
Phonemes, the elementary units of speech, 
greatly vary in their acoustic structure when 
produced by different speakers in different 
contexts. The listener's brain therefore faces 
a fundamental challenge of mapping highly 
variable acoustic signals to discrete 
phonetic categories. Whether the speech 
motor system, primarily engaged in speech 
production, is involved in solving this 
perceptual categorization challenge has 
remained unclear. This thesis investigated 
the influence that the speech motor system 
exerts on the processing of speech sounds by 
recording brain activity with 
magnetoencephalography (MEG). The 
findings presented here show that when 
humans attend to speech, the speech motor 
system constrains the acoustic-phonetic 
interpretation of speech sounds into 
discrete categories through the integration 
of auditory and motor information. This 
thesis therefore adds evidence to the view 
that, rather than being a purely sensory 
process, speech perception is sensorimotor 
in nature. 
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1. Introduction 

The ability to use language is undoubtedly among the most complex cognitive 

functions ever to have developed in human evolution. The effortlessness with 

which speech is produced and understood disguises the complexity of the un-

derlying brain processes. Successful auditory speech perception requires the 

transformation of continuous and variable acoustic speech signals into neural 

representations of discrete linguistic categories, such as phonemes. 

1.1 Nature of the acoustic speech signal 

Speech perception is characterized by a perceptual challenge in which listeners 

must overcome a many-to-one mapping between highly variable acoustic sig-

nals and discrete phonetic categories, commonly referred to as the lack-of-

invariance problem (for a review, see Mattys, 2014). Several factors contribute 

to the variability of the acoustic manifestation of speech. Perhaps the most 

salient one arises from a phenomenon known as coarticulation where articula-

tory gestures blend together so that adjacent speech sounds influence one an-

other. For example, the acoustic manifestation of phoneme /d/ is notably dif-

ferent between syllables /di/ and /du/ (Delattre et al., 1955). Other sources of 

variability include speaker age, accent, gender, and speech rate as well as ex-

ternal factors caused by the acoustic environment, such as background noise 

and room reverberation (for a review, see Perkell and Klatt, 2014). Yet listen-

ers somehow compensate for this lack of invariance and perceive speech 

sounds as belonging to discrete categories.  
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1.2 Categorical perception 

Categorical perception refers to a phenomenon whereby differences in sensory 

stimuli are perceived qualitatively rather than quantitatively; that is, the per-

ceptual system gives the same interpretation to physically varying stimuli. For 

example, the perception of speech sounds with gradual acoustic changes does 

not change gradually but abruptly (Liberman et al., 1957). This abrupt change 

in perception occurs at the identification boundary (Figure 1). Similarly, dis-

criminating speech sounds that fall on different sides of the boundary is easy, 

while the discrimination of sounds with equal acoustic difference but that lie 

on the same side of the boundary is extremely difficult. 

 

 

Figure 1: A schematic illustration of categorical perception showing the identification (dashed 
lines, left y-axis) and discrimination (solid line, right y-axis) of stimuli (e.g. speech sounds) on a 
continuum (adapted from Aulanko and Jauhiainen, 2009). Identification of the stimulus changes 
abruptly between the categories and discrimination is easier around the identification boundary 
than within the categories. 

 

1.3 Effect of phonetic context on perception 

As described in section 1.1, adjacent phonemes influence the acoustic realiza-

tion of one another due to coarticulation. If presented in isolation, the pho-
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neme /d/ (e.g. in /da/) is produced with an anterior place of articulation with 

the tongue tip on the alveolar ridge (i.e. the roof of the mouth just behind the 

upper front teeth). However, if preceded by a more posteriorly produced pho-

neme, such as /r/, the place of articulation for /d/ shifts towards the back of 

the mouth (e.g. in /ar da/). The opposite occurs when /g/, with a posterior 

place of articulation, is preceded with the more anteriorly articulated /l/ (e.g. 

in /al ga/). In case of the monosyllables /da/ and /ga/, the difference in the 

place of articulation is reflected in the acoustic manifestation of the phonemes 

as a different onset frequency of the third formant (F3; formant refers to the 

concentration of acoustic energy or resonance of the vocal tract), so that /da/, 

with the more anterior place of articulation, has a higher F3 onset frequency 

than /ga/. However, between disyllables /ar da/ and /al ga/, the difference in 

the F3 onset frequency is evened out so that the acoustics of /da/ and /ga/ are 

quite similar. The question therefore arises as to how do listeners' brains over-

come such context effects. 

Consider the identification pattern of a /da/-/ga/ continuum illustrated in 

Figure 1. It has been shown that the identification boundary of perception 

shifts towards /ga/ when the sounds on the continuum are preceded by /al/ 

and towards /da/ when they are preceded by /ar/ (Mann, 1980). Thus, as the 

perceptual shift was in the opposite direction of the effects of coarticulation, 

listeners seemed to employ a perceptual compensation mechanism to negate 

the coarticulatory effects on acoustics. 

Given the lack of acoustic invariance, categorical perception, and the appar-

ent perceptual compensation for coarticulatory effects, several alternative 

theoretical accounts have been proposed to explain the efficiency of speech 

perception. The main distinction between these accounts is the involvement of 

articulatory knowledge or, more generally, the speech motor system (SMS) in 

the perceptual process. The next section introduces the main theoretical ap-

proaches on speech perception. 
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1.4 Speech perception theories 

1.4.1  Motor theories 

In offering a solution to the many-to-one mapping between variable acoustics 

and discrete phonetic categories, it has been suggested that articulatory ges-

tures, being less variable than the acoustic speech signals that they produce, 

could serve as speech representations (e.g. Fowler, 1986; Liberman et al., 

1967). This idea was first conceptualized as the motor theory of speech percep-

tion, according to which a one-to-one acoustics-phonemes relationship can be 

achieved if the listener's perceptual system runs the process of production 

backwards with the speaker's intended articulatory gestures (or motor com-

mands to the articulators) serving as the objects of perception (Liberman et al., 

1967; Liberman and Mattingly, 1985). The theory also claims that speech per-

ception is special in that it is unique to humans and radically different from 

the processing of non-speech sounds.  

Another gesture-based theory, referred to as the direct realist theory of 

speech perception, claims that the articulatory objects of perception are actual 

vocal tract movements rather than events that cause these movements (i.e. 

neuromotor commands or intended articulatory gestures) (Fowler, 1986; 

Fowler, 1996). In proposing that the acoustic signal itself contains sufficient 

amount of articulatory information for the listener to recover the gestures, this 

theory disagrees with the motor theory about the speciality of speech percep-

tion. Instead, the direct realist theory argues that perceiving speech is compa-

rable to visual perception, with the acoustic signal, structured by the articula-

tory gestures, serving as the informational medium for the listener to recover 

the gestures instead of being the object of perception, in a similar vein to light 

being the medium in vision yet a surface reflecting it is what is perceived. 
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1.4.2 Auditory theories 

Unlike the gesture-based theories, auditory theories postulate that speech is 

perceived employing the same mechanisms of audition and perceptual learn-

ing as for processing other (non-speech) sounds (for a review, see Diehl et al., 

2004). Thus, the objects of perception are acoustic, rather than articulatory, in 

nature as the acoustic speech signal itself is assumed to contain sufficient 

amount of invariant properties for the recovery of phonetic information.  

Such a counterargument to the motor theories was supported by findings 

that nonhuman animals, in the lack of the articulatory knowledge, are exhibit-

ing phonetic categorization (e.g. Kluender et al., 1987; Kuhl, 1981) and that the 

phonetic context effect reported on a /da/-/ga/ continuum (Mann, 1980; see 

section 1.3) is present also on non-speech sounds, such as tone glides, mimick-

ing the spectral characteristics of syllables (Lotto and Kluender, 1998), there-

fore questioning the conclusion that the perceptual compensation shift could 

be explained by reference to articulatory gestures. 

1.5 Neural basis of speech perception 

Sound enters the auditory system through the outer ear, is transformed to a 

suitable range of pressure changes by the middle ear, and is finally converted 

to neural signals in the cochlea of the inner ear. From the cochlea, the auditory 

pathway relays the information to the auditory cortex via the cochlear nucleus 

and the superior olivary nucleus in the brain stem, the inferior colliculus of the 

midbrain, and the medial geniculate nucleus of the thalamus (Figure 2).  
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Figure 2: The auditory pathway (adapted from Brugge and Howard, 2002). 

 

The auditory cortex is located in the superior temporal gyrus (STG) involving 

Brodmann areas 41, 42, and 22, which are sometimes referred to as the core, 

belt, and parabelt, respectively (Figure 3; for reviews, see Hackett et al., 

2001; Rauschecker and Tian, 2000). The auditory core is located deep within 

the Sylvian fissure, where it occupies parts of the Heschl’s gyrus (HG). The 

processing of acoustic features becomes hierarchically specialized in the audi-

tory cortex with the complexity of preferred stimuli increasing from tones to 

band-passed noise bursts to conspecific vocalizations in the core, belt, and 

parabelt areas, respectively (Chevillet et al., 2011). Consistently, a recent meta-

analysis showed that the left mid to anterior STG responds preferentially to 

phonetic sounds compared to artificial control sounds or environmental 

sounds (DeWitt and Rauschecker, 2012). The same study further revealed a 

hierarchical processing gradient with phonemes analyzed in the mid-STG 

while the recognition of word-forms occurred in the anterior STG. 

