted to the auditory nerve. The ascending pathways of the auditory system (described
e.g. in Moller, 2006) are complex, and many computations are performed already in the
brainstem, midbrain and thalamus. The primary auditory cortex (PAC) is located in the
Heschl’s gyrus (HG) and surrounding superior temporal plane, within the Sylvian fissure in
the bilateral temporal lobes. The PAC connects to surrounding second-order auditory areas
anteriorly (planum polare) and posteriorly (planum temporale, PT). The structural and
functional hierarchy of the auditory cortical areas resembles that observed in nonhuman
primates (Rauschecker & Scott, 2009), but understanding of its fine structure is still lacking
(Hackett et al., 2014).

Processing along the auditory stream is increasingly parallel, meaning that the same
information is split and carried by an increasing number of neural tracts and neuronal
populations, already before it reaches the cortex. Another principle of processing is that
different kinds of information (e.g. different frequencies, as described below) are segregated
to different locations and neuronal populations. The cochlea separates the sound according to
its frequencies so that different spectral components of the sounds resonate in different parts
of the basilar membrane and thus activate different populations of auditory nerve cells. This
tonotopical organization (place code for frequency), discovered in the mid-1900s through
inspiration by Fourier analysis (Békésy, 1960), is preserved throughout the auditory pathway:
The frequency spectrum is divided into narrow bands that are processed in different
populations of neurons, retaining almost a spectrographic representation. Less is known about
the cortical representation of sounds. For example, the tonotopical organization appears far
more complex in the cortex than in the peripheral parts of the auditory pathway (Moerel et al.,
2013; Leaver & Rauschecker, 2016). Neuronal populations within HG are activated by any type
of sound and they are tuned to fairly simple sound features and narrow frequency bands, but
already in other parts of the PACs responses to sounds more accurately reflect their perceptual
attributes instead of purely physical features, and are task- and context-dependent (Nelken,
2004; Mesgarani & Chang, 2012; Wild et al., 2012), and the surrounding secondary auditory
areas prefer complex broadband sounds over simpler sounds (Hall et al., 2002; Chevillet et al.,
2011).

For complex sounds in particular, not only the tonotopical (place) code for frequency but also
the temporal discharge patterns of neurons (temporal code) are important for representing
their spectral and modulation content along the auditory pathway (Langner, 1992). For
example, accurate encoding of the different formants in speech sounds, i.e. spectral peaks at
harmonics of the fundamental frequency (F0) that are produced by resonances of the vocal
tract and provide phoneme information, is reflected in the temporal patterns of the auditory
nerve cell discharges (Young & Sachs, 1979). In the brain stem, sustained evoked potentials
reflecting phase-locked responses of neuronal populations to periodical acoustic stimuli
encode frequency content (Worden & Marsh, 1968) and are important for representing the
amplitude envelope and formant frequencies of speech sounds (Galbraith et al., 1995; Aiken &
Picton, 2008). Recently, similar frequency-following responses have been recorded from the
auditory cortex (Coffey et al., 2016); thus, spectrotemporal features of sounds may be encoded
as phase-locked activation also in cortical neuronal populations. However, discharge rates of
cortical neurons show phase-locking only to relatively slow (< 50 Hz) modulation rates (even
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below the basic speech formant F0) whereas fast temporal modulations are encoded through
nonisomorphic (abstracted) representation by changes in overall firing rate (Lu et al., 2001;
Tang et al., 2016). Indeed, successful reconstruction of slow temporal fluctuations of spoken
words has been achieved based on intracranially recorded neural activity in the human
superior temporal gyrus with a linear spectrogram model, which assumes that the neural
responses directly convolve with the amplitude fluctuations of different spectrogram bands,
but the encoding of fast temporal fluctuations seems to be more nonlinear (Pasley et al., 2012).

Thus, as sound processing proceeds through the cortical areas, the neural representation of
spectrotemporal features becomes increasingly abstract. In addition to frequency tuning,
neuronal populations in the primary and secondary auditory areas have been suggested to
respond selectively to different temporal modulation rates and spectral scales (Santoro et al.,
2014). This complex neuronal tuning appears to be most accurately captured by behaviourally
important natural sounds such as speech as stimuli (Theunissen & Elie, 2014; Hullett et al.,
2016). In particular, sound representations such as Modulation Transfer Function (MTF; Chi
et al., 2005), which capture the different temporal modulation rates within the sounds, seem
to rather accurately model the cortical representation of characteristic rhythmical modulations
within speech; temporal modulations, especially at 2–8 Hz, have been suggested to be
especially important for speech comprehension (Shannon et al., 1995; Loizou et al., 1999;
Elliott & Theunissen, 2009). Study I compared MTF and other sound representations differing
in temporal detail in the cortical encoding of acoustic features of sounds, to investigate if the
temporal modulations might be especially important for the cortical encoding of speech
compared to other sounds. This possibility is discussed further in the next section.

1.2.2 Processing of speech sounds – a special mode?

As discussed in section 1.1.1, the identification of a spoken word is thought to start with the
mapping the continuous acoustic signal to a categorical sequence of phonemes. However,
taken the complexity of the auditory cortical processes (section 1.2.1), it has turned out to be a
nontrivial task to pinpoint cortical areas in which activation would be selectively tuned to
different phonemes or specific to speech sound processing, partly because of the difficulty in
dissociating effects of acoustic variability from those reflecting phonetic variability (Scott &
Wise, 2004). Anatomically, especially PT is thought to support segregation of spectrotemporal
patterns of complex sounds for perceptual categorization, and might thus have a role in
distinguishing between phonemes based on their spectrotemporal structure (Griffiths &
Warren, 2002; Jäncke et al., 2002). Some studies comparing processing of speech sounds and
carefully selected control sounds have indeed indicated speech sound selectivity in superior
temporal areas (PT and posterior superior temporal gyrus, pSTG, DeWitt & Rauschecker,
2012). Furthermore, recent decoding evidence shows phoneme-specific distributed responses
in these areas (Formisano et al., 2008; Chang et al., 2010; Chan et al., 2013; Mesgarani et al.,
2014). However, a number of studies do not show such selectivity in PT/pSTG, but instead
suggested areas located more laterally and ventrally in the superior temporal sulcus to be the
next higher-order regions in the processing hierarchy and specialized for speech processing
(Hickok & Poeppel, 2007; Patterson & Johnsrude, 2008; Friederici, 2011). Nevertheless,
activation to speech in the superior temporal areas is, to a large extent, overlapping with
activation evoked by other equally complex sounds (Joanisse & Gati, 2003; Price et al., 2005;
Dick et al., 2007; Leech & Saygin, 2011).

Thus, based on previous research, it is not clear when, where and how the processing of
speech and other natural sounds might diverge. It has been suggested that speech processing
may draw on resources that are common with processing of other auditory stimuli but are more
engaged by speech, and the left auditory regions would inherently be specialized for processing
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acoustic features that are particularly salient in speech sounds (Joanisse & Gati, 2003; Price et
al., 2005; Zatorre & Gandour, 2008). Although the cortical areas for processing speech vs.
other sounds might thus be largely overlapping, the underlying computations could differ. In
particular, linguistic information might be more accurately tracked in time than other
acoustically matching sounds. If so, knowledge of the time evolution of the processing
sequences for spoken words and other natural sounds would be crucial. Indeed, whether
sounds are perceived as speech or not affects the timing of cortical processing (Mäkelä et al.,
2002; Dehaene-Lambertz et al., 2005; Parviainen et al., 2005; Digeser et al., 2009). When
speech stimuli are experimentally modulated, the degree to which their temporal structure is
preserved seems crucial for both perceived intelligibility (Ghitza & Greenberg, 2009; Chait et
al., 2015) and for the amount of neural activation observed in the superior temporal cortices
(Overath et al., 2014). Phase-locking of cortical oscillations to the rhythmic fluctuations of the
speech amplitude envelope, especially at the syllabic rate, has been suggested as an important
mechanism for mapping acoustic content to linguistic structures at different levels (Peelle &
Davis, 2012; Ding & Simon, 2014; Zoefel & VanRullen, 2015; Ding et al., 2016). However, such
entrainment is not specific to speech (Doelling & Poeppel, 2015) nor to humans
(Steinschneider et al., 2013), and thus its function remains somewhat unclear. To investigate
whether speech-specific processing might depend on the temporal properties of the signal,
Study I of this thesis examines whether cortical evoked responses are time-locked to the
spectrotemporal evolution of single spoken words compared with real-life nonspeech sounds.
The next chapter elaborates on the cortical areas included in spoken word processing and its
time course as revealed by MEG studies.

1.3 Cortical topography and time-sequence of spoken word processing

1.3.1 Modern notions on the cortical topography of language processing

The classical model of language organization, primarily based on aphasia studies, posited
that the left posterior superior temporal cortex (Wernicke’s area) posterior to the PAC
underlies word comprehension, whereas the left inferior frontal cortex (Broca’s area) is the
seat of language production (Broca, 1861; Wernicke, 1874). These two areas are connected via
the arcuate fasciculus, and damage to this fibre tract causes specific symptoms, such as
impaired overt repetition. These two regions, in addition to adjacent areas such as middle
temporal and parietal cortices, continue to be important nodes of the language network.
However, subsequent neuroimaging studies have painted a much more detailed picture: the
cortical organization of language has emerged as more complex and the anatomical definitions
and functional roles of the regions as somewhat different from what was originally thought
(Hagoort, 2014; Tremblay & Dick, 2016). These studies have demonstrated that processing of
spoken words activates a widespread network of areas including the superior temporal cortex
and frontal areas anterior to the primary motor cortex (Binder et al., 2000). According to the
current view, sensory and motor areas work in concert in speech processing, contrasting the
original view of segregated functions in the Wernicke’s and Broca’s areas (Hickok et al., 2011).

Multiple neurobiological models for spoken language have been proposed (Scott & Wise,
2004; Hickok & Poeppel, 2007; Friederici, 2011; Hagoort, 2013). The current consensus
suggests a hierarchical and parallel organization of speech processing within a network of
functionally specialized areas, implemented bilaterally but with a leftward bias (Fig. 1a).
These models are largely based on functional magnetic resonance imaging (fMRI) and lesion
studies, showing that spatially limited areas in the STG underlie acoustic-phonetic processing,
larger portions of STG as well as inferior frontal areas are critical for phonological processing,
and processing of meaningful speech and lexical-semantic retrieval recruits more widespread
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temporal areas, as well as parietal and frontal cortex (Boatman, 2004; Price, 2010; Lerner et
al., 2011). MEG instead highlights the sequence of activation in the (superior temporal)
auditory areas as a whole, and can identify the timing of these different processing stages (Fig.
1b). This is discussed in more detail in the next section (1.3.2).

Originating in the superior temporal lobe, two anatomically distinct routes, dorsal and
ventral stream, have been identified to underlie different functions in spoken word processing,
as illustrated in Fig. 1 (Scott & Johnsrude, 2003; Hickok & Poeppel, 2004, 2007; Rauschecker
& Scott, 2009). The dorsal stream is thought to be primarily critical for sensorimotor
transformations, i.e. mapping the linguistic message or sounds to articulation, although other
functions have also been proposed (Warren et al., 2005; Rauschecker & Scott, 2009; Scott et
al., 2009). This processing route, consisting of left posterior superior temporal regions and
their connections with frontal premotor regions through the arcuate fasciculus, has a specific
role in transiently representing and maintaining phonetic sequences (Wise et al., 2001;
Acheson et al., 2011). Articulatory programming, planning and control have been associated
with the inferior frontal areas, premotor, and supplementary motor cortex, and these areas
connect further to the primary motor cortex. Activation along the dorsal stream is observed
especially in tasks such as overt repetition of new meaningless word forms (Buchsbaum et al.,
2001; Hickok et al., 2003) that is employed in Studies II-IV.

