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1. Introduction 

Picture a situation in which you are at a cocktail party. You meet an acquaintance, 
and he starts talking about the wonderful time he had during his last holiday. You 
listen and then reciprocate with a similar story. The conversation continues. You 
meet another acquaintance and the same thing repeats, but with a different topic 
of conversation. In this cocktail party situation, as in any other situation in one’s 
every-day life, speaking and understanding speech is the pillar of our inter-
personal interactions. Speech, as an extremely elaborate code of communication, 
shapes our society and our relationships and provides a means through which we 
express our feelings, thoughts and desires. 

As Levelt et al. (1999) describe, we are born with innate prerequisites for spo-
ken language. Speech generation and comprehension during a real-life conversa-
tion is so effortless and fluent that is appears deceptively simple. Yet, it requires 
the intricate orchestration of multiple brain areas. Much remains to be known 
regarding the neural processes underlying this complex human behavior. 

In fact, despite decades of research, a full account of how the human brain is 
capable of producing and perceiving natural connected speech remains elusive. 
Due to the technically challenging nature of such an endeavour, the cortical corre-
lates of natural connected speech – especially of speech production – have re-
mained significantly understudied. Neuroscientists have tried to simplify this 
challenging task by selectively highlighting specific aspects of speech processing 
(e.g., considering semantic or phonological processing in isolation) with the aid of 
simple experimental tasks involving single words or sentences. 

The experimental findings stemming from studies examining isolated language 
forms have an uncontested informative value. Most importantly, they have helped 
to understand how individual words and sentences are produced and perceived. 
However, isolated language forms lack the complexity and nuances that charac-
terize speech as we encounter it in real-life, natural contexts. For instance, we 
very rarely listen to isolated words; instead, we perceive continuous speech, with 
no clear boundaries between individual words and sentences. Additionally, con-
tinuous speech evolves over time. This temporal evolution is, among others, re-
flected by changes in the temporal structure of speech, also referred to as speech 
rhythm: the amount of words and syllables varies from one utterance to the next, 
as time unfolds.  

This thesis investigates the cortical basis of spoken language processing. Specif-
ically, it aims to provide a global characterization of the cortical correlates of pro-
duction and perception of natural, real-life speech through an explorative, data-
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driven approach. The extensive experimental paradigm employed in this thesis 
features naturalistic speech production and speech tasks and focuses on speech 
rhythm, one of the most prominent features of natural speech. The strength of 
this thesis lies, firstly, on the ecological validity of the employed experimental 
paradigm, and secondly, on the fact that natural speech is examined through mul-
tiple aspects: in addition to brain imaging using magnetoencephalography 
(MEG), peripheral speech-related electromyographic (EMG) and acoustic signals 
are collected. This thesis considers both cortical function (Studies II and III), as 
well the manifestation of speech rhythm and speaking rate through peripheral 
signals (Study I), thereby contributing to a comprehensive, global description of 
natural speech production and perception. 

The Introduction (Chapter 1) provides an overview of the two central elements 
of the thesis: speech rhythm, and cortical speech processing. Chapter 2 outlines 
the aims of the thesis. Chapter 3 provides an overview of the experimental para-
digm and of the methods employed in the thesis and Chapter 4 summarizes the 
main findings of each study included in this thesis. Finally, Chapter 5 discusses 
the findings of the thesis in a broader context. 

1.1 Speech rhythm and speaking rate 

Natural speech features a salient temporal structure, also referred to as speech 
rhythm (Port, 2003). Phoneticians describe rhythm using measures that consider 
the temporal relationships between words and syllables (Dellwo, 2008; Dellwo & 
Wagner, 2003), or through theoretical, oscillator-based models (Barbosa, 2007; 
O’Dell et al., 2007; O’Dell & Nieminen, 2009). These multiple ways to character-
ize rhythm reflect the fact that speech, in general (Greenberg, 2006) and speech 
rhythm, in particular (Kohler, 2009), is a multi-faceted phenomenon that can be 
examined from various viewpoints. 

Indeed, this thesis views speech rhythm from a somewhat different perspective 
than those described in the previous paragraph. Namely, speech rhythm is here 
considered from a quantitative aspect that takes into account the presence of 
rhythmic patterning in peripheral speech-related signals that is associated with 
speaking rate. The peripheral signals considered in this thesis are EMG signals 
and acoustic signals. A more detailed account of these signals as descriptors of 
different aspects of the physical process of speech production and as markers of 
speech rhythm and speaking rate is provided in sections 1.1.1 and 1.1.2.  

Apart from small cross-linguistic variations, the global speaking rate is remark-
ably similar across languages and is represented by the habitual word (2—3 Hz), 
syllable (4—7 Hz) and phoneme (10—12 Hz) production frequencies (Levelt et al., 
1999; Poeppel et al., 2008). The notable cross-linguistic constancy of word and 
syllable production frequencies has been suggested to facilitate communication 
through spoken language (Cummins & Port, 1998; Port, 2003). The centering of 
this rhythmic patterning around the syllable production frequency of ~5 Hz, irre-
spective of language, has been suggested to have an evolutionary origin that 
stems from primate oromotor vocalizations (Morrill et al., 2012). This centering 
has been shown to be already present in infants (Telkemeyer et al., 2009). This 
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proposed preference of the human motor apparatus for certain frequencies of 
output has presumably shaped a similar preference in the auditory modality 
(Assaneo et al., 2016; Liberman & Mattingly, 1989; Liberman & Whalen, 2000).  

Although the habitual speaking rates are remarkably similar across languages, 
each speaker features his or her own innate, idiosyncratic global speaking rate. 
This inter-individual variation in speaking rate has been thought to result from 
the combined effect of neuromuscular constraints and sociolinguistic factors 
(Tsao & Weismer, 1997). Speaking rate also demonstrates two kinds of intra-
individual variations. Firstly, speakers may increase or decrease their global 
speaking rate on demand, thus speaking faster or slower than their habitual 
speaking rate (Grosjean & Lane, 1976). Changes in the global speaking rate affect 
the overall rhythmic structure of an utterance. Secondly, there are involuntary, 
local variations in speaking rate that occur within a given global speaking rate, 
even within the same utterance of the same speaker (Miller et al., 1984b). These 
local variations in speaking rate are the main reason why rhythmic patterning in 
speech is quasi-periodic, instead of perfectly periodic (Tilsen & Arvaniti, 2013). 
This is also in line with theoretical models of speech rhythm suggesting a lack of a 
continuous periodic patterning in speech (O’Dell et al., 2007). 