Beyond the auditory cortex, auditory speech perception activates areas in the 

temporoparietal junction (TPJ; including the planum temporale, PT; su-
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pramarginal gyrus, SMG; and angular gyrus, AG) as well as in the SMS (in-

cluding the anterior insula, aINS; pars opercularis of the inferior frontal gyrus, 

POp; and premotor cortex, PMC) (Buchsbaum et al., 2005; Callan et al., 2010; 

Du et al., 2014; Pulvermuller et al., 2006; Watkins and Paus, 2004; Wilson 

and Iacoboni, 2006; Wilson et al., 2004). These findings could be explained by 

mirror neurons which fire both during the execution and observation of ac-

tions. Mirror neurons were first discovered in the macaque area F5 (homolog 

to human POp / ventral PMC) (di Pellegrino et al., 1992). Evidence of mirror 

neurons was later found also in the human POp (Iacoboni et al., 1999). A more 

recent meta-analysis reported that the human brain activity most consistent 

with that of mirror neurons was found in the PMC (rather than in POp) and in 

the parietal cortex (including the SMG) (Molenberghs et al., 2009). Mirror 

neurons have been proposed to underlie action understanding and therefore, 

in agreement with the gesture-based theories, also speech perception 

(Rizzolatti and Craighero, 2004). This hypothesis, however, has not gone 

without criticism (Hickok, 2009a). The question thus arises as to what is the 

significance of mirror neurons or, more generally, the observed activation in 

the motor areas during speech perception: Is the motor activity causally re-

lated to speech perception or does it reflect epiphenomenal aspects of speech 

perception, such as smooth turn taking in conversational speech (for a review, 

see Scott et al., 2009)? 

To examine causal effects of the SMS to speech perception more directly, re-

petitive transcranial magnetic stimulation (rTMS) and intracortical stimula-

tion have been used to disrupt the processing of the SMS during speech per-

ception. For example, disrupting the left POp was shown to result in impaired 

ability to discriminate between phonemes (Boatman, 2004; Romero et al., 

2006). Disrupting the left PMC similarly resulted in decreased ability to iden-

tify auditory syllables embedded in white noise (Meister et al., 2007) and in 

slower response times in a phoneme discrimination task (Sato et al., 2009). 
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Further, stimulation of the motor lip or tongue areas of the primary motor 

cortex (MC) specifically impaired the ability to discriminate speech sounds 

that involve the corresponding speech effector when the presented sounds 

were artificially produced phonemes along a phonetic continuum (Möttönen 

and Watkins, 2009) and syllables immersed in white noise (D'Ausilio et al., 

2011). Möttönen et al. (2013) further demonstrated that the rTMS-induced 

disruption of articulatory motor cortex impaired also automatic speech sound 

discrimination (i.e. in the absence of behavioral tasks and without explicit at-

tention directed to the speech sounds). 

While such findings support the gesture-based (and disagree with the audi-

tory) theories of speech perception, a large body of empirical evidence argues 

against a strong version of the motor theory of speech perception. Indeed, 

speech can be perceived with a damaged, deactivated, undeveloped or even 

genetically lacking SMS (i.e. by species without the capacity to develop speech, 

e.g. chinchillas), therefore suggesting a modulatory, rather than critical, role 

for the motor system in auditory speech perception (for a review, see Hickok, 

2010).  

Also, the ability to identify or discriminate syllables seems to doubly dissoci-

ate from word comprehension, as some patients (with frontal or inferior parie-

tal lesions) have poor syllable identification/discrimination but good word 

comprehension while others (with temporal lobe lesions) exhibit the opposite 

trend (Basso et al., 1977; Bates et al., 2003; Blumstein et al., 1977; Caplan et 

al., 1995). Further, a stroke patient with dysfunction of the SMS was unable to 

identify (i.e. categorize) speech sounds, yet was able to discriminate them, thus 

suggesting a dissociation between speech sound categorization and discrimi-

nation (Stasenko et al., 2015). This raises the possibility that the SMS is re-

quired in speech sound discrimination only if the task is turned into one in-

volving also identification, e.g. by masking the sounds with noise (which was 
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the case in the above-mentioned TMS-studies reporting impaired discrimina-

tion performance). 

1.5.1 Cortical location of categorical speech representations 

Several cortical areas have been suggested to contain categorical speech sound 

representations. Stimulus-specific adaptation (SSA) of functional magnetic 

resonance imaging (fMRI) signals has revealed categorical speech processing 

in the left PMC (Chevillet et al., 2013), POp (Lee et al., 2012; Myers et al., 

2009) and aINS (Myers et al., 2009). Importantly, the categorical processing 

in these fMRI studies was task-independent, as subjects engaged in a listening 

task wherein phoneme category information was irrelevant. An otherwise 

similar fMRI-adaptation experiment but with subjects watching a silent film 

and instructed to ignore the sounds found categorical speech representations 

in the left superior temporal sulcus (STS) and SMG (Joanisse et al., 2007). The 

left SMG showed categorical speech processing also when the auditory input 

was attended (Raizada and Poldrack, 2007); however, re-analysis of these 

same data with multivariate rather than univariate techniques revealed cate-

gorical speech representations only in the left POp, not in SMG (Lee et al., 

2012).  

Furthermore, electrocorticographic (ECoG) recordings revealed that speech 

sounds with small acoustic differences were processed categorically in the left 

posterior STG during passive listening (Chang et al., 2010). A study using 

combined fMRI and electroencephalography (EEG) suggested that categoriza-

tion of highly familiar (e.g. native) and newly acquired speech sounds rely on 

long-term representations in the middle STS and short-term representations 

in the posterior STS, respectively (Liebenthal et al., 2010). The anterior STG 

has also been associated with category-selective responses to speech sounds 

(Leaver and Rauschecker, 2010). 
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1.5.2 Dual-stream model of cortical speech processing 

In order to better account for the discrepancies between some of the afore-

mentioned findings (e.g. the double dissociation between syllable discrimina-

tion and word comprehension), large-scale brain network models of speech 

processing have been advanced recently (Figure 3; Hickok, 2009b; Hickok 

and Poeppel, 2000, 2004, 2007; Rauschecker, 2011, 2014; Rauschecker and 

Scott, 2009; Rauschecker and Tian, 2000; Skipper et al., 2007). The models 

are based on two functionally distinct auditory cortical processing streams: the 

ventral ("what") stream and the dorsal ("where/how") stream (Ahveninen et 

al., 2006; Arnott et al., 2004; Rauschecker and Tian, 2000). While the ventral 

stream processes acoustic-phonetic features of speech hierarchically for the 

recognition of phonemes, words, and phrases (DeWitt and Rauschecker, 

2012), the dorsal stream has been implied to mediate mapping between audi-

tory and articulatory-motor representations (Hickok and Poeppel, 2000, 

2004, 2007; Rauschecker, 2011; Rauschecker and Scott, 2009; Scott, 2005; 

Scott and Johnsrude, 2003).  

 

Figure 3: Dual-stream model of cortical speech processing (based on the models by Hickok 
and Poeppel, 2007, and Rauschecker and Scott, 2009). A schematic illustration showing the 
auditory core (red), belt (orange), and parabelt (yellow) as well as the ventral (green) and dorsal 
(blue) streams. aINS, anterior insula; HG, Heschl's gyrus; MTG, middle temporal gyrus; POp, 
pars opercularis of the inferior frontal gyrus; PMC, premotor cortex; PTr, pars triangularis of the 
inferior frontal gyrus; STG, superior temporal gyrus; TPJ, temporoparietal junction. 
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For instance, Rauschecker and Scott (2009) (elaborated by Rauschecker, 

2011) propose that speech sounds are processed through both forward and 

inverse mapping starting from the auditory cortex (AC). The forward mapping 

proceeds hierarchically in the ventral stream via middle and anterior STG/STS 

to the pars triangularis of the inferior frontal gyrus (PTr), where the acoustic-

phonetic information is transformed into articulatory representations in POp 

and PMC, and is finally transmitted to the TPJ as an efference copy that pre-

dicts the sensory consequences of executing those articulatory movements. 

The inverse mapping proceeds from the AC to the TPJ, where a quick sketch of 

sensory event information is compared with the predictive efference copy. The 

basic operating principle of the dorsal stream is best described by "internal 

forward models" (Wolpert et al., 1995), the goal of which is to minimize the 

resulting error signal in the process. Also in the inverse direction, attention- or 

intention-related changes in the TPJ can influence the selection of action plans 

in the SMS. Deriving from the constructivist approach of perception 

(Helmholtz, 1867), the model hypothesizes that these sensorimotor loops can 

support the disambiguation of phonological information in an analysis-by-

synthesis manner. 