Since the first introduction of the motor theory of speech perception (cf. section 1.1.1), the
role of motor areas and motor representations in speech processing has continued to be
debated (Davis & Johnsrude, 2007; Iacoboni, 2008; Scott et al., 2009; Hickok et al., 2011;
D'Ausilio et al., 2012). Frontal motor regions have been reported to be more active in repetition
of new unknown word forms compared to known words (Yoo & Lee, 2013), indicating that
articulatory coding is especially important for learning new word forms. Motor areas are also
more active when processing a less fluent second language (L2) (Callan et al., 2004; Klein et
al., 2006; Wilson & Iacoboni, 2006; Moser et al., 2009; Kuhl et al., 2014) and in demanding
conditions that require top-down support (Davis & Johnsrude, 2003; Meister et al., 2007;
Osnes et al., 2011; Du et al., 2014). Activation in frontal motor areas during perceptual
processing is especially salient if the information is subsequently needed to perform a motor
action (Tremblay & Small, 2011; Alho et al., 2012), or in tasks that require phonological
awareness and explicit access to sublexical representations, such as making phonological
judgments (Zatorre et al., 1996; Burton et al., 2000; Zaehle et al., 2008; Sato et al., 2009).
However, it is an open question whether motor representations are activated for speech input
processing in normal conditions. This is investigated in Study III by utilizing newly-learned
word forms of native and foreign phonology and by manipulating the task and noise level.
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Figure 1. a) Cortical areas contributing to different stages of spoken word processing, based on hemodynamic and
lesion evidence (modified after Hickok & Poeppel, 2004, 2007). b) A characteristic event-related response to a
spoken word and the times at which this response starts to reflect different stages of processing, based on MEG
(and EEG) studies (modified after Salmelin, 2007).

The ventral stream is thought to support the transformation from auditory input to lexical
representations, or sound to meaning. This involves the somewhat separable processes of
accessing the lexical phonological form and deriving its associated meaning (Stevens, 2002).
Recent evidence suggests that lexical phonological competition effects and semantic
competition effects are reflected in different cortical areas (Kocagoncu et al., 2017). Activation
in posterior STG/STS (superior temporal gyrus/sulcus) is enhanced in tasks that require access
to phonological information, and affected by parameters such as the size of the phonological
neighbourhood of the stimuli, indicating that these regions have a role in accessing lexical word
forms (Majerus et al., 2005; Graves et al., 2008). Phonotactic regularities influence lexico-
semantic search, and lesion evidence links their processing to middle temporal gyrus (Obrig et
al., 2016). Ventral posterior temporal as well as temporo-parietal areas have suggested to serve
as a sound-meaning interface, as they show stronger hemodynamic activation to words than
pseudowords, syllables or sounds, and lesions in these areas produce deficits in auditory
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comprehension (Binder et al., 2000; Giraud & Price, 2001; Bates et al., 2003). Some
researchers also suggest a role for anterior temporal areas in single-word comprehension
(DeWitt & Rauschecker, 2016).

Semantic representations themselves may appear as widely-distributed activation patterns
(Huth et al., 2016) that have recently been characterized for visual stimuli using multivariate
pattern recognition and machine learning methods based on fMRI BOLD (Blood Oxygenation
Level Dependent) signals (Mitchell et al., 2008) and MEG responses (Sudre et al., 2012). In
the case of spoken words, semantic classification has been less successful and has earlier been
applied only to small sets of stimuli (Simanova et al., 2010; Chan et al., 2011; Correia et al.,
2015). Cortical representation of semantic categories of spoken word and of environmental
sounds with similar meanings is examined in Study I.

One assumption inherent in the classical view of cortical processing of speech, now widely
challenged, is the strong left-hemispheric lateralization of linguistic functions. Word
comprehension deficits rarely result from damage to only the left hemisphere, and thus the
right superior temporal regions also house some of the crucial network for speech
comprehension (Poeppel, 2001). Recent accounts of speech processing assume acoustic and
prelexical processing of speech to be bilaterally implemented, with later lexical-semantic
access presumably more leftwardly lateralized (Friederici & Alter, 2004; Hickok & Poeppel,
2004; Scott & Wise, 2004; Hickok & Poeppel, 2007). Phonological processing as well as
sensory-motor transformations for speech have recently been proposed to be implemented
bilaterally (Vaden et al., 2010; Cogan et al., 2014; Sollmann et al., 2014), challenging the
traditional view of a solely left-hemispheric sensory-motor system that is responsible for
phonological representations for speech sounds (e.g. Lindell, 2006; Vigneau et al., 2011).
Despite findings of bilateral activation, the left and right auditory cortices may have somewhat
different roles in speech processing, and in auditory processing more generally. Right-
hemispheric areas have been shown to respond preferably to spectral and left-hemispheric
areas to temporal changes in nonspeech sound stimuli, and thus might be related to pitch vs.
phonological/phonetic processing, respectively (Jamison et al., 1005; Zatorre et al., 1992;
Zatorre & Gandour, 2008). One proposed explanation for this is that the two hemispheres have
different preferential operating frequencies (Poeppel, 2003, 2014): The right temporal cortex
has been suggested to handle slower temporal modulations corresponding to syllabic units and
prosodic information, whereas the left auditory areas would preferentially process faster
temporal modulations and thus engage in segmental processing (Boemio et al., 2005; Abrams
et al., 2008; Obleser et al., 2008; Vanvooren et al., 2014). However, the proposal that phoneme
representations would actually be achieved through analysis of temporal modulations in the
range of tens of milliseconds, and that the left hemisphere would be particularly sensitive to
these types of modulations, have been challenged: Instead of a simple preference for certain
acoustic properties, the specialization of left-hemispheric areas to speech processing might be
related to experience with speech sounds in context, strongly affected by expectations, and
driven by the specific complex combination of acoustic cues within speech (McGettigan &
Scott, 2012). In MEG measurements, superior temporal areas in both hemispheres display very
similar responses to words; these will be examined in the next section.

1.3.2 Cortical time-sequence of word processing

As the sounds of spoken words become available over time, it is crucial not only to
understand the roles of different areas in the different stages of processing, but also to
investigate the time-sequence of cortical activation. This can be achieved with electromagnetic
methods (Fig. 1b). The first prominent activation peak to spoken words, as well as to all other
sounds, is the N100 or its magnetic equivalent N100m (Hari et al., 1982). This transient
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response at around 100 ms from sound onset reflects the processing of acoustic features of
speech and other sounds (Salmelin, 2007; Friederici, 2011), and is sensitive to speech-specific
acoustic-phonetic features (Tiitinen et al., 1999; Parviainen et al., 2005). Discrimination of
phoneme categories and processing of phonological detail is reflected in the cortical responses
after the N100m peak, at 100–200 ms after the stimulus onset (Näätänen et al., 1997; Phillips
et al., 2000; Uusvuori et al., 2008), and this processing has been localized to the secondary
auditory areas primarily in (left) PT (Obleser et al., 2003; Obleser et al., 2006), indicating that
the acoustic signal is parsed onto native phoneme categories quite early in the cortical
processing sequence. This is supported by recent decoding studies showing responses specific
to phoneme categorization at ~ 110–150 ms (Chang et al., 2010; Di Liberto et al., 2015).

For spoken words, the N100(m) response is followed by a sustained activation that starts at
about 200 ms and reaches its maximum at about 400 ms, thus named the N400(m) response.
This N400(m) response shows sensitivity to lexical-semantic processing at various levels. The
N400(m) is thought to originate from multiple nearby sources in the vicinity of the PAC in the
posterior STG/STS (Helenius et al., 2002; Lau et al., 2008; Uusvuori et al., 2008), with
contributions from widespread anterior ventral/medial temporal as well as frontal areas
(Halgren et al., 1994; McCarthy et al., 1995; Marinkovic et al., 2003). It is potentially composed
of several overlapping, functionally distinct responses (Pylkkänen & Marantz, 2003).
According to the current view, the N400(m) response reflects the difficulty of lexical-semantic
access and integration (Salmelin, 2007; Lau et al., 2008; Kutas & Federmeier, 2011). The
N400(m) response is elicited not only by words but also other meaningful sounds, and shows
similar effects of semantic manipulations for words and environmental sounds, e.g. priming
by preceding context, implying a shared semantic system for both (Cummings et al., 2006).
The amplitude of the N400(m) response is increased for words that are semantically
unexpected and for pseudowords (Bonte et al., 2006; Salmelin, 2007; Uusvuori et al., 2008);
however, phonotactically illegal word forms typically do not display increased N400(m) -
responses, as they are not processed as possible word candidates (Friedrich & Friederici,
2005).

Sensitivity to phonotactic familiarity and lexical neighbourhood are reflected in the N400(m)
responses, but also in the earlier components of the evoked responses; possibly the influence
of these two variables extends to several processing levels (Dehaene-Lambertz et al., 2000;
Rossi et al., 2013; Obrig et al., 2016; Ylinen et al., 2016). It has been suggested that sublexical
phonological analysis precedes lexical analysis, and is reflected in the evoked responses earlier
and in somewhat different cortical areas than lexical processing (Embick et al., 2001;
Pylkkänen et al., 2002; Kujala et al., 2004). An additional transient response reaching the
maximum at 200–300 ms has been implicated in mapping of auditory input to phonology
(Connolly & Phillips, 1994; Kujala et al., 2004; Bonte et al., 2006; Uusvuori et al., 2008).

Although activations in closely neighbouring areas (within 1–2 cm) often cannot be separated
from each other by MEG, propagation of activation along the dorsal and ventral streams (cf.
section 1.3.1) has occasionally been demonstrated. Sustained responses have been recorded
from inferior frontal and (pre)motor areas during listening to words, starting at about 200–
300 ms after word onset, especially for words that are to be maintained in memory for overt
repetition (Biermann-Ruben et al., 2005; Salmelin, 2007), similarly as in Studies II-IV. Similar
responses can be observed in naming studies, and might therefore reflect motor planning
(Salmelin et al., 1994; Vihla et al., 2006; Hultén et al., 2009; Liljeström et al., 2009). Spreading
of activation from posterior superior temporal areas to anterior temporal and inferior frontal
regions along the ventral track has also been reported in spoken word perception (Marinkovic
et al., 2003).

In all four studies of this thesis we investigate evoked fields to familiar or new spoken words.
In Study I, we examine how auditory evoked fields reflect different features of spoken words,
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focusing on responses arising from the auditory regions for the acoustic and phoneme features
and searching all cortical regions for semantic feature processing. We are particularly
interested in the temporal signature of speech-specific processing. In Studies II-IV, we mainly
focus in the sustained superior temporal (N400m) responses from 300 ms onwards, but also
investigate the earlier responses, such as the transient responses at 200–300 ms described
above. In Study III, our particular focus is on the function of the sustained frontal responses
from 300 ms onwards in processing and learning new word forms. Specifically, in Studies II-
IV we examine how these different responses are affected by incidental learning of word forms
in adults and children, attempting to disentangle effects of word form familiarity and
phonotactic familiarity. The next chapter will review previous studies on developmental
changes in cortical responses for speech, as well as studies on phonotactic learning and
acquiring novel word forms.