Speech rhythm does not seem to be a trivial occurrence but instead, it has been 
proposed to contribute to multiple aspects of speech functions. Specifically, 
speech rhythm has been suggested to enable language acquisition (e.g., Nazzi & 
Ramus, 2003; Petitto et al., 2001) and the development of reading skills (e.g., 
Carr et al., 2014; Flaugnacco et al., 2014). Furthermore, the existence of a rhyth-
mic hierarchy in speech (phonemes < syllables < words) is thought to facilitate 
the transformation of an incoming speech signal into comprehensible lexical 
units (Poeppel et al., 2008). This is also referred to as dynamic coupling of speech 
production and speech perception (Martin, 1972; Smith, 1992). Finally, the exist-
ence of temporal regularities in speech has been proposed to enable predictions 
about salient future events that facilitate subsequent processing (e.g., Arnal & 
Giraud, 2012; Cutler & Butterfield, 1992). Indeed, behavioral work has shown 
that tracking the local variations in speaking rate promotes comprehension of 
both sub-syllabic (Miller et al., 1984a; Summerfield, 1981) and supra-syllabic el-
ements of speech (Brown et al., 2011; Dilley & Pitt, 2010). Others have shown that 
global speaking rate contains crucial information employed by the listener to ex-
tract meaning from an utterance (Drullman et al., 1994a, 1994b; Shannon et al., 
1995; Smith et al., 2002). For instance, the disruption of acoustic cues corre-
sponding to the syllable production frequency ( 5 Hz) has been shown to severely 
compromise speech comprehension (Drullman et al., 1994a; Shannon et al., 
1995). 

One of the aims of this thesis is to better understand the functional role of 
speech rhythm in speech processing. Study I set the stage towards achieving this 
aim and provided a quantification of natural speech rhythm through a multimod-
al analysis approach taking into account both EMG (section 1.1.1) and acoustic 
signals (section 1.1.2) (Study I). Studies II and III subsequently examined the 
cortical processing of speech rhythm in both produced (Study II) and perceived 
natural, connected speech (Studies II and III). 
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1.1.1 The EMG signal  

During speech production, the shapes of the different elements of the vocal tract 
undergo continuous, dynamic changes. These changes are referred to as “articula-
tion” and involve the activation and coordination of muscles controlling the artic-
ulators (e.g., the lip and the jaw). Articulatory muscle activity can be assessed 
through the surface EMG signal: when a pair of electrodes is placed on the sur-
face of an activated muscle an electrical signal, called the surface EMG signal, is 
detected between the two electrodes (Merletti et al., 2001). The word “surface” 
refers to the signal being recorded non-invasively by electrodes placed on the sur-
face of the muscle, as opposed to the invasive intramuscular EMG.  

The surface EMG signal is composed of the sum of electrical contributions of 
active motor units (a motor neuron and the muscle fibers it innervates) and most-
ly reflects the synchronous activity of motor neurons (Farina et al., 2004). Hence, 
the surface EMG signal provides an indirect insight into the activation patterns of 
articulatory muscles and reflects the motor aspects of speech production. As such, 
time-domain analysis of the EMG signal measured from articulatory muscles is a 
useful tool in speech production research (Bell-Berti & Harris, 1981; Wohlert & 
Hammen, 2000); for instance, it has been used to examine the activity of the pe-
ri-oral orbicularis oris muscle that controls lip movements in both healthy indi-
viduals and patients (Gay, 1981; Hirose & Gay, 1972; Netsell & Cleeland, 1973; 
Shepherd et al., 2012; van Lieshout et al., 1995). 

The analysis of EMG signals in the frequency domain has revealed the presence 
of a rhythmic patterning in the motor aspects of speech production. Specifically, 
spectral decomposition of EMG signals recorded from the peri-oral muscles dur-
ing the performance of simple, speech-related oromotor tasks in both primates 
(Ghazanfar & Takahashi, 2014; Shepherd et al., 2012) and humans (Ruspantini et 
al., 2012; Shepherd et al., 2012; Smith et al., 1995) has revealed salient peaks in 
spectral power in the 2—3 Hz frequency range. This indicates that the preferential 
frequency of operation of the peri-oral muscles corresponds to the spontaneous 
word production frequencies during natural speech production. Additionally, the 
power spectrum of EMG signals recorded during natural continuous speech pro-
duction was shown to demonstrate salient peaks in the 2—3 Hz frequency range, 
aligning with the typical word production frequencies (Ruspantini et al., 2012). 
This agrees with evidence of temporal modulations in the 2—7 Hz frequency 
range for kinematic measurements of mouth opening and closing during speech 
production (Chandrasekaran et al., 2009). 

1.1.2 The acoustic signal 

When we speak, we produce continuous fluctuations in air pressure as a function 
of time. These fluctuations in air pressure originate from the respiratory system 
(i.e., the lungs), but are modulated as they pass through the phonatory (e.g., the 
larynx) and articulatory elements of the vocal tract (e.g., the tongue and the lips). 
The acoustic signal is a representation of these fluctuations, which are measured 
using microphones. 
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According to Rosen (1992), the speech acoustic signal may be decomposed into 
three frequency ranges: the low-frequency amplitude envelope (2-50 Hz), period-
ic cues (50-500 Hz) and the temporal fine structure (600-10 000 Hz). The tem-
poral fine structure of the acoustic signal mainly captures the laryngeal output, 
while the low-frequency amplitude modulations of the acoustic signal (acoustic 
amplitude envelope) mostly reflect the articulatory movements and represent the 
acoustic power at a given time in a given frequency range. Computationally, the 
basic approach for obtaining the broadband acoustic amplitude envelope consists 
of rectifying and low-pass filtering the acoustic signal (e.g., Peelle et al., 2013). 
More elaborate approaches involve the use of a logarithmically spaced filter bank 
that simulates the representation of sound in the human cochlea; these ap-
proaches yield several narrow-band acoustic amplitude envelopes that are subse-
quently averaged into a broadband envelope (e.g., Chandrasekaran et al., 2009; 
Smith et al., 2002). 