The functional division of labor between the dorsal and ventral streams is 

supported also by evidence from nonhuman primates (for review, see 

Bornkessel-Schlesewsky et al., 2015). First, the anatomical architecture of the 

streams seems to qualitatively similar between the human and nonhuman 

primate brain (e.g. Frey et al., 2008; Frey et al., 2014; Rauschecker, 1998; 

Rauschecker and Scott, 2009). Second, similarly to the identification of lan-

guage-related auditory objects in humans (i.e. syllables, words, and phrases), 

the ventral stream in nonhuman primates subserves a hierarchical organiza-

tion of auditory object recognition (from e.g.  bandpass noise bursts to monkey 

calls) (Rauschecker, 2011; Rauschecker and Scott, 2009; Rauschecker and 
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Tian, 2000). As mentioned above, the computational operating principle of the 

dorsal stream can be characterized in terms of an internal model, the function 

of which includes the prediction of upcoming sensory events within a sequence 

based on previous input. The motor structures of the brain are undoubtedly 

ideal for such time-dependent encoding and retrieval of sound sequences as 

motor acts require the production of sequences in a highly order-sensitive 

manner. Nonhuman primates have been shown to exhibit a capacity for this 

type of sequence processing as, for instance, chimpanzees can imitate sequen-

tially structured actions (Whiten, 1998). In sum, evidence from nonhuman 

primates supports the dual-stream architecture with general roles for the ven-

tral stream in auditory object recognition and for the dorsal stream in sen-

sorimotor integration and control. 

1.5.3 Role of the dorsal stream in speech perception 

Besides its originally proposed function in the processing of auditory space 

and motion (for review, see Rauschecker, 2007), the role of the dorsal auditory 

stream in subserving sensorimotor integration is now broadly accepted. It re-

mains debated, however, whether and under what conditions such integration 

might support speech perception (Cappa and Pulvermuller, 2012; Hickok, 

2012; Schwartz et al., 2012). Indeed, while primarily supporting speech pro-

duction and acquisition (for review, see Hickok et al., 2011), evidence has ac-

cumulated also for a sensorimotor nature of speech perception. For instance, a 

study applying concurrent magnetoencephalography (MEG) and EEG with 

Granger causation analyses found that activation in the posterior STG was 

influenced by activation in the dorsal PMC during perception of coarticulated 

speech (Gow and Segawa, 2009). An fMRI study demonstrated that the SMS, 

in particular the ventral PMC, was more strongly activated by non-native com-

pared to native phonemes, which was interpreted to be caused by the SMS 

iterating in order to find the best match for the unfamiliar acoustic input 
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among candidate phonemic categorizations (Callan et al., 2004; Wilson and 

Iacoboni, 2006). A similar process can be assumed in case of degraded native 

speech, as degraded compared to clear speech elicits enhanced responses in 

the SMS, including POp and PMC (e.g., Binder et al., 2004; Davis and 

Johnsrude, 2003; Zekveld et al., 2006). Relatedly, simultaneous MEG and 

EEG demonstrated that perceptual clarity of degraded speech was enhanced 

by prior knowledge of speech content and was associated with activity in the 

left POp that preceded activity changes in the STG, therefore suggesting that 

prior knowledge is integrated with speech inputs through top-down predic-

tions from the SMS to lower-level sensory cortex (Sohoglu et al., 2012).  

Using rTMS, Murakami et al. (2015) showed that disrupting the left posterior 

STS and TPJ increased phonological errors in an auditory word-to-picture 

matching task (i.e. choosing a word that differs in single phoneme) when the 

words were presented in medium-level noise (0 dB signal-to-noise ratio, SNR), 

and disrupting the left TPJ and POp increased phonological errors in high-

level noise (-6 dB SNR) as compared to disrupting a control region in the vis-

ual cortex. The same study also showed that disrupting dorsal PMC and POp 

simultaneously increased phonological errors compared to disrupting anterior 

STG (contrasted across +6, 0, -6 dB SNR levels), whereas disrupting anterior 

STG compared to dorsal PMC and POp increased only semantic errors (i.e. 

choosing a word that is semantically close but phonologically very different).  

An fMRI study where subjects had to identify a phoneme (/ba/, /ma/, /da/, 

or /ta/) under six different SNR levels (-12, -9, -6, -2, 8 dB, and no noise) re-

vealed that the left ventral PMC and POp exhibited effective phoneme catego-

rization when SNR ≥ -6 dB, whereas phoneme categorization in bilateral audi-

tory cortices was effective only when the noise was absent or extremely weak 

(SNR > 8 dB), therefore indicating that the SMS is able to more robustly cate-

gorize phonemes in noise than the auditory system (Du et al., 2014). Another 

recent study revealed a significant interaction in the response times between 
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word type (initial phoneme lip- vs. tongue-related) and the location of TMS to 

articulatory motor cortex (lip vs. tongue area) in a word-to-picture matching 

task even when the words were presented without any noise overlay, thus im-

plying a causal influence of the SMS on language comprehension also in noise-

less conditions (Schomers et al., 2014). Notably, as these effects seem to be 

present only when the stimuli are made ambiguous (e.g. by noise overlay) or 

when the behavioral measure is response time rather than perceptual accu-

racy, these studies, while clearly demonstrating a motor component in speech 

perception, do not justify an essential role for the SMS but rather support a 

view that it might be recruited to provide complementary motor information 

when acoustic information alone is insufficient for the auditory perceptual 

mechanisms to succeed.  

In explaining the varying recruitment of the SMS in speech perception, the 

Perception-for-Action-Control Theory (PACT) provides a computational com-

promise between auditory and motor processes by considering speech units to 

be neither purely auditory nor purely motor, but rather formed as a result of 

sensorimotor interaction processes in which the perceptual units are shaped 

both by sensory processing and motor knowledge of speech gestures (Schwartz 

et al., 2012). According to PACT, two main functions can be assigned to the 

dorsal stream in speech perception: first, the co-structuring of sensory and 

motor representations during language acquisition, and second, online calls to 

the SMS for complementing inadequate sensory information, for example, in 

case of noise or a foreign language. That is, complementing sensory inputs 

with articulatory information, PACT posits, following the internal forward 

model principle, that the role of the SMS is to "predict" sensory events and 

integrate them together for improved perception, with the level of motor con-

tribution varying as a function of perceptual task demands and external envi-

ronment (Sato et al., 2009).  
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To compare the roles of auditory and motor processes (or ventral and dorsal 

streams) in phonetic decoding, a computational model based on Bayesian pro-

gramming demonstrates that in perfect communication conditions (i.e. with-

out any kind of noise and with identical motor repertoires between the speaker 

and the listener), the two streams provide exactly the same information, there-

fore also implying that under such conditions the auditory and motor theories 

of speech perception are indistinguishable (Moulin-Frier et al., 2012). Interest-

ingly, when a low level of noise is introduced, the auditory-based (ventral 

stream) model performs better than the motor one, whereas for higher noise 

levels, the motor-based (dorsal stream) model prevails (cf. Du et al., 2014; 

Murakami et al., 2015). Nevertheless, a sensorimotor model that integrates 

auditory and motor processes always outperforms the purely auditory and 

motor models regardless of experimental conditions, indicating that optimal 

phonetic decoding involves complementary information from the ventral and 

dorsal streams. 

1.5.4 Role of attention in the dorsal stream recruitment 

An important open question regarding the engagement of the dorsal stream in 

speech perception is the role of attention. In the visual domain, the motor sys-

tem and attention has long ago been postulated to share an intimate and 

causal relationship (Rizzolatti et al., 1987). Recent evidence indicates that a 

close relationship might be shared between the motor and attention systems 

also in auditory speech perception. Indeed, Möttönen et al. (2014) showed that 

early (<100 ms) sensorimotor interactions during perception of speech sounds 

are dependent on attention. Further, these early interactions were left-

lateralized and articulator-specific in that e.g. attending lip-articulated "ba" 

sounds facilitated the interaction between the auditory cortex and the motor 

lip representation of the articulatory motor cortex. In contrast, when the 

sounds were ignored the sensorimotor interactions started later (~170 ms), 
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occurred between the left articulatory motor cortex and bilateral auditory cor-

tices, and were not articulator-specific.  

Interestingly, an MEG study found that while the early processing of pseu-

dowords was attention-dependent, the early lexical (word) processing was un-

affected by attentional demands (Shtyrov et al., 2010). In a related study 

where participants' attention was diverted from the stimuli, stronger activity 

was reported in the left ventral PMC for words than for pseudowords as early 

as 50–80 ms after the acoustic information required for word identification 

first became available (i.e. onset of the stimulus-final stop consonant in words 

with consonant-vowel-consonant structure) (MacGregor et al., 2012). The au-

thors explained this finding by the existence of pre-existing memory networks 

for meaningful words that are robust enough to be activated irrespective of 

attentional resources available. 