1.4 Learning and development in the cortical system for spoken language

1.4.1 Development of the cortical system for speech processing and its specialization
for native language

The cortical system supporting speech perception described in the previous chapters is not
immutable, but developing and dynamically changing. The underlying representations are
acquired and fine-tuned during childhood. However, modifications in the speech processing
system occur also later in adulthood at phonetic, sublexical and lexical levels, including fast
adaptation to different speakers and contexts, and slower learning of new representations such
as word forms (Samuel, 2011).

Essential perceptual capacities for processing speech are present already at birth, and are
quickly modified by linguistic experience (Werker & Yeung, 2005; Dehaene-Lambertz et al.,
2006). Infants can discriminate phoneme contrasts, and seem to perceive them categorically
like adults, but display greater discrimination capabilities than adults for phoneme contrasts
not present in their L1 (Kuhl, 2010). The sensitivity to non-native speech sound contrasts
begins to decline after 6 months (Kuhl et al., 1992), and this developing specialization for L1
increasingly affects the processing of L2 speech sounds and constrains L2 phonological
learning (Baker et al., 2008; Oh et al., 2011). This decline is gradual, and even adults are able
to learn phoneme categories of a foreign language (Zhang et al., 2009). As the auditory system
in children has not yet fully specialized for processing of the native language, they might retain
more capabilities also for acquiring other aspects of language such as new phonological word
forms and phonotactics. Indeed, studies on immigrants have consistently found age-of-
acquisition effects on attainment of the sound structure and nativelike pronunciation of a
second language, but to a lesser extent on lexico-semantic processing (Flege et al., 1995; Munro
et al., 1996; Weber-Fox & Neville, 1996; Flege et al., 1999; Piske et al., 2001). Some researchers
have explained these observations by a critical period account (instead of differences in the
amount of native language exposure): the decline of language learning abilities has been
hypothesized to be dependent on brain maturation and the development of lateralization
(Lenneberg, 1967; O'Muircheartaigh et al., 2013). This notion remains controversial, although
the existence of sensitive periods and a gradual decline in the potential for L2 proficiency is
widely accepted (Singleton, 2001; DeKeyser, 2013).

Infants show activation to speech in a network comparable to that in adults, but speech
perception and other language tasks show increasing left-hemispheric specialization as they
develop (Mills et al., 2005; Dehaene-Lambertz et al., 2006; Holland et al., 2007; McNealy et
al., 2011; Perani et al., 2011). Studies in infants have found bilateral cortical effects of word
form familiarity, and it has been suggested that these effects may shift more to the left
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hemisphere with increasing age or language proficiency (Kooijman et al., 2005; Mills et al.,
2005; Conboy & Mills, 2006). There is also a developmental shift from interhemispheric
connectivity (between bilateral superior temporal regions) to strong intrahemispheric
connectivity (between left temporal and frontal language regions, Friederici et al., 2011).
Infants start to develop perception-action linkages during the first year of life through babbling
and imitation training, paralleled by increased activation of left premotor cortex and enhanced
functional connectivity between temporal and frontal, reflecting a shift from auditory to
sensory-motor representations in speech processing (Bitan et al., 2007; Friederici et al., 2011;
Kuhl et al., 2014). Neuroimaging studies in school-aged children are quite sparse, but indicate
that although an adult-like left-lateralized language network is mostly established before
school age, some differences in cortical activation in comparison to adults remain even after
controlling for performance discrepancies (Schlaggar et al., 2002; Berl et al., 2014). Cortical
evoked responses to speech show salient changes even during school years (Bonte & Blomert,
2004; Parviainen et al., 2011). For example, the N100(m) appears gradually and can only be
detected reliably at about 10 years of age. The timing of evoked response components, in
particular, has been linked to the development of phonological processing which, in turn,
develops in a constant interplay with improving reading skills and vocabulary growth (Metsala
& Walley, 1998; Walley et al., 2003; Bonte & Blomert, 2004; Parviainen et al., 2011). However,
it is still unclear how differences between age groups in cortical responses to speech are linked
to differences in language-learning capacities. Also, it is difficult to distinguish whether these
differences reflect maturational changes or different amounts of linguistic experience.

Studies II and IV investigate adults and children, respectively, in the same incidental learning
paradigm with new native and foreign word forms, to probe potential differences in the cortical
and behavioural learning effects related to maturational factors / L1 brain organization, or L2
language exposure. Studies comparing early vs. late bilinguals have shown that the same neural
structures underlie learning of L2 and L1, but that some differences might exist for example in
the degree of hemispheric involvement in processing a L2 learned late vs. early in life (Hull &
Vaid, 2007). Age-of-acquisition effects in the cortical correlates of L2 phonological processing
and articulatory planning are found even in bilingual groups with similar proficiency levels
(but with some differences in the degree of foreign accent, Berken et al., 2015). However, these
effects might also be attributed to different amounts of exposure to the L2. Only a few
behavioural experimental studies have carefully controlled for the amount of exposure to the
language and the opportunity to benefit from explicit learning strategies, and those studies
have failed to find a difference between children and adults in learning new word forms
(Service et al., 2014) or transitional probabilities of an artificial language (Saffran et al., 1997;
Majerus et al., 2004) within session. Some evidence indicates that adults perform equally well
or better in comparison to children within-session, but children might retain more of what they
learned over time than adults (Aoyama et al., 2008; Oh et al., 2011; Bishop et al., 2012;
Weighall et al., 2016). Children may rely largely on implicit learning which have been shown
to lead to more native-like electrophysiological responses than explicit training procedures
(Morgan-Short et al., 2012) and might with extended exposure ultimately produce a higher
proficiency level (DeKeyser & Larson-Hall, 2005; Paradis, 2009). Differences between age
groups in the cortical responses to new linguistic stimuli within session might illuminate
factors underlying differences in language learning that become evident in behavioural
measures only over time (Kooijman et al., 2005; Pierce et al., 2015). Behavioural and imaging
studies on phonological learning in adults and children are reviewed in the next sections.
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1.4.2 Incidental learning of phonotactic rules based on statistical regularities

In order to learn words in a natural context, infants acquiring their native language as well
as beginning foreign language learners first need to learn to segment the continuous speech
stream into relevant units (words). One important cue for segmentation is knowledge of the
typical structure of the sublexical sound-sequences. As noted in section 1.1.1, syllabic form
representations might be salient in continuous speech segmentation (Massaro, 1972;
Greenberg et al., 2006). Knowledge of the typical forms of syllables for the language
(phonotactic rules) is acquired incidentally through statistical learning based on co-occurrence
probabilities in the speech input, without either need for explicit attempts to learn or
awareness of these regularities. Even 8–9-month-old infants, similarly to adults, display fast
statistical learning of sound sequence regularities based on brief exposure (Saffran, Aslin, et
al., 1996; Saffran, Newport, et al., 1996; Chambers et al., 2003, 2011). Sensitivity to phonotactic
and prosodic patterns of the L1 emerges and starts to interact with lexical processing by the
age of 12 months (Jusczyk et al., 1994; Jusczyk & Aslin, 1995; Friederici, 2005; Friedrich &
Friederici, 2005).

Phonotactic (as well as prosodic) constraints on speech segmentation and word learning
could be especially important during early linguistic development, when there are fewer lexical
entries to guide segmentation of possible new words from the speech stream (Graf Estes &
Bowen, 2013). Studies of early L1 acquisition suggest that learning of sound sequence
regularities might occur before lexical development (Friederici & Wessels, 1993; Jusczyk, 1993;
Jusczyk et al., 1994), and artificial language learning studies in adults and children have shown
that phonotactic learning can occur remarkably fast, with little input (Saffran, Newport, et al.,
1996). However, according to another view, learning of phonological structures occurs initially
at the level of word forms (as opposed to sublexical phoneme sequences), and statistical
regularities at the syllable or phoneme level are extracted only later, when there is sufficient
build-up of material with overlapping sublexical properties (exemplar theory, Pierrehumbert,
2003).

During listening to an artificial language with statistical regularities, changes in superior
temporal activation have been shown in both adults and children (McNealy et al., 2011).
Overall, processing of a poorly mastered L2 commonly results in stronger hemodynamic
signals and longer-lasting event-related potentials, but as proficiency in the language increases
brain responses to L2 begin to resemble activation to L1 (Perani et al., 1998; van Heuven &
Dijkstra, 2010; Ojima et al., 2011; Plante et al., 2014). In most of these studies, however, the
learning of new lexical word forms and phonotactic regularities cannot be separated. Also,
most neuroimaging studies have focused on receptive learning, but learning to produce the
foreign phoneme sequences is equally important for mastering the language, and might show
a different time course and different learning outcomes than perceptual learning alone. Studies
II-IV are aimed at separately investigating the effects of phonotactic and word form familiarity
on cortical activation during listening to natural words and preparing to repeat them aloud.
These studies aimed to clarify whether cortical effects of general phonotactic learning are
observed during the first stages of exposure to natural foreign word forms, and whether such
effects differ between adults and children.

1.4.3 Memory systems supporting word form acquisition

Word form learning depends on memory ‘architecture’ that is often described as consisting
of short-term and long-term components, and thus can be seen as a two-stage process. For
newly-encountered words to be stored into the long-term memory (LTM), they first need to be
stored over the short term in working memory (WM) and rehearsed. The ability to represent
meaningless phonological forms in WM is important for language learning, especially for
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learning new vocabulary (Service, 1992; Baddeley, 2003; Gathercole, 2006). Maintaining
meaningless phonological sequences in memory is achieved through cycling them, overtly or
covertly, within an input-output buffer loop, which is thought to rely on the dorsal language-
processing stream, described in section 1.3.1 (Baddeley, 2003; Jacquemot & Scott, 2006).

In addition to WM capacity, acquiring new phonological word forms requires translation of
the auditory input to phonemic representations and further to motor output code, as well as
learning to articulate the sequence (Gathercole, 2006). A motor component in the form of overt
or covert rehearsal of the new phonological forms typically improves their learning (Papagno
et al., 1991; Ellis & Beaton, 1993), and activates both auditory and motor cortical areas (Price
et al., 1996). It has been shown that constructing sensory-motor representations for new
phonological sequences critically depends on co-activation of auditory and motor systems
(Pulvermüller et al., 2012; Herman et al., 2013; López-Barroso et al., 2013). Yet, their specific
roles in processing novel word forms still need to be clarified. It is also possible that their roles
change during the development of sensory-motor integration for speech, and specialization of
the speech production system for native language (cf. 1.4.1). For example, it has been suggested
that once native phoneme categories have been established, overt production training could
actually hamper the learning of foreign phonology (Baese-Berk & Samuel, 2016).