The acoustic amplitude envelope carries temporal information which reflects 
the rhythmic features of speech (Rosen, 1992). Spectral decomposition of the 
acoustic amplitude envelope has revealed that for normal-rate speech, there are 
salient peaks in the power spectra in the 4—7 Hz range (Abrams et al., 2008; 
Chandrasekaran et al., 2009; Das et al., 2007; Tilsen & Johnson, 2008). These 
low-frequency fluctuations of the acoustic amplitude mainly encode syllable pro-
duction frequency. This is because the acoustic power in this frequency range is 
due to an event that happens once in every syllable, namely the cyclical opening 
of the jaw coupled with voicing (Greenberg, 1999). Apart from syllable production 
frequencies, prosodic features are also reflected in the acoustic amplitude enve-
lope, albeit to a lesser degree. Prosodic features are encoded by amplitude fluctu-
ations occurring at slow time-scales (0—1.5 Hz) (e.g., Bourguignon et al., 2013) 
and consist of extra-linguistic information that transmits, among others, emo-
tional, affective and cognitive states (e.g., Belin et al., 2004; Hari & Kujala, 2009; 
Kriegstein & Giraud, 2004). 

As sections 1.1.1 and 1.1.2 demonstrate, EMG alone captures only the motor as-
pects of speech production. In contrast, the acoustic signal arises through the 
concomitant interplay and coordination of multiple processing levels, involving 
the neuromuscular, articulatory, phonatory and respiratory systems (Alfonso & 
Baer, 1982). Thus, while the acoustic and EMG signals are interrelated in both 
time and frequency domains, they differentially highlight different speech-related 
events (Gracco, 1988). This fact was the main motivation for considering these 
two signals in unison through a multimodal analysis approach in the aim to pro-
vide a global description of rhythm in natural speech (Study I). 

1.2 Cortical speech processing 

Researchers have toiled for more than a hundred of years (and still do!) in the 
quest to reveal the cortical regions underlying spoken language processing. This 
quest began at the end of the 19th century, when a link was established between 
brain lesions and selective impairment of speech functions. Studies examining 
aphasic patients (e.g., Hervé, 1889; Pershing, 1900), showed that trauma in Bro-
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ca’s region, located in the left inferior frontal cortex (Broca, 1861), impaired 
speech production, and trauma in Wernicke’s region, located in the left posterior 
temporal cortex (Wernicke, 1874), impaired speech perception. Broca’s and Wer-
nicke’s regions were suggested to interact with each other via a single-fiber sys-
tem, the arcuate fascicle (Geschwind, 1972). 

The subsequent use of neuroimaging techniques has shown that this simplistic 
notion of segregated speech processing is quite far from the truth (Poeppel & 
Hickok, 2004). While the contribution of Broca’s and Wernicke’s areas in speech 
processing has been validated through neuroimaging studies (e.g., Binder et al., 
2009; Indefrey, 2011; Indefrey & Levelt, 2004), it has become clear that speech 
processing is not confined to these two areas. Instead, in recent years, speech 
production and speech perception have been shown to engage numerous cortical 
regions spanning both cortical hemispheres. 

1.2.1 Speech production 

The remarkable capacity of humans to produce sequences of linguistic sounds 
requires the intricate orchestration of the articulators (also referred to as speech 
organs) by cortical systems. Before describing these cortical systems in more de-
tail, it is worth underlining the highly specialized nature of the human articula-
tors. These are divided into passive articulators, remaining still (e.g., the pharynx, 
the upper lip, the teeth), and active articulators, moving relative to the passive 
articulators (e.g., the lower lip, the jaw, the tongue). The human articulators are 
task- and species-specific: the evolutionary development of vocal structures in 
humans has allowed a broad range of phonetic capabilities (Liberman & Whalen, 
2000). Even primates, our biologically closest relatives, lack the physiological and 
anatomical characteristics required for producing the full range of human speech 
sounds. For instance, it has been shown that the pharyngeal region of primates is 
shaped differently than that of humans, and that primates lack the biological pre-
requisites to produce speech-like articulatory movements (Lieberman, 1968; 
Lieberman et al., 1969). Moreover, there is recent evidence to suggest that, apart 
from the anatomy of the vocal track, another limitating factor preventing pri-
mates from producing the full range of human speech sounds is the primate mo-
tor cortical system: this is considerably less developed compared to the human 
motor cortical system (Fitch et al., 2016). 

Indeed, the extremely intricate human articulatory systems are supported by 
equally complex and specialized cortical systems (Scott, 2005). The motor act of 
articulation per se is essentially bilateral: the muscles that are associated with the 
active articulators are bilaterally innervated and thus, unsurprisingly, both the 
left and right primary motor cortices are activated during speech production 
(Blank et al., 2002). Speech articulator representations are dynamically orga-
nized within the ventral sensorimotor cortex that includes the somatotopic organ-
ization of face and oro-pharynx representations (Conant et al., 2014) and that is 
responsible for the generation of multi-articulatory movements (Bouchard et al., 
2013). Additionally, speech production engages the bilateral supplementary mo-
tor regions, shown to regulate, among others, respiration during speech produc-
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tion (Murphy et al., 1997), as well as the thalami and the cerebellum, mediating 
the motor aspects of articulation (Ackermann et al., 1998; Johnson & Ojemann, 
2000). Finally, bilateral activation is observed in the lateral parts of the superior 
temporal sulci; this presumably reflects the effect of self-monitoring and auditory 
feedback during vocalization (Blank et al., 2002). Given that these cortical re-
gions are activated during perception of another person’s voice (e.g., Buchsbaum 
et al., 2001; Scott et al., 2000), this finding is consistent with the proposal that 
the same cortical systems are activated during perception of one’s own voice and 
when listening to another person’s voice (Levelt, 1989; McGuire et al., 1996). 

In contrast to this bilateral pattern of activation for the motor aspects of speech 
production, what happens before the actual articulation is thought to almost ex-
clusively occur in the left hemisphere. There is a wealth of evidence regarding the 
neural dynamics of single-word production, mostly examined through paradigms 
employing picture naming (e.g., Levelt et al., 1998; Salmelin et al., 1994; Vihla et 
al., 2006). Early activation (< 200 ms post-stimulus presentation) associated 
with processing of the visual aspects of the picture is observed in the bilateral 
occipital cortex. Afterwards, functionally identifiable linguistic processes – in-
cluding semantic-syntactic representation, phonological code retrieval and articu-
latory programming – are mainly undertaken by the left temporal and inferior 
frontal regons (Indefrey & Levelt, 2004). 