Considering the latency and articulator-specificity of the findings by Möt-

tönen et al. (2014) together with the known time course of speech perception 

(Salmelin, 2007), it can be hypothesized that the influence that the SMS exerts 

on phonetic categorization is dependent on attention. It is unclear, however, 

whether attention should be directed explicitly on the phonetic features of 

speech sounds (as was the case in Möttönen et al. 2014) for such early in-

volvement of the SMS in speech perception, or whether implicit attention to 

the sounds would be sufficient for a similar effect. In other words, it is not 

clear whether the early motor contribution to auditory speech perception oc-

curs when it is unnecessary for the task at hand. Previous studies using fMRI 

and listening tasks for which phoneme category information was irrelevant 

have reported categorical speech processing in areas within the SMS (Chevillet 

et al., 2013; Lee et al., 2012; Myers et al., 2009; see section 1.5.1); however, as 

the temporal resolution provided by fMRI does not allow for the dissociation 

between early and late (or perceptual and post-perceptual) processing, these 

studies fail to provide a satisfactory answer to the question. 
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Regarding the mechanism that could link the motor and attention systems in 

auditory speech perception, it has been postulated that the sensory expectation 

generated by a forward prediction (i.e. efference copy) could be understood as 

a selective attentional gain applied to the expected sensory features (Hickok et 

al., 2011). The forward predictions generated by the SMS could therefore func-

tion as top-down attentional modulation of the auditory system, which would 

be useful when e.g. perceiving speech in noisy conditions. 

1.6 Oscillatory brain activity 

Synchronized activity of neuronal populations give rise to oscillations (i.e. 

rhythmic activity patterns) that can be measured with MEG. These oscillations 

can be quantified in their amplitude, frequency, and phase. The amplitude of 

the oscillations results from changes in the synchronization (i.e. number of 

firing neurons) within a neuronal population. The oscillatory brain activity has 

been assigned to specific frequency bands: delta (0.5–4 Hz), theta (4–8 Hz), 

alpha (8–12 Hz), beta (12–30 Hz), and gamma (> 30 Hz) (for review, see 

Buzsaki, 2006).  

Neural oscillations have been associated with many cognitive functions such 

as perception (Eckhorn et al., 1988; Gail et al., 2004; Herrmann et al., 2016; 

Revonsuo et al., 1997; Singer and Gray, 1995; Strauss et al., 2015), attention 

(Fries et al., 2001; Womelsdorf and Fries, 2007), and memory (Jensen et al., 

2002; Klimesch, 1999). Even though the boundaries of the different frequency 

bands are arbitrarily drawn, certain generalizations can be made on the roles 

of different brain rhythms with respect to cognitive functions; for example, 

theta activity has been associated with memory encoding and retrieval (Jensen 

et al., 2002; Klimesch, 1999), alpha oscillations relate to attentional demands 

(Klimesch et al., 1998; Womelsdorf and Fries, 2007), and beta oscillations are 

linked to the sensorimotor system (Jensen et al., 2005). Gamma-band oscilla-

tions, on the other hand, have been associated with various cognitive func-
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tions, including the ones mentioned above (Herrmann et al., 2004; Jensen et 

al., 2007). A recent study revealed that identification of auditory words em-

bedded in noise depend on the phase of alpha-band oscillations both relative 

to the stimulus onset (in a prestimulus time window) as well as during a later 

peristimulus time window (~500 ms), likely reflecting perceptual/sensory 

processes and post-perceptual/decisional processes, respectively (Strauss et 

al., 2015). 

Furthermore, it has been hypothesized that communication among anatomi-

cally distributed neuronal groups could be enabled by phase correlation of 

oscillations (Fries, 2005; Singer, 2009; Varela et al., 2001). Previous MEG and 

EEG studies have revealed that the level of inter-areal phase synchrony within 

the alpha, beta, and gamma frequency bands correlates with various percep-

tual, attention, and working memory task performances (Hipp et al., 2011; 

Huang et al., 2014; Kujala et al., 2007; Kveraga et al., 2011; Palva et al., 

2010a), therefore supporting the hypothesis that coordinated operation be-

tween task-relevant brain regions is reflected as strengthened oscillatory phase 

synchrony (for review, see Palva and Palva, 2012). 

1.7 Stimulus-specific adaptation 

Stimulus-specific adaptation (SSA) refers to the change in the responsiveness 

of neurons to a constant or repeated stimulus (for review, see Grill-Spector et 

al., 2006). Therefore, when aiming to infer neural tuning properties within a 

cortical area rather than examining differences in the strength or location of a 

brain response, it might be of interest to employ an SSA paradigm. For exam-

ple, if two stimuli - an adaptor and a probe - are presented in succession dur-

ing each trial, the assumption can be made that the change in the response 

between the adaptor and probe reflects the level of overlap of the neural popu-

lations that the two stimuli activate. That is, when the adaptor and probe are 

identical, the response attenuation is maximal. Thus, by varying the similarity 
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of the adaptor and probe along a dimension of interest, and by comparing the 

response change between different adaptor-probe pairs, the SSA paradigm 

allows to dissociate whether a brain region is selective to qualitative or quanti-

tative characteristics of a stimulus (e.g. categorical vs. continuous representa-

tions of speech sounds). 
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2. Aim of the current research 

The overall aim of this thesis is to investigate whether sensorimotor integra-

tion, postulated to be mediated by the dorsal auditory stream, contributes to 

the perceptual categorization of incoming speech sounds, and if so, under what 

conditions. In investigating this, it is crucial to employ brain imaging methods 

with high temporal resolution that allow the distinction between perceptual 

and post-perceptual processes as previous findings of the involvement of the 

SMS during speech perception tasks have been largely accounted for by post-

perceptual processes, such as response selection or decision making (Hickok, 

2010).  

Study I measured activity within dorsal stream areas to test whether 1) sen-

sorimotor integration takes place during the early stages of speech perception 

(<200 ms after sound onset), 2) lower SNR of the speech signal increases the 

motor contribution in this interaction, and 3) the motor contribution corre-

lates with behavioral categorization of speech sounds. We predicted that en-

gagement in a sensorimotor task, involving repetition of the presented sound, 

subsequent to perception enhances activity in dorsal stream areas as compared 

to passive listening to the same sound, with further enhancement during per-

ception of syllables embedded in noise as compared to clear sounds. Most im-

portantly, we expected the early activation (<200 ms) in the SMS to correlate 

positively with behavioral phoneme categorization. 

Study II elaborated Study I by investigating the connectivity (i.e. neural syn-

chrony) between brain areas to better test a hypothesis that reciprocal audi-

tory-to-motor and motor-to-auditory projections during perception mediate 
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the categorization of speech sounds. Consistent with Study I, we predicted that 

the neural synchrony between auditory and motor areas within 200 ms after 

sound onset is 1) enhanced when the participants are engaged in the sensori-

motor task compared to passive listening, 2) enhanced when the sounds are 

masked by acoustic noise compared to clear speech, and 3) positively corre-

lated with behavioral phoneme categorization. 

Finally, Study III examined the cortical location and attention-dependence of 

categorical speech sound representations. We expected speech sounds to be 

categorically represented within the SMS with a latency compatible with the 

known speed of perceptual phonetic categorization (<150 ms after sound on-

set) (Salmelin, 2007). We further hypothesized that such categorical represen-

tations depend on attention to the auditory input. 

Results in line with these hypotheses would 1) argue against the view that 

speech perception is determined solely based on auditory perceptual mecha-

nisms without any motor contribution and 2) support the internal model ap-

proaches, such as PACT, according to which objects of speech perception are 

neither auditory nor motor but rather formed through sensorimotor integra-

tion processes wherein sensory percepts are regularized by articulatory knowl-

edge that compensates for inadequate bottom-up sensory information. 
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3. Methods 

3.1 Magnetoencephalography (MEG) 

MEG measures the magnetic fields generated by electrical activity in the brain 

with sensors positioned over the head. It allows for the direct and non-invasive 

examination of brain function with a millisecond time resolution and high spa-

tial localization accuracy (~5 millimeters) for cortical sources (for review, see 

Hämäläinen et al., 1993). As the cortically-induced magnetic fields are ex-

tremely weak (several orders of magnitude smaller than the magnetic back-

ground noise in a typical environment), the recordings must be conducted in a 

magnetically shielded room with highly sensitive, liquid-helium-cooled super-

conducting quantum interference device (SQUID) sensors. Further, a large 

numbers (~50 000) of synchronously-active, parallelly-oriented neurons are 

required for a detectable magnetic field (Hämäläinen et al., 1993; Murakami 

and Okada, 2006). Such conditions are met by the slow post-synaptic poten-

tials in the apical dendrites of pyramidal neurons, which are aligned parallelly 

to each other and active for ~10 ms after synaptic input (as opposed to ~1 ms 

for action potentials), thus allowing for the summation of currents 

(Hämäläinen et al., 1993). Given that MEG is selectively sensitive to magnetic 

fields produced by current sources oriented tangentially with respect to the 

head surface (according to the right-hand rule of electromagnetism) and that 

pyramidal neurons tend to be perpendicular to the cortical surface, the strong-

est contribution to the MEG signal therefore comes from sources located in the 

walls of the sulci where the orientation of the pyramidal neurons is tangential 

to the head surface (Figure 4). 
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Figure 4: Schematic illustration of the origin of MEG signal. 