Words can be acquired by children and adults based on only one or a few exposures to the
word form, known as “fast mapping” (Spiegel & Halberda, 2011). From 8 months on, infants
are able to form new word form representations rapidly and retain them for fairly long periods
(Jusczyk & Aslin, 1995; Jusczyk & Hohne, 1997). Studies on word form repetition in adults
have suggested that word forms without knowledge of their meaning can also be acquired quite
rapidly through sufficient encounters (Davis & Gaskell, 2009). The formation of memory
traces for repeatedly encountered phonological sequences within a continuous (artificial)
language stream is typically reflected as an increase in N100/N400 amplitude in the left
superior temporal areas (Sanders et al., 2002; Cunillera et al., 2006; Rodriguez-Fornells et al.,
2009). In turn, decreased hemodynamic responses in the left superior temporal cortex have
been observed with increased familiarity of isolated new word forms (Majerus et al., 2005;
Graves et al., 2008; Rauschecker et al., 2008); however, also repetition enhancement, i.e.
increased activation across repetitions, has been seen in repetition priming of new word forms
(Orfanidou et al., 2006; Gagnepain et al., 2008). Changes in frontal activation to repeatedly
encountered word forms have also been reported, and in tasks with overt repetition, they are
typically interpreted as reduced difficulty in reproducing the word forms when these are
repeated multiple times (Majerus et al., 2005; Rauschecker et al., 2008). Most studies have
investigated repetition effects for new L1 word forms, i.e. pseudowords. However, the extent
to which the novel phonological sequences resemble real native words has been shown to affect
their processing and learning, both in behavioural (Gathercole et al., 1999; Kovács &
Racsmány, 2008; Storkel et al., 2013) and neuroimaging studies (Majerus et al., 2005; Klein
et al., 2006; Moser et al., 2009; Kimppa et al., 2015). Also, in many studies, the effects of
learning the phonological word form and learning to associate it with its referent cannot be
separated. Yet, the learning outcome and how learning is reflected in cortical activation
depends on whether or not the to-be-learned word forms are associated with their meanings
(e.g. Hultén et al., 2009; Takashima et al., 2014). In Studies II-IV, to allow comparison of
learning novel word forms in the native and foreign language, meaningless native pseudowords
and real foreign words were used. Also, presenting the word forms without meaning context
allows comparison of incidental learning effects in adults vs. children, without the interference
of the better explicit learning strategies of the adult group.

In within-session studies, it has been difficult to distinguish effects of familiarity from mere
repetition suppression effects (Grill-Spector et al., 2006), as similar changes in temporal and
frontal activation have been shown for word form learning and repeated presentation of
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familiar words (Marinkovic et al., 2003; Majerus et al., 2005; Orfanidou et al., 2006;
Gagnepain et al., 2008). Thus, following the learning process for longer than within one
session is important. A period of consolidation and sleep enhances integration of novel word
forms into the long-term lexicon (Dumay & Gaskell, 2007), also for children (Brown et al.,
2012; Ashworth et al., 2014; Henderson et al., 2015). Supporting this view, cortical responses
to newly-learned pseudowords only start to compete for recognition with real words after
overnight consolidation, indicating that they have become integrated into the LTM lexicon
(Davis et al., 2009). This is presumably achieved through two complementary systems that
show changes in activation at different stages of learning: a medial temporal and hippocampal
system for rapid initial acquisition, and a neocortical system for storing consolidated long-term
representations (McClelland et al., 1995; Davis et al., 2009; Davis & Gaskell, 2009). However,
it is to be noted that very rapid changes in neocortical circuits may also take place during initial
memory trace formation for new words (Shtyrov et al., 2010; Shtyrov, 2012; Kimppa et al.,
2015). The process of consolidation might be especially important for establishing overlap of
newly acquired episodic representations and abstracting these into general regularities, such
as general knowledge of the typical sound combinations within a language (Gómez et al., 2006;
Tamminen & Gaskell, 2008; Durrant et al., 2011; Lewis & Durrant, 2011; Warker, 2013;
Friedrich et al., 2015). Studies II-IV take the effects of phonotactic familiarity and
consolidation into account by investigating word form learning across two subsequent days
and by comparing learning of foreign and native word forms.
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2. Aims

The four studies of this thesis are aimed at illuminating the cortical substrates of processing
spoken words and learning new phonological word forms. Specifically, the studies investigate
(1) processing of the acoustic, phonemic and semantic features of spoken words compared with
processing of environmental sounds with the corresponding meanings, and (2) the cortical
time-course for processing and acquiring new word forms and foreign language sound-
structure, both in mature and immature brains. The specific study questions are:

(1) How does the cortical processing of spoken words and environmental sounds differ?
(Study I)

(2) How is incidental learning of native and foreign word forms reflected in the cortical
responses? (Study II)

(3) What processes do the different cortical responses observed during acquisition of novel
phonological word forms reflect? (Study III)

(4) How do children differ from adults in the behavioural and cortical effects of phonological
learning? (Study IV)
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3. Materials and methods

3.1 Participants

Participants were altogether 38 adults aged from 19 to 44 years (Studies I–III) and 28
children aged from 6 years 3 months to 8 years 8 months (Study IV), speaking Finnish as their
only L1. Both genders were represented (see Table 1). Four additional children participated in
the MEG study but were excluded from analysis because of failure to complete all brain
imaging sessions or due to large movement-related artefacts. Participants were all right-
handed, healthy volunteers, with no reported neurological disorders, learning difficulties or
hearing problems. Possible phonological and WM deficits that could affect repetition and
language learning were screened with a pseudoword repetition test (Studies II–IV) and with
the Wechsler Adult Intelligence Scale – Revised (WAIS-R) for adults (Study III) and the Digit
Span subtest from the Wechsler Intelligence Scale for Children – Revised (WISC-R) for
children (Study IV). The adult participants and the child participants’ guardians gave their
written informed consent, in agreement with the protocol cleared by a local Ethics Committee.
Children’s oral consent was also obtained.

Table 1. The number and age of participants in Studies I-IV.

Number of participants
(female + male)

Age
(y = years; m = months)

Study I 16 adults (8 + 8) 19–35y
Study II 10 adults (5 + 5) 21–44y

Study III 12 adults (5 + 7) 20–42y
Study IV behavioural study 15 children (9 + 6) 6y7m–8y8m

Study IV MEG study 13 children (7 + 6) 6y3m–7y10m
Total 66

3.2 Brain imaging methods

3.2.1 Magnetoencephalography (MEG)

The neural activation patterns were tracked using magnetoencephalography (MEG) in all
four studies included in this thesis. The following introduction to MEG is mostly based on the
pioneering review by Hämäläinen et al (1993) and the handbook edited by Hansen,
Kringelbach & Salmelin (2010).

MEG is a completely noninvasive brain imaging method which measures weak magnetic
fields produced by synchronous electrical activation of tens of thousands of neighbouring
neurons in the cortex. These fields were first measured by Cohen (1968). Subsequently, with
the development of sensitive SQUID (superconducting quantum interference device) sensors
(Zimmerman et al., 1970; Cohen, 1972), sensor arrays covering the whole head, and efficient
means to deal with magnetic noise, MEG has become a powerful tool for depicting the
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spatiotemporal progression of neural current flow in the brain. Its excellent temporal and good
spatial resolution make it an important means of examining the ongoing processing of spoken
language as it evolves over time.

Signal generation

The basis of magnetic signals measured by MEG are electric currents emerging when
activated cortical neurons generate nerve impulses and conduct them to other neurons.
Neurons typically consist of a cell body (soma), dendrites and an axon. When activated, a
neuron can generate electric current in two types of events: post-synaptic potentials and action
potentials (Lopes da Silva & van Rotterdam, 2005). Post-synaptic potentials are thought to be
the main source of signal detected with MEG (Murakami & Okada, 2006). They are prolonged
changes in the membrane potential of the dendrites due to afferent signals from other neurons.
When summated over time and across the cellular membrane, excitatory post-synaptic
potentials can lead to the firing of an action potential, a fast depolarization in the neuronal
membrane potential propagating along the axon, which is then transferred to other neurons
through synaptic transmission.

The intracellular currents flowing along dendrites and axons in reaction to changes in cell
membrane potential generate a magnetic field. Synchronous post-synaptic potentials in the
apical dendrites of large population of pyramidal neurons with a parallel orientation are long-
lasting and strong enough to create a summated source-sink configuration (“current dipole”)
and a surrounding magnetic field that is detectable outside the head (Fig. 2). Pyramidal
neurons that are aligned perpendicularly to the cortical surface are the most abundant
excitatory cell type in the human cortex and take part in many cognitive functions. MEG is
most sensitive to neuronal currents that are tangential to the scalp, thus originating from
neuronal sources in the walls of the cortical sulci. Currents that are fully radial to the surface
of the scalp are effectively cancelled out by passive volume currents in the surrounding, nearly
spherical medium (Hämäläinen et al., 1993); in reality, this is very rarely the case. The size of
the active neuronal population needs to be tens of thousands of neurons to generate a magnetic
field of sufficient magnitude for detection (at minimum ~10 nAm, Hämäläinen et al., 1993;
Murakami & Okada, 2006).

Figure 2: (a) Schematic illustration of MEG signal generation and measurement with sensors within the MEG
helmet and (b) modelling the source of the activation with an Equivalent Current Dipole (ECD) or (c) with Minimum
Norm Estimates (MNEs).
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Instrumentation

The magnetic field produced by synchronous neural activation is 8–9 orders of magnitude
smaller than the Earth’s magnetic field and about a 1000 times smaller than magnetic noise in
a laboratory environment. This problem can be overcome with highly sensitive SQUID sensors,
gradiometric coil configuration, and with means to reduce the effects of external magnetic
disturbances such as using a magnetically shielded room (Hämäläinen et al., 1993). Due to the
superconductive nature of the cooled-down SQUID, the measured magnetic fields generate a
shielding current in the superconductive signal coil, which can then be measured (Hämäläinen
et al., 1993; Hari et al., 2010). Magnetic flux transformers of various geometries are used to
collect magnetic flux from a larger area to the small SQUID sensors. These flux transformers
consist of a pickup coil (or multiple linked coils), a possible compensation coil, and a signal
coil. The sensor array of the Vectorview system (Elekta Neuromag Oy, Helsinki) used in the
studies of this thesis is composed of 102 triple sensor elements, each with one magnetometer
and two planar gradiometers. Magnetometers consist of a single pickup coil and a signal coil,
they display maximum signal for sources next to the sensor, and are sensitive to far away
sources as well (from both brain and environment). Planar gradiometers have two loops in the
same plane (figure-of-eight loop, loops wound in opposite directions) and give maximum
signal for a cortical current directly beneath them, as the magnetic flux flows in one loop and
out the other. This also decreases sensitivity to external sources of magnetic interference, since
a field from a far-away source is picked up equally by both loops of the gradiometer, and is thus
cancelled out. A pair of planar gradiometers, set orthogonally to each other, is placed in each
sensor location to detect cortical currents in any direction along the tangential plane. The
sensors are immersed in liquid helium inside a special container called the dewar, preventing
heat conduction from the outside but enabling the sensors to be located near the head surface.

Recording and stimulation

Measurements were conducted with a 306-channel whole-head neuromagnetometer (Elekta
Neuromag Oy, Helsinki). Participants were seated, with the back of the head leaning on the
helmet-shaped inner surface of the measurement device. An adult always accompanied the
children (in Study IV) in the measurement room. During data acquisition, the MEG signals
were band-pass filtered between 0.03 and 200 Hz and sampled at 600 Hz (in Studies II–IV)
or between 0.03 and 330 Hz, and sampled at 1000 Hz (in Study I). Eye movements and blink
artefacts were monitored by electro-oculogram (EOG), and motor artefacts related to mouth
movements by electro-myogram (EMG). The position of the participant’s head within the MEG
helmet was determined using four or five head position indicator coils, attached to the
mastoids and forehead of the participant. The locations of these coils with respect to three
anatomical landmarks (nasion and two preauricular reference points) were determined with a
3D digitizer. Head position was determined by briefly feeding current to the coils, before each
block (in Studies I and II) or continuously (in Studies III and IV, Uutela et al., 1999). The sound
stimuli were transmitted to participants binaurally at 70–75 dB sound pressure level through
a Vectorview system with plastic tubes and earpieces (Studies I and III) or through a panel
speaker (Studies II and IV). Individual hearing threshold was determined in Studies I and IV.