Compared to picture naming, production of a spoken narrative engages addi-
tional cortical regions. A seminal study by Blank et al. (2002) used functional 
magnetic resonance imaging (fMRI) to elucidate the cortical correlates of propo-
sitional speech (i.e., a free-form speech narrative) and non-propositional speech 
(i.e., two overlearned forms of speech, forward counting and recitation of nursery 
rhymes). In both propositional and non-propositional speech, phonological and 
phonetic encoding was associated with activation in three left-lateralized regions 
within the bounds of the traditional Broca’s and Wernicke’s areas: the posterior 
supratemporal plane, located deep inside the Sylvian sulcus, the left anterior in-
sula and the inferior frontal gyrus.  

As opposed to the inflexible and overlearned unpropositional speech, proposi-
tional speech is a novel construct that, through the combination of lexical, syntac-
tic and episodic memory resources, results in the formulation of a linguistic mes-
sage, either self-initiated or in answer to an inquiry (Levelt, 1989). For this highly 
constructive mode of speech production, a multitude of left-lateralized cortical 
regions are activated: the superior frontal gyrus, the pre-supplementary motor 
area, the left anterolateral temporal lobe and the posterior cingulate cortex. Fur-
thermore, the right cerebellum and the bilateral angular gyri are also engaged. 
This global pattern of cortical activation was thought to reflect the levels of pro-
cessing described in behavioral studies (Levelt et al., 1999): the intention to 
speak, the formulation of linked concepts, the selection of relevant memories and 
words and, finally, their incorporation into sentence frames.   

Further research has delved deeper into the functional role of the regions de-
scribed above. For instance, the prominent role of the perisylvian cortex in speech 
production reflects the convergence of two parallel, overlapping processing 
streams: one centered on the left superior temporal gyrus and another one on the 
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left ventral anterior parietal lobe. Despite their anatomical overlap, the two 
streams feature spatially anti-correlated functional connectivity patterns; this 
suggests that they are functionally dissociated (Simmonds et al., 2014). The left 
insula was initially presumed to support prearticulatory functions of speech mo-
tor control, such as the planning and programming of vocal tract gestures (Blank 
et al., 2002; Dronkers, 1996; Wise et al., 1999). However, subsequent evidence 
proposes a more active role for the left insula in temporo-spatial coordination of 
the articulatory and phonatory muscles during verbal utterances (Ackermann & 
Riecker, 2004). The left angular gyrus has consolidated its position as part of the 
semantic system (Price et al., 2015; Seghier, 2013) and has been suggested to me-
diate semantic-conceptual retrieval (Binder et al., 2009). In this light, the in-
volvement of this cortical region in speech production could reflect the cognitive 
processes that come to play while preparing to speak (Hultén et al., 2014).  

Despite a very pronounced emphasis on the left hemisphere, recent evidence 
suggests that the right hemisphere is engaged also in the linguistic and not merely 
motor aspects of speech production. An MEG study by Hultén et al. (2014) has 
shown that the right hemisphere plays a role in the integration of linguistic in-
formation. Using fMRI, Silbert et al. (2014) have revealed a bilateral emphasis for 
speech production: in this study, the traditional pattern of activation encompass-
ing the left perisylvian cortical regions and the left inferior frontal gyrus is mir-
rored in the right hemisphere. Furthermore, extra-linguistic regions in the right 
hemisphere were also highlighted (Silbert et al., 2014); this is in line with evi-
dence that the right hemisphere mediates prosodic and paralinguistic aspects of 
speech production (Lindell, 2006). 

In addition to neuroimaging evidence, the neural correlates of speech produc-
tion have been considered through numerous theoretical models. Models focus-
ing on motor control and kinematic forces during speech include a reference 
frame based theoretical approach aiming to explain the planning of speech 
movements (Guenther et al., 1998). This kind of models involve both vocal tract 
shape targets as well as auditory targets of speech movements that are planned as 
trajectories in the auditory perceptual space. The reference frame hypothesis is 
part of the more global model Directions Into Velocities of Articulators (DIVA) 
(Guenther, 2006; Guenther & Vladusich, 2012). DIVA attempts to provide a 
quantitative framework for understanding how different brain regions contribute 
to speech acquisition and production, and hence attempts to simulate the neural 
mechanisms responsible for the control of articulatory movements. The role of 
feedback in the adjustment of speech production, compensating for perceived 
perturbations in vocal input (Houde & Jordan, 1998)  served as basis for a subse-
quent model (Houde & Nagarajan, 2011) in which the role of the central nervous 
system in motor control has been assimilated to a mechanism called state feed-
back control, crucial for controlling motor output. Hickok (2012) has reproduced 
the notion of state feedback control and combined it with processing levels pre-
sent in psycholinguistic theories of, e.g., Levelt (2001) and Levelt et al. (1999). 
Briefly, the model begins from a given conceptual system that leads to the selec-
tion of a lexical concept (referred to as “lemma” in Levelt’s model). The selection 
of a lexical concept is thought to be the pre-requisite for subsequent lexical entry 
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and the activation of the lexical form encoding the phonological representation of 
a word. It is worth noting that other authors question the concept of “lemma” by 
postulating that the lexical form is activated directly without the preceding lexical 
concept selection (see e.g., Caramazza, 1997; Caramazza & Miozzo, 1998). Ac-
cording to Hickok’s (2012) state feedback model, once the phonological represen-
tation has been obtained, it is entered into both sensory and motor levels of 
speech production and subjected to a higher-level cortical feedback control loop. 
The higher-level loop is characterized by parallel projections to a lower-level so-
matosensory loop. This model features excitatory as well as inhibitory predictive 
and corrective interactions between different processing stages. Finally, the 
Frame/Content theory (Giraud et al., 2007) advocates that syllable production is 
defined by the mechanical properties of the speech apparatus, that is, they are 
determined by the intrinsic frequency of operation of the motor cortex. 

A great amount of work has also focused on understanding the robustness of 
speech production and speaking rate, reflected by an extremely meager percent-
age of errors committed by speakers given that the rate of word production is as 
high as 2—3 Hz (Levelt et al., 1999). A number of speech monitoring models have 
been advanced to explain this robustness: taken as a whole, these models vary on 
several parameters, the most prominent of which are consciousness, volition and 
control (for a review, see Postma, 2000). Finally, Tsao et al. (2006) have ad-
vanced the notion that changing the parameters of a central time-keeping mech-
anism enables voluntary modulations in speaking rate. 