 

The advantages that MEG provides over other non-invasive brain research 

methods makes it particularly useful for studying the dynamic and transient 

neural processes underlying many cognitive functions, such as speech percep-

tion. That is, as MEG measures neural activity directly (as opposed to indi-

rectly measuring the neural activity based on e.g. changes in blood flow as with 

fMRI), it captures the temporal cascade of neural processes with millisecond 

precision (Hämäläinen et al., 1993). Compared to EEG, which has similar 

temporal precision, MEG offers better spatial resolution for sources as the dif-

ferent electric conductivities of brain tissue, cerebrospinal fluid, skull, and 

scalp distort the electric potentials measured by EEG, yet affect the magnetic 

fields measured by MEG to a considerably lesser extent. Consequently, the 

source modeling of the MEG signals is less problematic than that of EEG sig-

nals.  

3.1.1 Source modeling 

A fundamental challenge in MEG data analysis is determining the location of 

electrical brain activity based on the induced magnetic fields measured outside 

the head. This challenge, referred to as inverse problem, is characterized by 
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the estimation of unknown parameters from indirect measurements of the 

parameters. An example of an inverse problem is reconstructing a visual object 

from its shadow. Since no unique solution is available for inverse problems 

(e.g. MEG signals can be accounted for by an infinite number of activity pat-

terns in the brain), additional modeling constraints are typically used for im-

proved localization reliability. For example, MRI-acquired individual anatomi-

cal information can be utilized in MEG source localization to constrain the 

sources to the cortical mantle with perpendicular orientations to the cortical 

surface (Dale and Sereno, 1993). 

Source models can be either over- or under-determined. In over-determined 

models, the number of unknown source dipoles is less than the number of 

measurement sensors, while the opposite holds for under-determined models. 

A commonly used over-determined source modeling method involves calculat-

ing one or a few equivalent current dipoles (ECDs) whose locations are esti-

mated from the measured data. The ECD approach assumes the underlying 

neuronal sources to be focal by estimating the center of gravity of the brain 

activity, which in case of complex cognitive functions involving large-scale 

networks of brain areas might lead to compromised localization of neural 

sources. A more suitable localization approach during complex cognitive op-

erations might therefore be provided by distributed source models, such as 

minimum-norm estimates (MNEs; Hämäläinen and Ilmoniemi, 1994). The 

MNE approach provides an under-determined solution to the inverse problem 

involving a large number of dipoles (~7000) with fixed locations whose ampli-

tudes are determined from the MEG data by minimizing both (1) the differ-

ence between the model and the data as well as (2) the amplitude of each cur-

rent dipole. 
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3.2 Evoked responses 

Since the brain response to a single event is too weak to be detected from the 

raw MEG data, the event type of interest (e.g. an auditory syllable) is typically 

repeated many times during a measurement session. The time window of in-

terest is then averaged over the trials to cancel out the ongoing background 

neural activity that is not time-locked to the event, thus improving the SNR of 

the response to the event. The noise is reduced as 1/√N, where N is the num-

ber of averaged trials, which with a common single-trial SNR of ~1 means that 

100 averaged trials yields an SNR increase by factor of 10  (Hansen et al., 

2010). Trials contaminated with artifacts, such as eye blinks and movements, 

should be excluded from the average. The obtained averaged evoked response 

is typically measured with respect to a pre-stimulus baseline. 

3.3 Phase synchronization of oscillatory brain activity 

To measure the phase synchrony between two signals, first step is to deter-

mine their instantaneous phases at any given time and frequency. This is 

commonly done by using either the analytical signal approach with Hilbert 

transform (Gabor, 1946) or convolution with complex wavelet (Lachaux et al., 

1999; Tallon-Baudry et al., 1996). Various metrics can then be used to quantify 

the level of synchrony, such as the phase-locking value (Lachaux et al., 1999), 

imaginary part of coherency (Nolte et al., 2004), and weighted phase lag index 

(Vinck et al., 2011). Values given by these metrics typically range from 0 to 1, 

with 0 indicating randomly distributed, uncorrelated phase differences (i.e. no 

phase synchronization), while 1 indicates that the phase difference between the 

two signals is constant across trials (i.e. perfect phase synchronization). For 

testing the significance of the quantified phase synchrony, the obtained values 

are commonly tested against respective values calculated from surrogate data 

(i.e. artificially generated data sharing the statistical properties with the origi-

nal data except the property of interest) (Lachaux et al., 1999). 
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Phase synchrony analyses of MEG data can be done at sensor- or at source-

level. However, some of the fundamental challenges in electrophysiological 

connectivity analyses, such as the artificial synchrony between nearby sources 

caused by linear mixing of signals, can be reduced by source modeling (for 

review, see Palva and Palva, 2012). For instance, cortically-constrained MNEs 

have been successfully applied in previous studies to examine the inter-areal 

phase synchrony associated with various perceptual and working memory 

tasks (David et al., 2002; Kveraga et al., 2011; Palva et al., 2010a; Palva et al., 

2010b). Artificial synchrony can also be attenuated through the use of syn-

chronization metrics that detect only lagged (i.e. non-zero phase lag) syn-

chrony while suppressing zero-phase-lag synchrony. This is based on the ra-

tionale that as linear mixing of signals is always instantaneous, a non-zero 

phase lag between two time courses cannot be caused by linear mixing but is 

rather caused by actual communication between brain areas through a physi-

cal medium, which is bound to have a delay. Such metrics include the imagi-

nary coherence (Nolte et al., 2004) and weighted phase lag index (WPLI; 

Vinck et al., 2011). Another source of false positives in electrophysiological 

connectivity analyses is the phase resetting of ongoing activity by evoked re-

sponses. This can be controlled for with the surrogate data approach (Lachaux 

et al., 1999), which involves shuffling of the trials independently with respect 

to each sensor or cortical source location. 

3.3.1 Direction of information flow 

Although phase synchrony analysis can identify a functional connection (i.e. 

temporal correlation) between time series, it does not indicate causality (i.e. 

whether one time series is driving the other). Such effective connectivity can 

be estimated with, for example, structural equation modeling (SEM; Kline, 

2011; Penny et al., 2004) and the phase-slope index (PSI; Nolte et al., 2008).  
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SEM uses a combination of confirmatory factor analysis (Jöreskog, 1967), 

path analysis (Wright, 1921), and regression analysis (Fisher, 1922; Pearson et 

al., 1903; Yule, 1897) to estimate causal relationships among variables by 

minimizing the difference between the covariance of the data and the covari-

ance implied by an a priori structural or path model. In neural systems, the 

covariance of the data refers to how the activities in two or more brain regions 

are related. In terms of brain activity, the obtained path coefficients quantify 

the expected activity change in one region caused by a unit change in another 

region. The overall goodness-of-fit of the model to the data can be assessed 

with several indices, including comparative fit index (Bentler, 1990) and root 

mean square error of approximation (RMSEA; Steiger, 1990). Since an a pri-

ori path model must be defined, SEM constitutes a theory-driven, confirma-

tory tool for assessing effective connectivity. 

PSI provides an alternative measure to assess effective connectivity. It draws 

from the rationale that the cause must precede the effect and that interaction 

through physical medium must have a certain time delay. It is based on the 

notions that the imaginary part of coherency/cross-spectrum is insensitive to 

false connectivity caused by volume conduction (Nolte et al., 2004) and that 

the direction of information flow can be derived from the slope of phase of the 

cross-spectrum. That is, assuming that the speed at which waves of different 

frequency travel is similar, the phase difference between the sender and re-

ceiver increases with frequency, resulting in a positive slope of the phase of 

cross spectrum. PSI therefore provides a robust measure of effective connec-

tivity that is insensitive to common challenges in MEG connectivity analyses, 

such as low SNR and signal mixing due to volume conduction. Further, since 

PSI is a signed quantity, indicating both the connectivity strength as well as 

the direction of information flow, the null hypothesis in statistical testing is 

simply that the values are drawn from a zero-mean distribution (Haufe et al., 

2013).  
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4. Summaries of the studies 

4.1 Study I: Evoked response analysis of sensorimotor integra-
tion in speech perception  

4.1.1 Aim of the study 

The study aimed at revealing how the perceptual processes are modulated 1) 

by a sensorimotor task, involving the identification and repetition of a speech 

sound, compared to passive listening to the same sound and 2) by perception 

of a noisy (low-SNR) compared to intact speech sound. Specifically, the hy-

potheses were that the evoked activity within brain areas implicated as part of 

the dorsal auditory stream would increase while one is engaged in a sensori-

motor task vs. passive listening and during perception of noisy vs. intact 

sounds. Further, we aimed to disclose whether the accuracy with which noisy 

speech sounds are identified correlates with the activity of any of the dorsal-

stream areas. 

4.1.2 Materials and methods 

MEG was recorded while twenty healthy volunteers with normal hearing lis-

tened to speech sounds (/pa/ and /ta/), presented with and without acoustic 

noise overlay, in four conditions: passive listening, covert repetition, overt 

repetition, and overt imitation. In the passive listening condition, the subjects 

were asked only to maintain their gaze on a fixation cross while listening to the 

syllables. In the overt repetition condition, the task was to perceive the syllable 

first, wait for a visual cue, and then overtly repeat the syllable with one's own 

natural voice. The task in the covert repetition condition was otherwise simi-

lar, except to take place covertly without any articulatory movements or sound 
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production. In the overt imitation condition, the subjects were asked to imi-

tate voice pitch of the stimulation while overtly repeating the syllable. Figure 

5 illustrates the experimental design. 