Preprocessing

Spatio-temporal signal space separation (tSSS, Taulu & Simola, 2006) and movement
compensation algorithms (in Studies I and IV, Uutela et al., 1999) were applied offline to the
raw data using Max-Filter™ software (Elekta Neuromag), to remove the effects of interference
from magnetic fields from outside the helmet, and to compensate for head movements during
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the measurement. The MEG signals were averaged according to sound onset (from 300 ms
before until 2000 ms after the stimulus onset in Study I, and from 200 ms before until 1200
ms after the stimulus onset in Studies II–IV). The averaged MEG responses were baseline-
corrected to the interval preceding the stimulus onset and low-pass filtered at 40 Hz.

Only gradiometer signals were used for further analysis. On average 64–88 averages per
experimental category were obtained in Studies II–IV that utilized traditional analysis
methods, and an average of 19.7 accepted trials per category in Study I, where the use of
machine learning techniques necessitated a wide variety of stimulus categories. Trials
contaminated by eye movement, blink, or mouth movement artefacts were rejected in Studies
II and III. In Study I with a long averaging window and in Study IV with children, this
procedure resulted in too few accepted trials, so another method for removing artefacts was
chosen: The MEG signals were averaged with respect to the EOG signal, principal component
analysis (PCA) was performed on this average, and this magnetic field component produced
by the eye movements was removed from the data (Uusitalo & Ilmoniemi, 1997). In Study IV
with children, similar artefact removal was done for cardiac artefacts, for which averaging was
performed based on thresholding the MEG signal in sensors located at the rim of the helmet
that contained the most salient cardiac response.

Source localization

Localizing the underlying source current distribution of the magnetic field measured by the
sensors requires solving an inverse problem. This is an ill-posed problem in that there are
many possible underlying source configurations that can cause a similar magnetic field pattern
on the scalp. In practice, however, there are many factors that constrain the selection of
possible solutions for a source model (Hämäläinen et al., 1993). Different types of methods can
be used to reach from the sensors to the source-level spatiotemporal distribution of task-
related neural activation. One of them is Equivalent Current Dipole (ECD) analysis
(Hämäläinen et al., 1993; Salmelin, 2010), which models the underlying activation as
independent point-like sources (in Studies II–IV). Typically, a model with multiple
simultaneously active dipolar sources is needed to best account for the data, and even spatially
proximate sources with different orientations of current flow can be distinguished. Distributed
source modelling in turn accounts the activation as arising from a continuous spatial
distribution of current dipoles, and seeks to best explain the data with a current distribution
with minimum overall power, without determining the number or approximate locations of
the sources in advance. In Studies I, III and IV, cortical sources are modelled with smoothly
spread Minimum Norm Estimates (MNE; Hämäläinen & Ilmoniemi, 1994) and in Study II with
more focal Minimum Current Estimates (MCE; Uutela et al., 1999).

In Studies II–IV of this thesis, an ECD model was identified for each participant individually,
and group-level analysis was performed on cortical components with comparable orientation
and temporal pattern of current flow. The head was approximated as a sphere, and the
parameters of the sphere were estimated based on individual magnetic resonance images
(MRIs). Only ECDs explaining more than 80% of the local field variance during their peak
activation were accepted in the model, leading to inclusion of 3–7 ECD components per
participant. A separate model was first identified for each experimental condition. Finally, a
single set of ECDs that explained well the responses in all conditions was chosen to enable
comparison between conditions. The source strengths over time (source waveforms) of the
identified components were estimated by fixing their location and orientation, while allowing
their strengths to vary to best account for the detected signals across all sensors and time
points. To locate the ECD components anatomically, the centre of activation of each
component was displayed on the individual MRIs of each participant. For group-level
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visualization, the locations were transformed to coordinates on a standard brain (Roland &
Zilles, 1996).

Statistical analysis

In Studies II–IV, statistical analysis was performed on ECD source amplitudes and peak
latencies. ECD clusters including data from more than half of the participants were included
in statistical comparison. Activation strengths for each experimental condition and individual
were determined as peak or mean amplitudes of the ECD waveforms, and statistical testing
was performed on these values using repeated measures analysis of variance. Subsequent pair-
wise comparisons were done with t-tests and Bonferroni-corrected for multiple comparisons.

Machine learning analysis

In Study I, no traditional univariate testing was performed. Instead, we utilized a data-driven
approach based on multivariate pattern recognition together with existing and new machine
learning methods to examine how spoken words and environmental sounds with
corresponding meanings are potentially differently encoded. The models learn a mapping
(weights) between the MEG responses and the features representing the stimuli (separate
models for the spoken words and the environmental sounds) from all but two items of the
stimulus pool, and are then tested by predicting which of the two left-out sounds was
presented, based on their predicted acoustic, semantic or phoneme features (see next
paragraph for details). This procedure is repeated for all possible combinations. The decoding
models were formed with a subset of the data from a single participant (training data) and
tested on data from the same participant.

To model the sounds on different levels, acoustic, semantic, and phoneme features of the
items were extracted (Fig. 3a). For the acoustic features of the sounds, we used three different
models: First, as a simple linear, non-time-varying model, the frequency spectrum of the sound
was calculated over its entire duration using fast Fourier transform (FFT). Second, as a
nonlinear, still non-time-varying model, to better describe the modulatory properties of the
sounds, we used a time-averaged modulation transfer function (MTF, Chi et al., 2005; Pasley
et al., 2012), with modulation-selective filters spanning four spectral scales (0.5, 1, 2 and 4
cycles / octave) and four temporal modulation rates (1, 3, 9 and 27 Hz). Third, to fully exploit
the time-sensitive MEG data, we employed spectrogram as a linear time-varying model,
extracting the frequency content of the sound in 10-ms frames. Phoneme features of the speech
sounds were obtained through phoneme annotation (0/1 for each phoneme), time-aligned to
the stimulus in 10-ms time windows (Mesgarani et al., 2014; Di Liberto et al., 2015). Semantic
features (shared for words and environmental sounds) were obtained by combining two sets
of norms, corpus statistics and answers to a questionnaire: The frequencies of neighbouring
words of the stimulus word in a large text corpus were calculated from a lemmatized corpus.
The other set of semantic features for the items were collected with a web-based questionnaire
survey, where 59 participants answered 99 questions about the semantic properties of each
item.

For decoding the non-time-varying sound features (FFT, time-averaged MTF, and semantic
features) we used linear kernel regression. For decoding the time-varying spectrogram
frequencies and phoneme sequences we used a novel machine learning model, linear kernel
convolution (Faisal et al., 2015). The method is based on the convolution of the MEG time-
series with a response function to predict the stimulus spectrogram / phoneme content at each
time point (Fig. 3b). Statistical significance was determined by permuting the labels of the
items and repeating the testing procedure for a minimum of 200 permutations.
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3.2.2 Magnetic Resonance Imaging (MRI)

To localize the sources of the MEG signals, anatomical MRIs were obtained for participants
in all of the studies, with a 3 T GE Signa (in Study II) or a 3 T Siemens Skyra scanner (in Studies
I, III and IV). The scan included a 3-plane localizer and a T1-weighted anatomical image. The
MEG data were co-registered in the same coordinate system with the individual anatomical
MRIs to allow attribution of MEG activation patterns to cortical loci.

3.3 Experimental stimuli and materials

3.4.1 Study I: Spoken words and environmental sounds

Study I examined processing of spoken words and environmental sounds of comparable
meanings. The stimuli were chosen from several categories to include as much acoustic
variability as possible, and pre-tested for their recognisability and naming consistency. A set
of environmental sounds were obtained from several internet sound libraries and modified to
make readily-identifiable sounds of similar duration; the final stimuli were selected among
these sounds based on a behavioural pilot test with 12 participants (80% consistent naming
and response time under 3 s). The final stimuli were 52 environmental sounds and their spoken
word labels, which belonged to 7 categories (6 or 8 items per category): animals, human
sounds, musical instruments tools, vehicles and others (sounds which did not form a clear
category). To increase acoustic variability within the speech sound categories, the words were
recorded by 8 speakers (4 female and 4 male; two children/adolescents). All stimuli were mono
sounds with sampling frequency of 44.1 kHz and bit rate of 16 bits. They were low-pass filtered
with a cut-off at 8 kHz. Stimulus duration was on average 810 ms (SD 180 ms) for the spoken
words and 920 ms (SD 230 ms) for the environmental sounds. In addition to these stimuli,
alternative exemplars for both classes of sounds were chosen as target stimuli in task trials,
and additional filler items were presented during the measurements to increase variability and
keep the task interesting. Responses to task trials and filler sounds were not used in the MEG
analysis.

3.4.2 Studies II– IV: New native and foreign word forms

Studies II–IV investigated learning of new native and foreign word forms. The stimuli were
four-syllable Korean words and Finnish four-syllable pseudowords. The behavioural
experiment in Study IV also consisted of four-syllable word forms, but included only foreign
stimuli. The foreign stimuli were real Korean words or word combinations, selected and
digitally recorded by a female native Korean linguist, speaking standard Korean. The native
(Finnish) pseudowords were two-word combinations of ancient words no longer in use,
selected from an old dictionary (Lönnrot, 1874–1880). They were recorded by a female student
of speech pathology who was a native speaker of Finnish. Words in both languages were mostly
nouns and were in their basic form. All stimuli began with consonants, most of the Korean
stimuli with one of the stop or affricate consonants that do not exist in Finnish. First phonemes
or whole syllables were frequently shared between two or more words.

The stimuli in Study II consisted of a set of 400 four-syllable foreign (Korean) and 400 native
(Finnish) word forms. Their duration varied from 862 to 1446 ms (mean 1130 ms) for Korean
and from 1008 to 1490 ms (mean 1260 ms) for Finnish items. Additionally, 50 stimuli of
similar length were selected to serve as new distractor stimuli in the behavioural recognition
task. In Study III, the stimuli in the MEG experiment were 480 four-syllable foreign (Korean)
and 480 native (Finnish) word forms. Their durations were from 861 to 1446 ms (mean 1130
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ms) for Korean and from 918 to 1407 ms (mean 1240 ms) for Finnish. For Study IV, a subset
of stimuli from Study II were chosen as stimuli, as the MEG recording had to be shortened to
be suited for children. The same set of stimuli were used for the behavioural experiment in
Study IV. These stimuli consisted of 320 four-syllable foreign (Korean) and 320 four-syllable
native (Finnish) word forms. The duration of the word forms varied from 850 to 1460 ms
(mean 1140 ms) for Korean and from 1010 to 1490 ms (mean 1260 ms) for Finnish items.
Additionally, 40 stimuli of similar length were selected to serve as new distractor stimuli in the
behavioural recognition task.

The words were recorded in 24-bit wav format using a sampling rate of 48 kHz and, to
eliminate background noise, low-passed, at 6 kHz on average (gradually from 4 kHz to 14 kHz;
in Studies II and IV) or with a cut-off of exactly 6 kHz (in Study III). A 10-ms ramp was added
to the beginning and end of each word. The stimuli were equalized, as much as possible, with
respect to stimulus intensity (average root-mean-square, RMS, over stimulus duration) and
rise time (Hari, 1990; Mäkelä & Hari, 1990), in addition to sound duration. However, natural
differences between the two languages and the two different speakers remained.