Study II provides an unprecedented, comprehensive insight into the cortical 
substrates of natural connected speech production by observing the spatiospec-
tral modulation of MEG signal power associated with variations in three funda-
mental features of natural connected speech: linguistic information, speech 
rhythm and social relevance. The fairly limited amount of experimental reports 
on narrative speech production and the large number of theoretical models aim-
ing to explain the cortical correlates of speech production bear evidence to the 
technical difficulties of elucidating the neural basis of speech production (Price, 
2010). One major challenge is that the activation of articulatory muscles contam-
inates the cortical data measured with both MEG and fMRI with artifacts (alt-
hough the nature of contamination is different for each of these two imaging mo-
dalities). Naturally, the problem of motor artifacts was also encountered for the 
speech production data collected with MEG in this thesis. Researchers have tried 
to circumvent this problem, for instance, by using artifact removal procedures 
(e.g., Salmelin et al., 1994; Salmelin et al., 2000), utilizing paradigms involving 
covert speech production (i.e., speech production without overt vocalization or 
articulation) (e.g., Callan et al., 2006) or, in the case of fMRI studies, with a 
sparse imaging data acquisition mode specially adapted for minimizing artifacts 
(Gracco et al., 2005; Pulvermüller et al., 2006). In Study II, a specifically adjusted 
artifact removal approach was used, as described in section 3.4.1. 
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1.2.2 Speech perception  

When the fluctuations in air pressure created when we speak reach the listener’s 
ear they are converted to electric signals in the cochlea of the inner ear and 
transmitted to the auditory nerve. This process initiates the extraction of meaning 
from speech sounds and speech sound sequences (Hickok & Poeppel, 2004). 

Relative to speech production, there are comparatively more experimental re-
ports and, thus, a greater consensus about the cortical correlates of speech per-
ception. This section presents an overview of the cortical correlates of speech per-
ception, with emphasis on spatial mapping. MEG is more tied to time and can, for 
instance, reveal the time-sequence of cortical activation when listening to spoken 
words (e.g., Salmelin, 2007; Uusvuori et al., 2007). This temporal aspect of 
speech processing is discussed in detail through the lens of the framework of cor-
tical entrainment in the next section (1.2.3). 

Numerous lesion studies, as well as fMRI studies examining healthy individuals 
(Boatman, 2004; Lerner et al., 2011; Price, 2010), have served as the basis of neu-
robiological models that provide a spatial and functional description of the corti-
cal topography of speech perception. These fMRI-based dual-stream models pos-
tulate that the processing of incoming speech occurs hierarchically and in parallel 
across two anatomically distinct paths: the ventral and dorsal streams (Hickok & 
Poeppel, 2004, 2007; Rauschecker & Scott, 2009; Scott & Johnsrude, 2003) 
(Fig. 1). At the initial stage of these streams, the bilateral superior temporal sulci 
carry out spectrotemporal analysis and the bilateral superior temporal gyri (STG) 
are responsible for phonological analysis. The role of the left STG (lSTG) in 
speech perception has been further emphasized through empirical evidence (e.g., 
Buchsbaum et al., 2001; Friederici et al., 2003; Scott et al., 2000). After these 
initial stages of analysis, processing continues along the ventral and dorsal 
streams. The ventral stream is thought to be bilateral, with a weak left-
hemisphere bias, and is proposed to play a role in mapping acoustic speech input 
onto conceptual and semantic representations, with anterior temporal regions 
implicated in speech segmentation (Bozic et al., 2010; Burton, 2001). The dorsal 
stream is strongly left-lateralized and is thought to map the linguistic message or 
sounds to articulation (Bozic et al., 2010; Rauschecker & Scott, 2009; Scott et al., 
2009; Warren et al., 2005). The dorsal stream has also been suggested to support 
the analysis of both the morphological (Whiting et al., 2013) and grammatical 
structure (Tyler et al., 2005) of a linguistic input. The sylvian parieto-temporal 
area (SPT in Fig. 1) is considered to be a sensorimotor interface (Hickok & 
Poeppel, 2007) and to connect with the frontal premotor regions and the inferior 
frontal gyrus through the arcuate fasciculus (Friederici, 2011). These parietal and 
frontal regions have been suggested to play a role in articulatory processes and to 
transiently store phonetic sequences (Acheson et al., 2011; Wise et al., 2001), alt-
hough a role in in phonological and syntactic processing has also been proposed 
(Friederici, 2011).  

The dual-stream models link speech production and speech perception through 
cross-modal interactions in both the dorsal and the ventral streams. They thus 
reflect the notion of sensorimotor integration that postulates that motor and sen-
sory areas operate in synergy during speech perception (Hickok et al., 2011; 
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Hickok & Poeppel, 2004; Pulvermüller & Fadiga, 2010). As Hickok et al. (2011) 
describe this cross-talk between the cortical substrates of speech production and 
speech perception, “the auditory system is critically involved in speech produc-
tion and the motor system is critically involved in speech perception”. Indeed, 
auditory-motor interaction is supported by both behavioral data (Galantucci et 
al., 2006) and neuroimaging studies (Hickok et al., 2003; Wilson et al., 2004). 
For instance, there is evidence to suggest that during speech production the audi-
tory cortex attenuates its sensitivity and concomitantly modulates its activity as a 
function of the expected acoustic feedback (Houde et al., 2002). The notion of 
sensorimotor integration is also consistent with studies having demonstrated that 
speech production and speech perception share cortical representations in the left 
hemisphere (Buchsbaum et al., 2001; Cogan et al., 2014; Indefrey, 2011; Price et 
al., 1996; Watkins et al., 2003). Thus, speech perception and speech production 
do not seem to have segregated cortical representations but, instead, appear to be 
functionally intertwined. 

 
 

 

Figure 1. The dual-stream model of speech perception. The bilateral primary auditory cortex (AC; 
purple) is responsible for spectrotemporal analysis. The bilateral superior temporal gyrus (ma-
genta; STG) undertakes phonological-level representation and analysis. After these levels of 
analysis the processing system diverges onto the ventral stream (light green) and the dorsal 
stream (dark green). The ventral stream involves the anterior temporal cortex (AT), and the 
middle and inferior temporal gyri (MTG; ITG). The dorsal stream involves the sylvian parieto-
temporal area (SPT), the inferior frontal gyrus (IFG) and the primary motor cortex (PMC). The 
SPT connects to the IFG and PMC through the artucate fasciculus (arrows). Adapted from 
Hickok and Poeppel (2007) and Giraud and Poeppel (2012). 