Sources of the measured magnetic fields were first modeled by fitting a single 

ECD at the individually determined peak latencies of the N100m response us-

ing a subset of 34 planar gradiometers over the left and right hemisphere tem-

poral areas. Additionally, the source current distribution was estimated by 

computing cortically-constrained MNEs. MNE time courses were extracted 

from six anatomical regions of interest (ROIs) per hemisphere: Heschl's gyrus 

(HG), planum temporale (PT), pars opercularis of the inferior frontal gyrus 

(POp), premotor cortex (PMC), supramarginal gyrus (SMG), and angular 

gyrus (AG). Dynamic statistical parametric maps (dSPM) were used as func-

tional constraints to reveal the subregions within these ROIs where the MNE 

activity exceeded the noise level. In the statistical analyses, the covert repeti-

tion condition was compared to passive listening condition, as neither re-

quired overt reproduction of the presented sound and therefore precluded the 

possibility that hearing one's own voice could confound the comparison. The 

overt imitation task, requiring an accurate tracking of all the acoustic-phonetic 

details, was expected to further increase the activity in the dorsal stream areas 

as compared to the overt repetition task. 

MEG data were acquired with a whole-head 306-channel neu-

romagnetometer (VectorView, Elekta-Neuromag, Finland) of the MEG Core of 

Aalto NeuroImaging infrastructure at Aalto University. The device was situ-

ated in a magnetically shielded room, with a three-layer μ-metal and alumin-

ium cover to attenuate effects of outside magnetic fields, and an additional 

active noise-cancelation system. The MRIs were gathered with a General Elec-

tric Signa 3-tesla MRI scanner (GE Healthcare Ltd., Chalfront St Giles, UK) of 

the AMI Centre of Aalto NeuroImaging infrastructure at Aalto University. 
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Figure 5: Experimental procedure used in Studies I and II. 

4.1.3 Results 

Compared to passive listening, left-hemispheric N100m ECD responses were 

amplified and shifted posteriorly when perception was followed by covert 

repetition. Cortically-constrained MNEs showed amplified left SMG and AG 

responses in the covert repetition compared to passive listening condition at 

~100 ms after sound onset. Compared to passive listening, responses at ~200 

ms were amplified in the covert repetition condition in the left PMC, with 

stronger enhancement in case of noisy sounds (Figure 6). Behavioral pho-

netic categorization, measured as the identification accuracy of noisy syllables, 

correlated with the left PMC responses at ~100 ms. Against our expectations, 

stronger activity was not found in the overt imitation compared to overt repe-

tition condition. However, the magnitude of individual voice pitch change be-

tween overt repetition and imitation correlated with left PMC responses at 

~200 ms after sound onset. 

 

 

Figure 6: Evoked responses to intact and noisy speech sounds in the passive listening, covert 
repetition, overt repetition, and overt imitation conditions (modified from Study I). Error bars 
indicate standard error of the mean. Asterisks indicate significant differences (*p<0.05, 
***p<0.001). 
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4.1.4 Conclusions 

The results argue that sensorimotor integration takes place within 200 ms 

after sound onset during speech perception, the level being higher when the 

SNR of the speech signal is lower. Moreover, the motor component in this sen-

sorimotor integration correlated with speech sound categorization accuracy. 

Taken together, the results from Study I suggest that the dorsal-stream medi-

ated integration of auditory and motor information facilitates the categoriza-

tion of incoming speech sounds. 

4.2 Study II: Connectivity analysis of sensorimotor integration in 
speech perception 

4.2.1 Aim of the study 

In Study II, we tested whether the functional connectivity between auditory 

and motor areas show a pattern that would support the hypothesis made based 

on the results from Study I that sensorimotor integration mediates phonetic 

categorization. That is, we expected that the functional connectivity strength 

between auditory and motor areas within 200 ms after sound onset is (1) en-

hanced when one is engaged in an active sensorimotor task compared to pas-

sive listening; (2) enhanced when the sounds are masked by acoustic noise 

compared to intact speech; and (3) positively correlated with behavioral pho-

netic categorization. 

4.2.2 Materials and methods 

The subjects, stimuli and experimental design were the same as in Study I 

(Figure 5). However, only the passive listening and overt repetition condi-

tions were included in the analyses of Study II. Inter-areal phase synchrony of 

the source data was investigated between ROIs. Five large anatomical regions 

(Destrieux et al., 2010) per hemisphere were first selected on the basis of our a 

priori hypothesis: AC (comprising the superior temporal gyrus and sulcus), 

TPJ (comprising supramarginal gyrus, angular gyrus, and planum temporale), 
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POp/ventral PMC (comprising the pars opercularis and the inferior part of the 

precentral sulcus), dorsal PMC (comprising the superior part of the precentral 

sulcus), and MC (comprising the central sulcus). Functional constraints were 

then applied to these anatomical regions by selecting the subregions where the 

group-average dSPM values exceeded a threshold value of 4 (F-statistic) at any 

time between 50 and 200 ms.  

Single-trial raw (0.03–200 Hz) MNE currents from −200 to +500 ms were 

baseline corrected (with respect to the 200 ms prestimulus period), averaged 

over the source locations to obtain a time course for each ROI, and submitted 

to the phase synchrony analysis. Phase synchrony between ROIs was esti-

mated by computing a WPLI (Vinck et al., 2011) across trials for every time 

and frequency point. The WPLIs were obtained by first filtering the ROI time 

courses with a continuous Morlet wavelet transform into 25 center frequencies 

from 8–80 Hz with 3 Hz steps. Additionally, directionality of information flow 

was estimated for the significant functional connections with SEM (Penny et 

al., 2004). 

4.2.3 Results 

Figure 7 shows the effect of stimulus type and condition on inter-areal phase 

synchrony. Compared to passive listening, engagement in the sensorimotor 

task enhanced connectivity within 200 ms after sound onset bilaterally be-

tween TPJ and ventral PMC, with the left-hemisphere connection showing 

directionality from ventral PMC to TPJ. Passive listening to noisy speech elic-

ited stronger connectivity than intact speech between left AC and ventral PMC 

at ~100 ms, and between left TPJ and dorsal PMC at ~200 ms. Information 

flow was estimated from AC to ventral PMC and from dorsal PMC to TPJ. 

Connectivity strength among the left AC, ventral PMC, and TPJ correlated 

positively with the identification of noisy speech sounds within 150 ms after 
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sound onset, with information flowing from AC to TPJ, from AC to ventral 

PMC, and from ventral PMC to TPJ (Figure 8). 

 

 

Figure 7: Effect of stimulus type and condition on inter-areal phase synchrony (modified from 
Study II). (A) Stronger synchrony in response to noisy compared to intact stimulus type. (B) 
Stronger synchrony during perception in the sensorimotor task compared to passive listening. 
(C) Stimulus type x condition interaction and results from a post hoc t-test showing differences 
between conditions and stimulus types at the time-frequency point of strongest interaction. The 
arrows indicate SEM-derived directionality effects. Asterisks indicate significant differences (*p < 
0.05, **p < 0.01, ***p < 0.001, uncorrected). Error bars indicate standard error of the mean. 

4.2.4 Conclusions 

The results support the hypothesis made based on Study I that integration of 

auditory and motor information mediates the categorization of incoming 

speech sounds through reciprocal auditory-to-motor and motor-to-auditory 

projections. More specifically, the findings provide evidence for the function-

ing of forward and inverse mapping between auditory and motor cortices dur-

ing speech perception with a role for the left TPJ as an interface where the 

auditory signals are compared with the motor signals that resulted from the 

simulation of those auditory signals through the SMS. 
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Figure 8: Correlations between inter-areal phase synchrony and behavioral categorization 
(modified from Study II). Behavioral syllable identification scores plotted against neural phase 
synchrony strength (WPLI) at the time-frequency point of strongest correlation. The spearman 
rank correlation coefficients (r) and the corresponding p-value are denoted in each plot. The 
arrows indicate SEM-derived directionality estimate. AC, auditory cortex; MC, primary motor 
cortex; TPJ, temporoparietal junction; vPMC, ventral premotor cortex. 
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4.3 Study III: Localization of categorical speech representations 

4.3.1 Aim of the study 

The study aimed at revealing the cortical location, latency, and attention-

dependence of categorical speech sound representations. The following ques-

tions were addressed: Are categorical speech representations observed in 

speech-motor areas regardless of auditory attention? Is the latency of repre-

sentations compatible with the understanding that phonological categories are 

accessed ~150 ms after sound onset? Does neural selectivity underlying the 

categorical representations correlate with behavioral categorization? 

4.3.2 Materials and methods 

MEG and MRI data were acquired using the same devices as in Studies I and 

II. MEG was recorded while 18 healthy, right-handed volunteers were pre-

sented  with sounds from a phonetic continuum (/da/-/ga/). Two phonetic 

continua (male and female voice) were generated at 0.5% intervals between 

the /da/ and /ga/ prototypes. During the MEG recordings, the subjects per-

formed a listening task for which phoneme category information was irrele-

vant and, in a separate passive recording condition, were instructed to ignore 

the sounds while watching a film without soundtrack. Prior to brain imaging, 

the subjects completed a discrimination test to identify individual category 

boundaries. After brain imaging, the subjects were asked to categorize the 

auditory stimuli along both continua to confirm the location of their individual 

category boundary as well as to measure its sharpness. 