In Study III, to study the effects of added background noise on processing of newly-learned
word forms in the post-learning manipulations, the foreign and native stimuli were embedded
in different levels of noise (low-pass filtered at 6 kHz), keeping the overall RMS amplitude
unchanged. This resulted in signal-to-noise ratios (SNRs) of +20 dB, +10 dB, 0 dB, and -10 dB.
Based on a behavioural pre-test with a one-back task (n = 10), perception began to deteriorate
at SNR -10 dB. Thus, SNRs of +10 dB and 0 dB were selected to be included in the MEG study,
in addition to the noiseless stimuli (SNR +70 dB).

3.2 Behavioural measures

In studies II–IV, incidental learning of novel (Korean) word forms was probed by measuring
overt repetition accuracy. The participants’ responses were recorded, and one Korean native
speaker (or two in the behavioural experiment of Study IV) rated the overt repetitions of the
Korean word forms in a scrambled order, giving 1/0 points for each word form. This rating was
done for the first and last block of day 1 (or all five blocks in the behavioural experiment of
Study II) and a subset of words from day 2. Similar rating was performed for the Finnish word
forms by one native Finnish speaker in Studies III and IV. Explicit memory for the word forms
was also tested at the end of each experiment with a recognition task that participants were not
anticipating (in Study III the recognition task was done during the MEG measurement).
Participants listened to previously heard and new word forms and pressed a button to indicate
whether the word form had been presented before.
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4. Experiments

4.1 Study I: Decoding acoustic and semantic features of spoken words and
environmental sounds

Background

Speech has a special status in human auditory processing, yet it has remained unclear if and
how linguistic stimuli are processed differently from other auditory stimuli that share acoustic
properties as well as semantic meanings with spoken words. Study I was aimed at examining
the cortical processing of acoustic features and semantic meanings during perception of
spoken words and environmental sounds. In this study, we investigate whether acoustic and
semantic features show different patterns of cortical encoding for spoken words compared to
environmental sounds by means of decoding these features from MEG responses.

Experimental paradigm

Cortical brain responses were measured with MEG in 16 adults while they listened to spoken
words and environmental sounds with both overlapping spectrotemporal content and
corresponding meanings (e.g. the word ‘horse’ and the sound of neighing). The participants
performed a one-back task to ensure sufficient concentration, i.e. they pressed a button when
they detected two sounds in a row referring to the same meaning. Acoustic features with
different level of temporal detail (time-averaged frequency spectrum, FFT; time-averaged
spectral and modulation content, MTF; time-varying spectrogram), as well as phonemic and
semantic features were used to model the items and decode them based on the MEG responses
(Fig. 3a).

Results and discussion

Spoken word decoding was remarkably good with the time-sensitive model, which predicts
the time-sequence at each frequency band of the sound spectrogram based on the MEG time
series at 10 ms resolution; environmental sound decoding did not improve as compared to the
MTF model, which models the temporal modulation rates over the course of the whole sound
(Fig. 3c). The phoneme sequences were also decoded successfully with the convolution model,
and the best model for decoding words utilized a combination of spectrogram and phonemes,
indicating that evoked responses to spoken words represent their categorical phoneme
information in addition to their spectrotemporal content. Spectrogram and phoneme decoding
with the convolution model for spoken words was best when the lag from each time point in
the spectrogram to the MEG responses was between 100–180 ms; no such peak was observed
for environmental sounds.
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Figure 3. a) Different feature sets for decoding the spoken words and environmental sounds, here shown for one
example word. b) Schematic illustration of the convolution model, where each time point in the stimulus spectrogram
is predicted by a following time window in the MEG responses. c) Mean prediction accuracy over all 16 participants
for the different decoding models (error bars represent SEM).

The results indicate that encoding of spoken words, but not other sounds, relies heavily on
time-locking of cortical activation onto the fine-scale spectrotemporal evolution of the sound.
Reconstruction of spoken words has previously been accomplished based on intracranial
recordings with a similar convolution model (Pasley et al., 2012), but the current results are
the first to show that accurate reconstruction can be achieved by modelling noninvasively
measured activation of cortical neuronal populations as time-locked to the acoustic features of
speech, and that this type of time-locked encoding is unique for speech. The accurate neural
tracking of each spectral band of the spoken words may function in the on-line transformation
of the unfolding acoustic signal into abstract phonological and linguistic representations.
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Semantic representations were successfully decoded for both stimulus groups. However,
semantic decoding was better for environmental sounds than for words, it reached significance
earlier than for words, and the sources showed more overlap to acoustic decoding than what
was observed for words. The results are compatible with earlier studies, which show effects of
semantic match/mismatch later for words than other sounds (Saygin et al., 2005; Cummings
et al., 2006; Chen & Spence, 2011). Semantic and acoustic properties of environmental sounds
are highly intertwined, whereas for spoken words access to semantic representations from
isolated words is less direct, requiring phonological analysis steps and lexical word form
retrieval.

4.2 Study II: Incidental phonological learning in adults

Background

Adults typically learn a foreign language through formal classroom instruction and explicit
learning strategies. However, an important part of foreign language learning, particularly
learning of a foreign sound-system, is incidental. Study II investigated incidental learning of
new native and foreign word forms through overt repetition. Learning effects were followed
during two consecutive days to allow for consolidation. Both foreign and native word forms
were included to be able to dissociate effects of learning individual recurring word forms from
general learning of the foreign sound system (phonotactic rules). We investigated whether
phonotactic regularities are acquired in the first stages of exposure to natural foreign language
input, what could be reflected as generalized effects for foreign but not native stimuli.

Experimental paradigm

Cortical responses were recorded with MEG while 10 adult participants heard and repeated
four-syllable foreign (Korean) words and native (Finnish) pseudowords without associated
meanings over two days. A subset of the stimuli was encountered five times on day 1 and once
again on day 2 (recurring), some were presented only once during day 1 or day 2 (new). The
two languages were presented in separate sessions.

Results and discussion

Learning of the recurring word forms was evidenced as improved repetition performance
(Fig. 4a) and accurate recognition. On the neural level, activation was detected in both
hemispheres with MCE analysis. ECD modelling allowed further decomposition of the
activation in each temporal cortex into two functionally separate sources of neural current
flow: A Type I source had a transient peak response at ~150 ms and a sustained response at
~400 ms, and its current flow was oriented ventrally. A Type II source was transiently active
at ~300 ms, and had an orientation of current flow approximately perpendicular to the Type I
source. A third source type was identified in the left frontal cortex.

The observed word form learning effects were similar for native and foreign language (Fig.
4b), and included reduced activation in two temporal source clusters and increased activation
in a frontal source cluster in the left hemisphere. In the Type II sources activation was reduced
at 300–600 ms for recurring stimuli, but this effect was only seen on day 1. Formation of
longer-term auditory-motor representations for the recurring word forms was shown as
decreased activation in the left temporal Type I responses and an increased left frontal activity
at 600–1200 ms, observed similarly on both days. General effects of language were observed
as overall longer lasting activation to the foreign phonology than to the native phonology in the
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left-hemispheric Type II temporal sources at 300–600 ms; this effect was similar on both days,
thus no general changes to the foreign language were seen.

Figure 4. Word-form learning in adults. a) Repetition accuracy of foreign words across the two experimental days.
b) Left: ECD clusters displayed on a sagittal plane of an average brain template. Each dot represents the centre of
an active cortical patch and the line attached to it the mean direction of current flow in that area, in one participant.
Centre: Grand average source waveforms for each ECD cluster on day 1 and day 2. Right: Summary of significant
effects in the time windows annotated above the source waveforms (mean activation strengths, error bars indicate
SEM).

The results indicate a primacy for item-level learning of novel whole-word representations
when first encountering a foreign language, in line with so called exemplar theories of
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phonological learning (Pierrehumbert, 2003): No general learning of foreign-language
phonotactic patterns seems to take place in adults during the very first days of exposure to a
foreign language. Establishing the new word form representations activated both auditory and
motor cortical areas. The reduced left superior temporal activation to recurring word forms is
in line with earlier studies (Majerus et al., 2005; Graves et al., 2008; Rauschecker et al., 2008).
However, the present study was the first to show that part of the changes in brain activation
for newly-learned word-forms persist overnight, suggestive of longer-lived learning effects and
not only within-session priming. In the left frontal cortex, activation was increased, which is in
contrast to previously observed reduced frontal activation for recurring word forms
(Rauschecker et al., 2008). The functional role of this frontal effect remained open for
interpretation: It may reflect planning for articulation as seen in previous MEG studies (Vihla
et al., 2006; Hultén et al., 2009; Liljeström et al., 2009), but it might also be related to
recognition or memory retrieval of the recurring word forms (Buchsbaum et al., 2010). These
options were further examined in Study III.

4.3 Study III: Memory retrieval and articulatory preparation for new word
forms

Background

Study III aimed at further investigating the roles of the different brain responses that are
involved in learning and accessing new word forms, especially the function of the frontal
premotor areas. A similar learning task as in Study II was employed to establish memory
representations for the new word forms, and the functional roles of the observed brain
responses were examined by post-learning manipulations: A modified one-back task and a
recognition task, as well as degrading the input with parametrically added noise, addressed
whether activations were related to planning for overt articulation or memory processes. If the
frontal effect reflects preparation for articulation, then it should not appear without overt
repetition. If the effect instead reflects retrieval of the existing representations (motor
execution commands) for the newly-learned words, and the influence of these existing lexical-
level representations on input processing, it should be present and could even be enhanced
when the auditory input is degraded. We also expected to see influences of the L1 phonotactic
representations being used as top-down constraint for processing the word forms in noise.

Experimental paradigm

In the initial incidental learning task 12 participants listened to and repeated back foreign
phonological forms (Korean words) and new native-language word forms (Finnish
pseudowords) that were encountered four times during the session (one session per language).
Cortical responses were tracked with MEG, and sources showing learning effects were
identified based on the learning phase. After the learning stage, the same overt repetition task
as in the learning phase was performed with previously heard and new stimuli embedded in
two levels of noise. Additionally, two different tasks with previously heard and new stimuli
were employed after the learning stage: a one-back task with utterance of one of two unrelated
response words (‘repetition’ on target trials when the same item was heard twice in a row,
‘nonword’ on other trials) after each stimulus to mask covert repetition of the stimulus, and a
recognition task at the end of the session. In the recognition task, a button press was used to
indicate whether the item had been encountered before, i.e. was familiar-new decision.
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Results and discussion

Incidental acquisition of recurring novel word forms was evidenced by improved repetition
accuracy and accurate recognition performance. This learning resulted in decrease of
activation in two separate source clusters in the left temporal cortex (at 300–600 ms and 900–
1200 ms, respectively), replicating results of Study II, and increased bilateral frontal premotor
activation (at 300–1200 ms) for the 4th compared to the 1st repetition of the word forms. In the
temporal sources that were transiently active around 300 ms (Type II), the effect of stimulus
familiarity was mainly seen in the learning phase. Thus, further analysis focused on the
familiarity effects in the temporal (Type I) and frontal sources. In the post-learning
manipulations these two sets of sources behaved quite differently, demonstrating differences
in their functional roles.