The early stages of auditory representation take place in the bilateral primary 
auditory regions (purple color in Fig. 1). However, subsequent processing is 
thought to occur at different time-scales in each cortical hemisphere. Initially, it 
was proposed that the left hemisphere is better suited for temporal processing 
and the right for spectral processing (Johnsrude et al., 1997; Zatorre & Evans, 
1992). The Asymmetric Sampling in Time hypothesis extends this view by sug-
gesting that the same early representations from the bilateral primary auditory 
cortices are analyzed differently in the time domain in the left and right STG (ma-
genta color in Fig. 1)(Poeppel, 2003). This functional asymmetry entails that the 
right and left STG sample different temporal features of the perceived stimuli: the 
lSTG preferentially extracts information from short (~20–40 ms) integration 
windows, while the homologous right-hemispheric region preferentially extracts 
information from long (~150–250 ms) integration windows. This asymmetry was 
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thought to be especially relevant for processing speech signals which, as men-
tioned in section 1.3, consist of information that unfolds on multiple concurrent 
time-scales (Rosen, 1992). Based on the temporal structure of speech, the left 
hemisphere would thus be most sensitive to phonemic information, whereas the 
right hemisphere mostly encodes the low-frequency amplitude modulations re-
lated to syllable production frequency. The assumed more fine-grained temporal 
analysis undertaken by the left hemisphere compared to the more integrative role 
of the right hemisphere has received support from neurophysiological evidence 
suggesting that the time-scales of spontaneous cortical oscillatory activity in each 
hemisphere match this pattern of sensitivity (Giraud et al., 2007; Morillon et al., 
2012).  

The dual-stream model and the Asymmetric Sampling in Time hypothesis do 
implicate the right hemisphere, but only in the acoustic-level processing, while 
the bulk of higher-level linguistic processing is thought to occur in the left hemi-
sphere. Specifically, the behaviorally extensively studied processes of lexical ac-
cess (Marslen-Wilson & Welsh, 1978; Rodd et al., 2002), semantic (Zwitserlood, 
1989) and syntactic analysis (King & Just, 1991) have been strongly linked to the 
left frontal and temporal regions (Brennan et al., 2014; Brennan et al., 2012; 
Friederici, 2002; Friederici et al., 2003). 

Nonetheless, a role for the right hemisphere in extracting meaning from an ut-
terance was brought forward in the 1980s, far before the extensive use of modern 
neuroimaging tools (e.g., Code, 1987). Since then, neuroimaging studies have 
explored the role of the right hemisphere in linguistic processing. Indeed, there is 
evidence that the right hemisphere is particularly sensitive to the extraction of 
meaning from natural connected speech (Fonteneau et al., 2014; Horowitz-Kraus 
et al., 2015; Koskinen et al., 2013). Specifically, the right hemisphere has been 
shown to decode abstract, context-dependent linguistic content during the course 
of a conversation (Federmeier et al., 2008; St George et al., 1999) and to mediate 
the analysis of general themes and concepts, as well as of nuances and ambigui-
ties. This kind of processing is essential for the understanding of jokes, meta-
phors and idioms (e.g., Brownell et al., 1983; Weylman et al., 1989). Extra-
linguistic information such as the affective and emotional state of the interlocutor 
(e.g., Bourguignon et al., 2013) and pragmatic interpretation (Foldi, 1987) are 
also preferentially processed in the right hemisphere. This evidence is in line with 
different proposed modes of linguistic processing in the right (ad-hoc, integra-
tive) and left hemisphere (post-hoc, anticipatory) during natural connected 
speech perception (Federmeier et al., 2008).  

In Study II, the cortical substrates of perceiving natural connected speech were 
revealed by observing the spatiospectral modulation of MEG signal power associ-
ated with processing of three fundamental features of natural connected speech: 
linguistic information, speech rhythm and social relevance.  

1.2.3 Cortical entrainment to the acoustic amplitude envelope 

Neuronal oscillations represent periodic fluctuations in the excitability of cortical 
neuron populations occurring in superficial and deep cortical layers (Bishop, 
1932; Buzsáki & Draguhn, 2004). Conventionally, neural oscillations are subdi-



Introduction 

 23 

vided into frequency ranges and labeled by Greek letters, as follows: delta (1-4 
Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (15-30 Hz) and gamma (30-90 Hz) (for 
a review, see Wang, 2010). Modulations of neuronal oscillations have been asso-
ciated with numerous cognitive behaviors, such as attention (Lakatos et al., 
2008), memory (Klimesch et al., 2008; Palva et al., 2010) and language 
(Bastiaansen & Hagoort, 2006; Haarmann et al., 2002).  

Since neural oscillations reflect the varying excitability of neuronal populations, 
it has been suggested that information arriving at the more excitable phases (i.e., 
that are closer to threshold) will be processed more efficiently (Womelsdorf et al., 
2006) (Fig. 2A). This proposal has led to the view that oscillatory activity is an 
important mechanism for predicting and processing sensory input and for atten-
tional selection (e.g., Arnal & Giraud, 2012; Engel et al., 2001; Lakatos et al., 
2005; Schroeder & Lakatos, 2009; Schroeder et al., 2010). According to this view, 
if a sensory input has a regular temporal structure, maximal processing efficiency 
is achieved if the oscillations are aligned with the temporal structure of the input 
so that relevant events occur at a high-excitability oscillatory phase (Fig. 2B and 
2C). Indeed, primate studies have shown that when low-frequency oscillations 
display such alignment with sensory input, perceptual performance is enhanced 
(Lakatos et al., 2008). The adjustment of the phase of cortical oscillations to en-
sure high sensitivity to sensory input is described by the framework of cortical 
entrainment (for a review, see Peelle & Davis, 2012).  
 

 

Figure 2. A. Theoretical illustration of the efficiency of cortical processing for a stimulus (black 
rectangle) arriving at different oscillatory phases (dashed line). B. There is a consistent rela-
tionship between the cortical oscillations and the stimulus, but at a sub-optimal oscillatory 
phase (moderate processing efficiency). C. Perfect alignment of the cortical oscillations with 
the stimulus: a consistent relationship between the cortical oscillations and the stimulus at the 
optimal oscillatory phase (high processing efficiency). Adapted from Peelle and Davis (2012). 