To infer neuronal stimulus selectivity, SSA paradigm was used. For each sub-

ject, four sounds along the continua were selected on an individual basis ac-

cording to the pre-imaging behavioral discrimination test. These sounds were 

combined into the following four adaptor-probe pairs defined by acoustic-

phonetic change and phoneme category change between the adaptor and the 

probe: 1) identical sounds (ID), 2) 33% acoustic-phonetic difference, same 
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category (33S), 3) 33% acoustic-phonetic difference, different category (33D), 

and 4) 67% acoustic-phonetic difference, different category (67D) (Figure 9). 

Thus, any difference in adaptation between 33S and 33D, which were equal-

ized with regard to acoustic-phonetic dissimilarity, can be attributed to an ex-

plicit representation of the phoneme categories. 

 

 

Figure 9: Examples of the auditory stimuli (displayed as spectrograms) and adaptor-probe pairs 
used in the MEG experiment (from Study III). The anchor points for mapping from one stimulus 
to the other are denoted with circles (o). The arrows show how the stimuli were paired to probe 
selectivity to acoustic-phonetic features and to phoneme categories: ID, identical sounds; 33S, 
33% acoustic-phonetic difference and same category; 33D, 33% acoustic-phonetic difference 
and different category; 67D, 67% acoustic-phonetic difference and different category. 

 

The MEG signal sources were modeled with cortically-constrained MNEs 

and the evoked responses were statistically analyzed with a nonparametric 

randomization test based on spatiotemporal clustering. To quantify the SSA 

effect, the adaptor-probe reduction rate R was defined for a 500-ms time win-

dow as R = [adaptor response - probe response] / adaptor response. For esti-

mating inter-areal connectivity, PSIs were calculated between any observed 

speech-selective cluster and all other cortical source locations and statistically 

analyzed with a nonparametric randomization test based on spatiotemporal 

clustering. 

4.3.3 Results 

Figure 10 shows the observed speech-selective clusters. Neural adaptation 

indicative of phoneme category selectivity was found only during the attentive 

condition in the left POp and aINS 115–140 ms after sound onset, with the 

degree of selectivity correlating with participants' ability to categorize the pho-
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netic stimuli. Selectivity to acoustic-phonetic features (without category-

boundary effects) was found in the left temporal lobe. An area just anterior to 

the auditory core (Heschl's gyrus) exhibited sharp acoustic-phonetic selectivity 

(i.e. release from adaptation for all except identical sounds) 235–275 ms after 

sound onset. However, similarly to the observed phoneme category selectivity, 

the effect was present only when the auditory input was attended. Broad 

acoustic-phonetic selectivity (i.e. release from adaptation only in 67D) was 

observed, regardless of attentional demands, in extensive lateral temporal lobe 

areas 300–400 ms after sound onset. 

 

 

Figure 10: Neural selectivity for phoneme category and acoustic-phonetic features (from Study 
III). The bar charts show the adaptor-probe reduction rates (i.e. adaptation) for the four adaptor-
probe pairs. The color coding indicates the temporal extent of the clusters, error bars indicate 
standard error of the mean, and asterisks indicate significant differences (*p<0.05, **p<0.01, 
***p<0.001). ID, identical sounds; 33S, same category with 33% acoustic-phonetic difference; 
33D, different category with 33% acoustic-phonetic difference; 67D, different category with 67% 
acoustic-phonetic difference. 

 

4.3.4 Conclusions 

The results identified categorical speech processing in the SMS (left POp and 

aINS) that was functionally connected with posterior auditory cortical areas. 

Further, as these phoneme-category specific responses had an early enough 
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latency to coincide with phonetic perception (115–140 ms) and were correlated 

with behavioral phonetic categorization, the findings strongly suggest that the 

SMS has a causal role in the categorization of incoming speech sounds. To-

gether, the results support the Studies I and II in implying that phoneme cate-

gory invariance arises from dorsal-stream-mediated integration of auditory 

and motor information. As an additional novel result, the category-specific 

speech representations in the SMS were found to depend on auditory atten-

tion. 
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5. Discussion 

The studies presented in this thesis elucidate the role of the SMS (in particular 

the left PMC and POp) in speech perception. Study I revealed that activity 

within the left PMC increased during perception (i.e. within 200 ms after on-

set) of a sound when the perceiver was engaged in a sensorimotor task involv-

ing repetition of the sound compared to passively listening to the same sound. 

Decreased SNR of the sound further enhanced the activity in the PMC during 

perception. The PMC activity correlated with behavioral categorization of the 

low-SNR (noisy) sounds. Study II extended the results from Study I by show-

ing functional connectivity patterns compatible with a hypothesis that sen-

sorimotor loops between auditory and motor cortices contribute to the disam-

biguation of speech sounds. Finally, Study III revealed early-latency (115–140 

ms) categorical phoneme representations in a left-hemisphere area including 

the left POp and aINS. These category-specific responses correlated with be-

havioral phonetic categorization, had a latency compatible with the known 

speed of perceptual phonetic categorization, and were functionally connected 

to the left posterior auditory cortical areas.  

Taken together, the studies presented in this thesis suggest that the SMS, 

particularly the left POp and PMC, mediate phonetic categorization through 

integration of auditory and motor information via the dorsal auditory stream. 

In doing so, the present work argues against the account that speech is per-

ceived based on purely auditory perceptual mechanisms without any motor 

contribution and, by contrast, support the view that the speech perception is a 

sensorimotor process. 
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5.1 Sensorimotor integration in speech perception along the dor-
sal auditory stream 

Study I revealed enhanced responses in the left TPJ (specifically in the SMG 

and AG) at ~100 ms after speech sound onset when the participants were en-

gaged in a sensorimotor task involving the categorization and repetition of 

speech sounds compared to passive listening to the same sounds. Similarly, 

the left PMC responses at ~200 ms were amplified in the sensorimotor task vs. 

passive listening. These findings likely reflect sensorimotor integration along 

the dorsal auditory stream as both TPJ and PMC are considered key regions of 

the dorsal stream (Rauschecker, 2011; Rauschecker and Scott, 2009). Impor-

tantly, the early latency strongly argues against the possibility that the re-

sponse enhancements in the sensorimotor task could be explained by speech 

preparation (e.g. mental rehearsal) while waiting for the visual cue to repeat 

the sound. 

In Study I, we also hypothesized that early responses in the SMS would be 

enhanced when repetition of the presented speech sound (with one's own 

natural voice) is replaced by imitative repetition (i.e. repetition of the sound 

with the voice pitch of the stimulus sound); however, no such effects were ob-

served. This hypothesis was derived from the DIVA model (Directions Into 

Velocities of Articulators), according to which additional involvement of the 

speech sound map (hypothesized to reside in left ventral PMC/POp) is re-

quired for "unusual" production, such as imitation, that necessitates more ac-

curate tracking of phonetic details (Guenther et al., 2006). The lack of differ-

ence between these two conditions could be explained by the variability in the 

participants' task performance, especially as a positive correlation was found 

between the magnitude of voice pitch change from natural to imitative repeti-

tion and the response amplitudes in the left PMC at ~200 ms. 
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Results from Study II further solidified the conclusion on the dorsal-stream-

mediated sensorimotor integration during speech perception as engaging in 

the sensorimotor task vs. passive listening enhanced functional connectivity 

between TPJ and ventral PMC/POp within 200 ms after sound onset. To-

gether, Studies I and II presented here provide evidence that interaction be-

tween auditory and motor areas during a speech perception task occurs early 

enough to contribute to the perceptual processes rather than influencing the 

speech perception task through post-perceptual, decisional processes. 

5.2 SMS facilitates phonetic categorization 

Study I also revealed that the left PMC responses at ~100 ms after sound onset 

were positively correlated with behavioral speech sound categorization, sug-

gesting that the sensorimotor integration along the dorsal stream mediates 

phonetic categorization. Study II added support for this interpretation by 

showing that functional connectivity strength among the left AC, ventral 

PMC/POp, and TPJ correlated with the behavioral categorization within 150 

ms after sound onset. As the direction of information flow among these con-

nections was estimated from AC to TPJ, from AC to ventral PMC/POp, and 

from ventral PMC/POp to TPJ, these results argue for the existence of recipro-

cal auditory-to-motor feedforward and motor-to-auditory feedback connec-

tions during speech perception, the purpose of which are presumably the 

simulation of the incoming speech sound through the articulatory-motor sys-

tem and the constraint of its acoustic-phonetic interpretation into discrete 

categories. 

Study III corroborated the existence of such a mechanism by providing evi-

dence that speech sounds are categorically represented in the left POp. Impor-

tantly, these category-specific representations were activated at early latencies 

(115–140 ms) compatible with the known speed of perceptual phonetic catego-

rization (Salmelin, 2007). These representations also correlated with the par-
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ticipants' ability to categorize the phonetic stimuli and showed concurrent 

functional connectivity with the left posterior auditory cortical areas. 