The effect of stimulus familiarity (reduced activation for recurring stimuli) in the left
temporal sources was observed similarly in the one-back task and recognition task as in the
repetition task; thus, it does not seem to depend on task demands (Fig. 5). The effect was even
somewhat enhanced in intermediate noise, possibly reflecting increased reliance on retrieval
of existing representations. A correlation was observed between the strength of the cortical
familiarity effect during learning and subsequent repetition and recognition performance, also
supporting the role of the temporal responses in establishing and retrieving memory
presentations. Furthermore, overall stronger left temporal activation was observed for stimuli
with native phonotactics.

Figure 5. Effects of post-learning manipulations on the cortical effects of word-form learning. Left: Equivalent
Current Dipole (ECD) clusters displayed on a sagittal plane of a standard brain. Each dot represents the centre of
an active cortical patch and the line attached to it the mean direction of current flow in that area, in one participant.
Centre: Grand average source waveforms for each ECD cluster. The arrows indicate the time windows that showed
significant learning effects. Right: Summary of the mean activation strengths in time windows annotated above the
source waveforms during the learning phase, task change (one-back control task and recognition) and addition of
noise (SNR 0 dB).

In contrast, in the frontal sources the increase in sustained activity for previously heard items
was only observed when overt repetition was involved, and this effect was reduced in noise
when articulation also deteriorated. Therefore, the frontal learning effect seems to be related
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to activation of the articulatory scores for overt articulation and to elaboration of these
articulatory representations as the word forms become more familiar. The implementation of
these processes in bilateral premotor cortices is in agreement with recent studies (Cogan et al.,
2014; Sollmann et al., 2014). The frontal effects were more pronounced for the foreign than for
the native stimuli, which is in line with earlier studies showing greater responses for foreign
than native language in frontal motor areas, probably reflecting the difficulty of forming
articulatory representations (Callan et al., 2004; Klein et al., 2006; Wilson & Iacoboni, 2006;
Moser et al., 2009).

4.4 Study IV: Incidental phonological learning in children

Background

It is commonly thought that children learn to master a foreign sound system much better and
with less controlled effort than adults. However, little is known of how phonological learning
is reflected on the neural level in school-aged children. Study IV addresses the neural correlates
of incidental phonological learning in school-aged children.

Experimental paradigm

The paradigm was similar to Study II. Cortical correlates were tracked with MEG in 13
children, aged from 6 to 8 years, while they performed delayed repetition of four-syllable
foreign (Korean) or native (Finnish) word forms over two days. A subset of the word forms was
presented four times during the first session and once again on the second day (recurring
words), along with new word forms on both days. Repetition and recognition of the foreign
words was assessed in a separate behavioural experiment in 15 children.

Results and discussion

Children showed improved repetition performance for the recurring word forms (Fig. 6a),
but mostly failed to discriminate them from new word forms in the recognition task. Children’s
cortical responses to sounds were partly different from adult responses, as has been shown
before (Parviainen et al., 2011), but the sustained responses from 300 ms onwards in the
bilateral temporal and left frontal areas show a similar spatiotemporal pattern in children and
adults, and the learning effects were also confined to these responses in the two participant
groups. In children, learning of the repeatedly encountered word forms manifested as
improved repetition and reduced superior temporal activation at 600–1200 ms, similarly to
adults in Study II (Fig. 6b). However, this cortical item-level learning effect was lateralized to
the right hemisphere in children, in contrast to the left-hemispheric effect observed in adults
in Studies II and III. In children, the amount of signal change observed in the right temporal
cortex correlated with the improvement in repetition accuracy, similarly to the pattern seen in
the left temporal cortex for adults in Study III. These differently lateralized effects in the two
groups thus both seem to be related to establishing memory representations for the recurring
word forms. The different lateralization of this effect in children might reflect different
underlying processes for the memory formation compared to adults. Furthermore, the left
temporal brain responses in children showed generalized changes to new phonological input
overnight (overall reduced/enhanced activation to new foreign/native word forms on day 2
compared to day 1), possibly reflecting general phonological learning or familiarization with
the task.
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Figure 6. Learning effects in children. a) Repetition accuracy of foreign words across the two experimental days in
the behavioural and MEG experiment. b) Left: ECD clusters displayed on a sagittal plane of an average brain
template. Each dot represents the centre of an active cortical patch and the line attached to it the mean direction of
current flow in that area, in one participant. Centre: Grand average source waveforms for each ECD cluster on day
1 and day 2. Right: Summary of significant effects in the time windows annotated above the source waveforms
(mean activation strengths, error bars indicate SEM).
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5. General discussion

Comprehending familiar words is a highly automatic function of the human brain, and new
words are also acquired quickly and effortlessly, especially in childhood. This thesis
investigated the cortical sequence of processing of spoken word, and for learning of new spoken
word forms when no meaning was provided. The specific questions addressed were 1) how the
cortical processing of spoken words might be special and different from processing of other
natural everyday sounds, and 2) how incidental acquisition of new word forms and foreign
phonology/phonotactics is reflected in cortical activation in adults, and how this process might
differ for children.

The cortical sequence of activation originating from bilateral superior temporal areas in
response to sounds (familiar meaningful words, native pseudowords, foreign words, as well as
meaningful environmental sounds) was remarkably similar across Studies I–II, and
manifested a well-described N100(m)-N400(m)-type response (Salmelin, 2007; Kutas &
Federmeier, 2011); however, subtle differences in source areas between different conditions
might exist, since MEG is not primarily suited for exact source-localization. In addition to
temporal cortex activation, responses in frontal premotor areas were observed, particularly in
conditions where the word forms had to be overtly repeated (Studies II–IV). The early auditory
cortical responses in children displayed timing and source current orientation that differed
from those of adults, but the later sustained responses were similar to those of adults. This is
in line with previous results from children (Wunderlich et al., 2006; Parviainen et al., 2011).

The results of the four studies revealed how acoustic-phonetic, phonemic, phonotactic,
lexical and semantic representations are all differently reflected in cortical evoked responses:
In Study I, auditory and phoneme representations were shown to provide incremental
information that can be separated in the MEG evoked signal, although temporally and spatially
highly overlapping. Furthermore, the cortical processing of semantic features of words showed
little overlap with auditory processing in terms of timing as well as the areas involved.
Similarly, in Studies II–IV, general phonotactic familiarity and specific word form familiarity
displayed dissociable effects, compatibly with previous studies (Vitevitch & Luce, 1998):
Phonologically and phonotactically familiar native-language word forms showed overall
increased left temporal activation compared to foreign words, whereas this same response
decreased as the word forms became familiar. The view presented in this thesis, that processing
of spoken words is sequential and interactive in nature, is in line with psycholinguistic models
of speech processing and word recognition as well as contemporary views of how the cortical
processing of sounds and speech unfolds. However, at the same time, these divisions are
somewhat artificial and probably in reality less clear cut: Assuming that spoken word
recognition has developed to be optimally efficient, it will utilize all available cues in parallel,
allowing interactive influences among the different levels (Marslen-Wilson, 1984). In addition
to top-down effects from familiar phonotactics and lexical representations, single word
processing is affected by sentence and discourse level context. The current studies only used
isolated spoken words as stimuli, as well-controlled situations are necessary for being able to
examine different levels or processing stages separately.
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5.1 Acoustic-phonetic content of spoken words is tracked by time-locked
cortical activation

The cortical topography of spoken word processing is quite well characterized. However, it
has proven difficult to find processing stages or cortical areas that would show selectivity to
speech compared to other sounds. Based on psycholinguistic models, the sequence of
processing for spoken words starts by mapping the continuous acoustic input to discrete
linguistic units, which then activate matching lexical word forms and, finally, semantic
meanings. The intermediate stage of (prelexical and/or lexical) phonological processing is
what is likely to be unique to human language compared to other sounds. How the mapping
from acoustic to phonological representations is realized cortically is an important open
question in the neuroscience of language.

The results of Study I show that the same semantic features could be reliably decoded from
evoked responses to both environmental sounds and spoken words, although with higher
accuracy for environmental sounds. However, auditory processing was shown to differ
markedly between the two classes of sounds: The fine-scale spectrotemporal content of spoken
words was encoded in the auditory cortices through faithfully time-locked activation, and this
type of processing appears to be specific to speech sounds. For environmental sounds, similar
time-locking to each spectral band of the sound was not observed, as the sounds were decoded
equally well based on their overall spectral and modulation content. The results are compatible
with the idea presented in the Introduction, that what might be different for processing speech
apart from other sounds lies in the time-sequence of cortical activation. The current results
may partly explain why oscillatory activation in auditory cortical areas is phase-locked to the
amplitude envelope of continuous speech (Giraud & Poeppel, 2012; Ding & Simon, 2014): The
entrained oscillations may partly reflect the superposition of evoked responses, driven by
“edges” in the sound stimulus (Capilla et al., 2011; Ding & Simon, 2014; Doelling et al., 2014).
These results may reflect the same underlying phenomenon of time-locking to the
spectrotemporal fine-structure within speech.

Our second main result, showing that adding abstract phoneme categories into the model
together with spectrotemporal features significantly improved decoding performance, despite
these two models of the spoken words being mutually highly redundant, suggests that the
function of this time-locked activation could be to discretize the time-evolving input efficiently
into abstract linguistic units. Activation in both left and right auditory cortices equally
contributed to spectrogram and phoneme decoding. This is in line with current models of
speech processing that locate the acoustic-phonetic processing of speech in both hemispheres
(Hickok & Poeppel, 2007), and corroborates results showing bilateral speech-specific auditory
processing (Overath et al., 2014) as well as bilateral contributions for phoneme decoding
(Formisano et al., 2008).

The acoustic and phoneme levels seem to be represented in the cortical signals
simultaneously, as the frequency content and phoneme content of words were both best
encoded by using MEG activation at 100–180 ms after each time-point in the sound. The
results yield support for models of speech processing and word comprehension that presume
abstract prelexical representations (McClelland & Elman, 1986; Norris & McQueen, 2008);
however, this level of representation might not be separable in time from the continuous
tracking of spectrotemporal features. The timing of phoneme decoding agrees with previous
studies (Chang et al., 2010; Di Liberto et al., 2015; Khalighinejad et al., 2017); however,
responses to different phonemes within continuous speech, especially with different manners
of articulation, may vary in their latency of encoding (Khalighinejad et al., 2017). Acoustic
variability, including variability within phoneme categories due to coarticulation and
information about the speaker, seems to be carried by the cortical signals simultaneously and
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jointly with phoneme representations (see e.g. Archibald & Joanisse, 2011; Khalighinejad et
al., 2017). Due to influences from coarticulation, context and speaker, there is no clear
correspondence between a sound segment and perceived phoneme (e.g. Liberman et al., 1967).
Thus, the phoneme information needs to be reconstructed based on multiple cues, present at
different points in time, and thus the efficient tracking of the auditory signal in time might be
necessary for identifying its linguistic message.