“Entrain to” means to fall into synchronism with (something). In this biological 
context, entrainment most often describes the adjustment of one quasi-periodic 
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system (here, neural oscillations) to match the phase of an external periodic or 
quasi-periodic stimulus (in the case of speech perception, the acoustic amplitude 
envelope). Cortical entrainment essentially signifies that cortical signals track an 
incoming stimulus and that a consistent relationship exists between the neural 
response and the stimulus, compared across time, trials or participants. The more 
consistent the relationship, the more accurately the cortical signals are thought to 
track the stimulus.  

In the domain of speech perception, cortical entrainment refers to a systematic 
relationship between cortical oscillations and the low-frequency fluctuations of 
the acoustic amplitude envelope that, as described in section 1.3, mostly encode 
the syllable production frequency (~4–8 Hz) (for a review, see Peelle & Davis, 
2012). The framework of cortical entrainment thus implies that the cortex tracks 
speech rhythm, which increases the listener’s sensitivity to syllabic information in 
the perceived speech and thus facilitates subsequent processing (Ghitza, 2011, 
2012). This is in line with the behavioral evidence mentioned in section 1.2 sug-
gesting that speech rhythm plays a central functional role in speech comprehen-
sion (e.g., Drullman et al., 1994a, 1994b; Shannon et al., 1995). 

Cortical entrainment to speech stimuli mostly focuses on neural oscillations oc-
curring in the delta (<3 Hz), theta (4–8 Hz), beta (15–30 Hz), and gamma (>50 
Hz) frequency bands. These frequency bands have been of particular interest be-
cause there is a temporal link between the time-scales of these oscillations and 
the typical speaking rates. Specifically, phoneme production frequencies (dura-
tion of 20–50 ms, independent of language) match the time-scale of gamma and 
beta oscillations, syllables and words (mean duration of 250 ms) match the time-
scales of theta oscillations, and sequences of syllables and words embedded with-
in a prosodic phrase (500–2000 ms) match the time-scale of delta oscillations 
(Ghitza, 2011). This emphasis is reflected in theoretical models (e.g., Ghitza, 
2012; Giraud & Poeppel, 2012) and has found support in empirical work (e.g., 
Ahissar et al., 2001; Gross et al., 2013; Kayser et al., 2015; Keitel et al., 2017). 

Regarding theoretical models, the perception of speech by means of cortical en-
trainment has been conceptualized through the Tempo model (Ghitza & 
Greenberg, 2009). This model consists of two pathways, a parsing (chunking) and 
a decoding one. The parsing pathway comprises a hierarchical window structure 
synchronized with the input. This window structure consists of window lengths 
that are drawn from an array of cascaded oscillators (gamma-, beta- and theta-
band) and that are locked to the syllable production frequency of the input. The 
decoding pathway matches the previously chunked sensory input into linguisti-
cally relevant units. An extension of the Tempo model is a computational model 
by Giraud and Poeppel (2012) that represents an influential attempt to bridge 
neurobiological dual-stream models with cortical entrainment. This model hy-
pothesizes that perceived speech is parsed by theta- and gamma-band oscillations 
through five distinct processing steps (Fig. 3). The spectro-temporal structure of 
a perceived speech signal is cortically represented by a spike train; in response to 
this stimulus-driven spike train the theta-band oscillations are reset (step 1) and 
start to track the acoustic amplitude envelope (step 2). Theta- and gamma-band 
oscillations are coupled: the phase of the theta-band oscillations has been found 
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to influence the power of gamma-band oscillations (Canolty et al., 2006). The 
resetting of theta-band oscillations induces a resetting of gamma-band oscilla-
tions; weakly coupled at rest, these oscillations become, as a consequence, more 
strongly coupled and nested (step 3). Gamma power organizes the temporal 
structure of the spike train into chunks (step 4). Eventually, the phases of high 
excitability of the gamma oscillations are aligned with the temporal structure of 
the perceived speech signal (step 5). These five steps are thought to act as a sam-
pling mechanism that packages the incoming speech into discrete chunks, which 
are then transmitted to higher-order regions for subsequent processing in ac-
cordance with the dual-stream model of speech perception.  

The occurrence of the neural processes illustrated in Fig. 2 and Fig. 3 has 
found support in empirical work (Ding et al., 2014; Ding & Simon, 2012b; 
Doelling et al., 2014; Millman et al., 2015; Peelle & Davis, 2012; Peelle et al., 
2013). Cortical entrainment, as a tracking mechanism of an incoming speech sig-
nal, is often interpreted as encoding a prediction of when important events (such 
as stressed syllables) are likely to occur, and acts to increase sensitivity to these 
relevant acoustic cues (Peelle & Davis, 2012). This interpretation assumes that 
cortical entrainment is of top-down nature and, far from being a mere passive 
phenomenon, plays an active role in linguistic processing. However, there is no 
conclusive evidence in favor of the top-down nature of cortical entrainment. In-
deed, the following two alternatives remain open: firstly, that entrainment is 
purely sensory in nature, and reflects a stimulus-driven response (evoked re-
sponses) and secondly, that entrainment is a mechanism underlying active sens-
ing, such as rhythmic predictions and attentional selection (Ding & Simon, 2014).  

 

 
 

Figure 3. Cortical entrainment as a five-step parsing and chunking mechanism that tracks speech 
input. Adapted from Giraud and Poeppel (2012). 

Evidence for the first alternative comes from studies suggesting that the obser-
vation of a constant relationship between cortical signals and an incoming speech 
signal is, in reality, a superposition, or repetition of evoked potentials triggered by 
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the edges in the speech signal (Howard & Poeppel, 2010). Furthermore, there is 
evidence that the constancy of this relationship is modulated as a function of the 
acoustic properties of the speech signal, as it changes as a function of the sharp-
ness of acoustic edges (Doelling et al., 2014; Ghitza, 2011). Additionally, it has 
been shown that cortical signals track many types of rhythmic, yet non-speech 
stimuli (Ahissar et al., 2001; Hämäläinen et al., 2012; Millman et al., 2015), in-
cluding simple pure tones (Gomez-Ramirez et al., 2011). Finally, this kind of cor-
tical tracking mechanism is not specific to humans, but is also observed in pri-
mates (Steinschneider et al., 2013). Based on this evidence, cortical entrainment 
is a purely passive response to the physical properties of a stimulus. 