Taken together, even though the strong version of the motor theory of speech 

perception (Liberman et al., 1967; Liberman and Mattingly, 1985) is untenable 

in light of empirical evidence (for reviews, see Hickok, 2009a; Lotto et al., 

2009), the studies presented in this thesis argue against the account that 

speech perception relies on purely auditory (or sensory) perceptual mecha-

nisms and support the view that the SMS, in particular the left PMC and POp, 

facilitate speech sound categorization through integration of auditory and mo-

tor information via the dorsal auditory stream (Bornkessel-Schlesewsky et al., 

2015; Callan et al., 2004; Davis and Johnsrude, 2007; Pulvermüller and 

Fadiga, 2010; Rauschecker, 2011; Rauschecker and Scott, 2009; Schwartz et 

al., 2012; Wilson and Iacoboni, 2006). Such a simulation mechanism can be 

described in terms of an internal model for motor control (Wolpert et al., 

1995) whereby the acoustic speech activates articulatory-motor representa-

tions, generates a forward prediction containing information of the sensory 

consequences of realizing those motor commands, and matches them with the 

acoustic-phonetic representations in the temporal cortex for improved percep-

tion.  

It is likely that the contribution of the SMS is less significant in naturalistic 

speech perception conditions where more robust contextual information (e.g. 

syntactic and semantic) is available. Nevertheless, a recent TMS study demon-

strated a causal influence of the SMS also on the comprehension of meaningful 

words (Schomers et al., 2014). Another open question is whether all phonemes 

are represented in the motor areas or whether the present findings apply ex-

clusively to consonants (or consonant-vowel syllables) for which fine differ-

ences in articulation are especially important (for review, see Rauschecker and 

Scott, 2016). Indeed, regions of the anterior STG/STS have exhibited selectiv-

ity for vowels (Obleser et al., 2006; Obleser et al., 2007), raising the possibility 
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that vowels and consonants are represented in ventral and dorsal stream ar-

eas, respectively. 

5.3 Motor contribution to speech perception depends on auditory 
attention 

It has been argued that the influence of the SMS to speech perception is lim-

ited to adverse listening conditions (Du et al., 2014; Osnes et al., 2011), tasks 

that involve executive functions, such as holding information in working 

memory and deciding between response alternatives (Hickok and Poeppel, 

2007), and to the learning of new sound categories (Liebenthal et al., 2010). It 

is worth noting, however, that everyday life situations usually involve some 

degree of adversity due to factors such as background noise, accented or con-

versational speech, receiver's incomplete language model, or cognitive load 

(for review, see Mattys et al., 2012), therefore necessitating the involvement of 

a wider range of processes than those captured in laboratory-controlled opti-

mal listening conditions. 

Results of Studies I and II presented here clearly showed that the engage-

ment in a sensorimotor task, requiring the categorization and repetition of 

speech sounds, increased the involvement of the SMS, and more generally the 

dorsal auditory stream, during the early perceptual processing of the sounds as 

compared to passive listening to the same sounds. This involvement was even 

more pronounced when the sounds were made ambiguous by reducing their 

SNR, thus supporting the elevated importance of the SMS under adverse lis-

tening conditions (e.g. Du et al., 2014; Osnes et al., 2011). As the involvement 

of the SMS correlated with behavioral speech sound categorization, these re-

sults suggested that the dorsal stream is recruited in a task-dependent manner 

to support speech categorization, yet left open the question whether this con-

tribution occurs automatically (i.e. also when unnecessary for the task at hand 

and independently of auditory attention).  
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In answering this question, Study III demonstrated that the SMS processed 

speech sounds categorically when the subjects were performing a non-

phonetic dichotic listening task (see also Chevillet et al., 2013), but not when 

the subjects were watching a silent film and instructed to ignore the sounds, 

therefore suggesting that the task-dependence of the motor contribution could 

be explained by the allocation of auditory attention. Importantly, the atten-

tion-demanding task in Study III, while requiring auditory attention, effec-

tively distracted attention from the phoneme-category information, therefore 

arguing against the possibility that general executive functions (e.g. deciding 

between response alternatives) could explain the motor contribution. Behav-

ioral results from Study III further support this notion, indicating no differ-

ence in the hit rates or response times between the within-category and across-

category sound pairs (that were contrasted to infer phoneme category selectiv-

ity). That is, had the subjects been performing phonetic categorization or dis-

crimination in addition to performing the non-phonetic dichotic listening task, 

it would be expected to see a difference in the task performance between the 

within-category and across-category sound pairs (surmising that within-

category discrimination is more difficult). Relatedly, it has been revealed that 

response bias, a possible confound in experiments with discrimination tasks, 

cannot explain the involvement of motor areas during speech perception 

(Smalle et al., 2014). Another potential concern when interpreting the results 

of Study III arises from SSA, which has been shown to be dependent on the 

statistical context (i.e. probability of particular stimuli in the paradigm) 

(Herrmann et al., 2015). To account for this confound, the number of presen-

tations of the four stimuli in the experiment was equalized. 

A recent study demonstrated a causal motor influence to auditory processing 

of speech sounds even when auditory attention was not required by the task 

(Möttönen et al., 2013). In that study, TMS-induced disruption of the articula-

tory motor cortex, but not of the hand motor cortex, suppressed the mismatch 
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negativity response (MMN; generated in the auditory cortex 100–200 ms after 

stimulus onset; for review, see Näätänen et al., 2001) elicited by changes in 

speech sounds, but not piano tones, while subjects watched a silent film and 

were instructed to ignore the sounds. This finding suggests that the articula-

tory motor system contributes to the discrimination of speech sounds auto-

matically (i.e. without the sound being in the focus of attention). A following 

TMS-MEG study from the same group showed that when speech sounds were 

ignored (while watching a silent film), the TMS-induced disruption of the ar-

ticulatory motor cortex modulated bilateral auditory cortex responses starting 

~170 ms after sound onset. However, when the speech sounds were attended 

(while performing a monitoring task), the TMS-induced disruption modulated 

the auditory cortex responses in an articulator-specific manner (i.e. disruption 

of the motor lip representation modulated specifically the responses to lip-

articulated speech sounds), with the effect being left-lateralized and occurring 

earlier, 60–100 ms after sound onset (Möttönen et al., 2014). 

Taken together, the SMS appears to be contributing to the categorization of 

speech sounds even in the absence of explicit attention to the sounds, yet when 

attention is directed to the sounds this motor influence becomes more refined 

and rapid. Importantly, explicit attention is not required on the phoneme cate-

gory information of the sounds for the motor influence on phonetic categoriza-

tion to take place, indicating that the involvement of the SMS cannot be ex-

plained by general executive functions (e.g. deciding between response alter-

natives). Rather, the evidence supports the view that an internal model based 

on sensorimotor integration is recruited to complement the bottom-up sensory 

representations in a top-down manner, which would be particularly useful in 

adverse listening conditions or when discriminating between highly similar 

speech sounds. However, further research is required to explain the exact 

mechanism through which the motor system exerts influence on the auditory 

processing of speech. The observed attention-dependence of the motor contri-
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bution to speech perception could possibly be accounted for by an "atten-

tional" mechanism whereby feedback connections originating in premotor 

areas modulate the sensory system in a top-down manner through sharpening 

its perceptual acuity to the expected stimulus features thereby resulting in the 

disambiguation of phonetic information (Hickok et al., 2011; Pulvermüller and 

Fadiga, 2010).  
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6. Conclusions 

The studies of this thesis show that the SMS facilitates the categorization of 

phonemes during speech perception. This likely occurs through sensorimotor 

processing, mediated by the dorsal auditory stream, whereby the auditory in-

puts are integrated to their related motor articulations, which serves to con-

strain the acoustic-phonetic interpretation of speech sounds into discrete cate-

gories. Such motor contribution to speech perception, while not requiring ex-

plicit identification of phonemes, seems to be dependent on attention to the 

auditory input. 

The experimental data presented here advance the understanding on how 

the brain regions that are primarily associated with speech production facili-

tate speech perception. By doing so, this thesis highlights the importance for 

future studies to consider speech perception as a sensorimotor process, rather 

than a purely sensory process. 
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Phonemes, the elementary units of speech, 
greatly vary in their acoustic structure when 
produced by different speakers in different 
contexts. The listener's brain therefore faces 
a fundamental challenge of mapping highly 
variable acoustic signals to discrete 
phonetic categories. Whether the speech 
motor system, primarily engaged in speech 
production, is involved in solving this 
perceptual categorization challenge has 
remained unclear. This thesis investigated 
the influence that the speech motor system 
exerts on the processing of speech sounds by 
recording brain activity with 
magnetoencephalography (MEG). The 
findings presented here show that when 
humans attend to speech, the speech motor 
system constrains the acoustic-phonetic 
interpretation of speech sounds into 
discrete categories through the integration 
of auditory and motor information. This 
thesis therefore adds evidence to the view 
that, rather than being a purely sensory 
process, speech perception is sensorimotor 
in nature. 
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