Continuous mapping of acoustic properties to linguistic representations via time-locked
activation could allow activation of lexical-semantic representations online, as has been as
suggested by most models of word recognition (Marslen-Wilson, 1984; McClelland & Elman,
1986). Presumably, it could also enable the lexical representations to continuously affect
speech processing in a top-down manner, in line with interactive models of speech processing
and word comprehension (McClelland & Elman, 1986; Elman & McClelland, 1988). However,
to validate that the fluctuations in the cortical responses tracking the spectrotemporal content
of speech indeed are related to parsing the signal to phoneme units for comprehension, future
studies need to show a direct link to behavioural performance in speech parsing. Possible
differences in this time locking between native vs. foreign language and real words vs.
pseudowords could be explored. Also, noise-vocoding techniques could be utilized to examine
whether the time-locking of cortical evoked activation to (degraded) spoken word spectrogram
is enhanced when the words are comprehended, compared to the acoustically identical
condition when they are incomprehensible (Hervais-Adelman et al., 2008; Peelle et al., 2012).
Hints of the functional role of this time-locking may be obtained from previous studies on
phase-locking of cortical oscillatory activation to the speech signal: Some studies have shown
that entrainment to speech depends on whether the speech is intelligible (Ahissar et al., 2001;
Peelle et al., 2012; Zoefel & VanRullen, 2015) and may have a function in top-down linguistic
structure building (Ding et al., 2016). However, results suggesting that entrainment may be
strictly dependent on sound acoustics (amplitude envelope) and not intelligibility have also
been reported (Millman et al., 2015; Zoefel & VanRullen, 2015). Compatibly with this latter
view, the auditory regions have been shown to react to violations of the temporal structure of
foreign, meaningless speech, more than of acoustically similar nonspeech sounds (Overath et
al., 2014). Thus, the unique combination of spectrotemporal features within speech, whether
it is comprehensible or not, may be what separates speech from other auditory signals, and
drives this specialized time-locked processing scheme. Further studies are needed to
determine the critical features that cue the brain into using this time-locked encoding.

5.2 Sensory and motor areas are involved in learning new phonological
word forms

In Studies II–IV, incidental learning of new recurring native and foreign word forms was
similarly evidenced as reduced cortical responses in posterior superior temporal areas from
~600 ms on. The results corroborate previous fMRI/PET studies (Majerus et al., 2005; Graves
et al., 2008; Rauschecker et al., 2008) and proceed to show that some of these effects of word-
form familiarity persist overnight, thus linking them to the formation of new lexical
phonological representations in LTM. This interpretation was further confirmed in by three
results of Study II, where the late superior temporal effect (reduced activation for familiar word
forms at 600/900–1200 ms) was observed regardless of the task, was enhanced in noise, and
correlated with behavioural learning effects. We did not directly investigate the effects of
consolidation on lexical integration. Furthermore, changes in medial temporal activation that
have been suggested to play a role in memory consolidation are not readily accessible with
MEG. However, the short-term and longer-term learning effects in different temporal areas
could be consistent with the complementary systems account of learning, with separable short-
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term and long-term memory effects (McClelland et al., 1995; Davis & Gaskell, 2009). Reduced
activation for the familiar word forms could be in line with a predictive coding view, which
suggests that the identification of spoken words relies on prediction of the upcoming speech
segments based on existing memory representations, and the temporal cortex codes the match
between these expectations and auditory input (Gagnepain et al., 2012; Sohoglu et al., 2012;
Zhuang et al., 2014).

Learning effects in frontal areas were also found in Studies II–IV, with increased activation
to recurring word forms. Results of Study II showed that these effects, originating mainly in
premotor areas, were abolished when the task changed to one that did not require articulation
of the heard word form. Thus, they appear to be related to activation of the articulatory scores
that are elaborated on when the word forms are heard and repeated many times. This is
consistent with findings that the left premotor areas are involved in sequencing sublexical
phonological codes into a lexical motor plan for articulation, but do not participate in covert
articulatory processing during other tasks such as the one-back task (Hope et al., 2014). The
current results comply with studies showing that the motor system is mainly involved in speech
perception in tasks requiring overt or covert repetition and other tasks requiring phonological
segmentation (Burton et al., 2000; Sato et al., 2009; Tremblay & Small, 2011; Alho et al., 2012).
Although support from the frontal motor system for phoneme- and syllable-level perceptual
processing has been observed in earlier studies, the current results seem to indicate that lexical,
word-form level articulatory-motor programs (as described in Levelt et al., 1999) are not
automatically retrieved to support perceptual processing. Nonetheless, the learning effects
observed with similar timings at auditory and motor areas highlight the sensory-motor nature
of short-term WM maintenance and establishing LTM representations for new word forms.

The learning effects in the auditory cortex were similar when word forms of the native and a
foreign language were repeatedly encountered. This was somewhat unexpected, given that
phoneme sequences that resemble L1 words are easier to produce and remember (behavioural
results in Studies II-IV; Edwards et al., 2004; Kovács & Racsmány, 2008; Zamuner, 2009).
Also, earlier neuroimaging studies indicate that learning new words with more vs. less
nativelike phonology results to different cortical learning effects (Majerus et al., 2005; Klein et
al., 2006; Moser et al., 2009; Kimppa et al., 2015). Some of our behavioural and neural
evidence indicates that the new foreign and native word-forms were indeed processed
differently. Overall stronger or longer-lasting activation for foreign language was observed in
early temporal responses (at 300–600 ms), possibly related to acoustic-phonetic processing of
the auditory input that can be assumed to be more resource-demanding in the foreign than in
the native language. On the other hand, native pseudowords elicited larger later sustained
responses in the superior temporal cortex than foreign words, especially in noise. This may
reflect support from the familiar phonotactics: Phonotactically legal pseudowords have been
reported to elicit a stronger N400 response compared to phonotactically illegal nonwords or
foreign words, probably because they activate lexical search among near neighbours in the
native lexicon to a greater extent (Rossi et al., 2011; Rossi et al., 2013). In contrast to the
temporal responses, the frontal learning effects and frontal activation in general was
particularly strong for word forms of the foreign language, compatible with earlier studies
(Callan et al., 2004; Klein et al., 2006; Wilson & Iacoboni, 2006; Moser et al., 2009). The
strong frontal activation might reflect the lack of an existing “syllabary” for the foreign
language, which would pose higher online demands on motor planning (Levelt et al., 1999;
Cholin et al., 2006). In this way, the stronger motor activation for foreign language may reflect
the phonotactic familiarity of the word forms. Of course, natural differences between Korean
and Finnish may also have contributed to differences in the premotor responses: For example,
Korean language has a more complex syllable structure than Finnish (larger consonant
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clusters). However, this is unlikely to fully account for the larger learning effect for foreign
language observed in the premotor responses.

5.3 Phonological learning relies on partly different cortical areas in adults
and children

Children in Study IV showed a right-lateralized effect of word form learning, in contrast to
the left-hemispheric effect in adults in Study II. Bilateral repetition priming effects for
pseudowords have been recently shown for children (Helenius et al., 2014), but the present
results are among the first to show evidence that right-hemispheric effects could be directly
related to learning new word forms, as the effect remains overnight and shows a positive
correlation to increased repetition accuracy. Bilateral activation during language processing
and learning has been observed in several studies in younger children, with a shift to left-
hemispheric dominance during development (Dehaene-Lambertz et al., 2006; Szaflarski et al.,
2006; Holland et al., 2007; Perani et al., 2011; Berl et al., 2014). However, this increasing
specialization of left-hemispheric neural systems to language processing has been suggested to
be driven by language experience and proficiency rather than brain maturation (Mills et al.,
2005; Plante et al., 2014). Crucially, in the present study a right-hemispheric learning effect
was observed in children similarly for word forms of the native and of a completely foreign
language, whereas a functionally comparable but left-lateralized effect was seen in adults for
both languages. Thus, the results seem to indicate that even as late as at school age, the left-
hemispheric regions that with exposure to the L1 phonology have started to develop a
specialization to L1 language processing might not yet fully dominate the processing and
learning of new word forms, especially when they come without meanings.

Studies in adults and children have shown right hemispheric areas to be sensitive to
suprasegmental, prosodic information and syllable rate modulations (Poeppel, 2003;
Friederici & Alter, 2004; Lindell, 2006; Abrams et al., 2008; Minagawa-Kawai et al., 2011;
Vanvooren et al., 2014). It has been suggested that children rely less on phoneme segmentation
and more on suprasegmental processing than adults, and that their established phonological
representations could be more holistic in nature (Storkel & Rogers, 2000; Walley et al., 2003).
Consequently, the current results may be interpreted to indicate that in comparison to adults,
children rely more on suprasegmental processing in the right auditory areas when perceiving
and learning new word forms. In contrast, word-form level learning in adults seems to rely
primarily on left-hemispheric segmental processing which is constrained by the established
representations of native-language sound structure. When processing foreign input, children
could be less constrained by these segmental native-language representations. This view is
compatible with evidence of new (foreign-language) input being assimilated to existing native-
language representations in adults (Calabrese, 2012). Whether the speech signal is similarly
parsed onto native-language phoneme categories for foreign and native language in school-
aged children and adults should be clarified in the future through careful behavioural
examination in combination with neuroimaging methods, possibly with the type of phoneme
decoding approach applied in Study I.

Adults did not show evidence of generalized learning of the foreign sound-system and
phonotactic rules over the course of two days. Previous studies have shown fast incidental
acquisition of statistical rules also in adults, but those studies have used artificial language with
a limited set of syllables and rules as well as phoneme and syllable forms conforming to native
phonotactic rules (Saffran, Newport, et al., 1996). Furthermore, in most of these previous
studies, learning of individual “words” in the continuous language stream (frequently
occurring syllable combinations) cannot be distinguished from learning general regularities.
The results presented in this thesis indicate that in the very first stages of natural foreign
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language learning adults are confined mainly to learning individual word forms. For children,
the results were somewhat inconclusive: left temporal brain responses showed general changes
overnight, but these changes were observed for both languages, and might at least partly be
related to an overall improvement in the repetition task. Another plausible explanation for
overall changes to native stimuli is that the native pseudowords (composed of ancient Finnish
words) contained phonotactic regularities not present in the modern Finnish language, and
the children were able to pick them up during two days of exposure. The apparent importance
of a consolidation period for generalization in language learning would be consistent with
previous studies (Lewis & Durrant, 2011; Warker, 2013). It remains for future studies to further
explore the sources of these generalized changes seen in children: It would be intriguing to
investigate the perception and production of word forms while manipulating the nativelikeness
of their phonotactic structure, as well as to measure the nativelikeness of production attempts
while following a large group of children for an extended period of foreign-language exposure
and investigate the relationship of motor performance and the cortical learning effects.
Additionally, as has been done in previous studies (Parviainen et al., 2011; Yoshimura et al.,
2014), variability in the observed cortical effects could be linked to measures of general
linguistic competence.

5.4 Impact and final remarks

The four studies included in this thesis report robust effects related to the cortical dynamics
of word form processing and learning. Study I revealed striking differences in how the acoustic
content of spoken words and environmental sounds is processed cortically. Studies II and III
offer new insights in the sensory-motor nature of processing and learning of novel word forms.
Finally, Study IV showed that the cortical correlates of these processes are somewhat different
in children and adults, although behavioural effects of incidental learning were similar. The
comparison of foreign-language learning in children and adults in a well-controlled
experimental neuroimaging paradigm is novel, and deserves further examination. Knowledge
on developmental changes in spoken language processing and the time-course of specialization
for native language is important in itself, but could also have valuable implications for the study
of developmental disorders of language learning, such as developmental language impairment
or dyslexia. The particularly intriguing finding of a time-locked processing mode that is specific
to speech opens up many novel avenues for future studies, which potentially help to bridge the
gap between psycholinguistic theories and brain research on speech processing, as well as
between studies of brain responses evoked by individual words and results showing cortical
entrainment to continuous speech. Overall, the results of this thesis offer an important
contribution to understanding the cortical processing and learning of spoken words.
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