However, there is also evidence that cortical entrainment is an active sensing 
mechanism. Zoefel and VanRullen (2015a) have proposed the existence of two 
types of contribution of high-level processes to cortical entrainment. The first 
type entails that cortical entrainment is a passive mechanism that undergoes 
modulations from higher-level processes. This proposal is supported by evidence 
suggesting that the relationship between cortical signals and incoming auditory 
stimuli is strengthened in the presence of linguistic information (Gross et al., 
2013; Peelle et al., 2013), although a subsequent study observed no such increase 
using a similar experimental paradigm (Millman et al., 2015). Additionally, corti-
cal entrainment appears to be modulated by attention (Ding & Simon, 2012a; 
Golumbic et al., 2013) and temporal expectations (Kayser et al., 2015). The sec-
ond type of cortical entrainment proposed by Zoefel and VanRullen (2015a) is 
distinct form the first and entails the existence of high-level entrainment, thought 
to occur even in the absence of rhythmic structure in speech. This notion is sup-
ported by evidence that cortical entrainment occurs even when the amplitude 
fluctuations in the acoustic envelope are suppressed (Zoefel & VanRullen, 2015b). 
This is in accordance with the view that that the role of the auditory envelope in 
neural entrainment is severely over-estimated (Obleser et al., 2012): it has been 
shown that frequency modulations in the speech signal play an equally important 
role in comprehension (Henry & Obleser, 2012). Research from the phonetic do-
main even goes as far as to suggest that perception of the extremely complex nat-
ural speech cannot be adequately described by a mere syllable-producing me-
chanical model operating on the principle of periodic oscillations (Cummins, 
2012). 

In this thesis, the framework of cortical entrainment is a central part of Study 
III. In Study III, the cortical tracking of speech rhythm was examined by quanti-
fying the relationship between cortical signals and the acoustic envelope of per-
ceived natural, connected speech stimuli. It is important to note, however, that 
the term cortical entrainment is not used in Study III since it was not feasible to 
verify that the cortical signals collected during the perception of spontaneously 
produced connected speech stimuli actually demonstrated the consistent oscilla-
tory pattern illustrated in Fig. 2 (also see the sub-section “Frequency content of 
MEG signals” in section 3.4.1). 
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2. Aims  

The overarching aim of this thesis was to examine the cortical correlates of 
both produced and perceived real-life spoken language. Particular attention 
was given to natural speech rhythm, and its manifestation through cortical and 
peripheral signals.  
 
In particular, this thesis considers the following global themes: 

 
 What is speech rhythm? 

 
 What is the cortical representation of natural connected speech? 

 
 Is normal-rate speech special?  

 
 Are cortical signals tuned to speech rhythm? 

 
The studies included in this thesis discuss these global themes through the 
following specific questions that sequentially proceed from speech-related pe-
ripheral signals and the behavioral manifestation of speech rhythm to the neu-
ral correlates of natural speech and the cortical representation of speech 
rhythm: 
 
1) Is a multimodal spectral approach, considering both acoustic and EMG 

signals, more informative than a unimodal spectral approach when quanti-
fying rhythm in natural speech? (Study I) 

 
2) Which cortical regions are activated during natural speech production and 

perception? Do natural speech production and perception share cortical 
substrates? (Study II)  

 
3) How does the cortex track the global speaking rate and local variations in 

the speaking rate during perception of natural connected speech? (Study 
III) 
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3. Materials and Methods 

3.1 Participants 

The data examined in this thesis were acquired from 20 adults aged from 19 to 
35 years (9 males; 11 females). All participants were right-handed, healthy volun-
teers with normal hearing and native speakers of the Finnish language. The par-
ticipants provided their written informed consent before taking part in the exper-
iment, in agreement with the prior approval of the Aalto University Ethics Com-
mittee. 

3.2 Experimental paradigm 

All 20 participants took part in an extensive experiment paradigm involving nat-
uralistic language tasks. The experimental paradigm was divided into a speech 
production and a speech perception experiment that were conducted, in this or-
der, as separate measurement sessions at least one week apart. Cortical signals 
were recorded during both speech production and speech perception experi-
ments. Acoustic and EMG signals were recorded only during the speech produc-
tion experiment (Fig. 4A). Table 1 depicts how the recorded acoustic, EMG and 
cortical signals were considered in the three Studies. The acoustic signals record-
ed during the speech production experiment were used as speech stimuli in the 
subsequent speech perception experiment. The stimulus set in speech perception 
additionally included the speech of a male speaker unfamiliar to the participants. 
Noise stimuli were further constructed from the male speaker’s speech signals 
(Fig. 4B; Table 1).  

3.2.1 Speech production experiment 

In the speech production experiment, participants were asked to produce speech 
prompted by questions (in Finnish) randomly derived from six distinct thematic 
categories (Own Life, Preferences, People, Culture/Traditions, Society/Politics, 
General Knowledge; e.g., What kind of hobbies do you have or have had during 
your life? Describe a traditional Christmas holiday. How does the Finnish school 
system operate?) (Fig. 4B). These questions were intended to help the partici-
pants fluently verbalize their own thoughts. To avoid repetition and learning ef-
fects each thematic question was presented only once during the experiment. 
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Figure 4. A, Recorded signals. Cortical signals were recorded with MEG during both the speech 
production and speech perception experiments. Acoustic and EMG signals were recorded only 
during the speech production experiment. B, Overview of the experimental paradigm. All partic-
ipants performed naturalistic speech production and speech perception tasks on two experi-
mental days, at least one week apart. 

When replying, the participants were asked to speak casually, as if talking to a 
friend, at one of three global speaking rates: normal, slow, or fast. With regard to 
the slow rate, they were asked to aim for 50% of their normal speaking rate, by 
preferably increasing their articulation time rather than their pause time. For the 
fast rate, they were instructed to speak as fluently and continuously as possible at 
the highest possible speaking rate ( 150% of normal), however, without severely 
compromising the intelligibility or the correct articulation of the produced 
speech. A training phase preceded the actual experiment, during which partici-
pants practiced these speaking rate variations with the aid of a speaking rate con-
tinuum (adapted from Tsao et al., 2006) and a training set of thematic questions 
(different than those used in the actual experiment). During the actual experi-
ment participants modulated their speaking rate naturally, without the aid of any 
external pacing device.  

Table 1. The signals considered in each study.

 
In addition to the natural speech production tasks, all 20 participants repeated 

the syllable /pa/ at the normal rate and ten, randomly selected participants re-
peated the syllable /pa/ also at the slow and fast rates (Fig. 4B). Syllable repeti-
tion is an easily adoptable, highly rhythmic omorotor task that represents a ru-
dimentary form of speech that is completely devoid of linguistic content (cf. 
babbling in infants; MacNeilage & Davis, 2000). It thus provided a simple and 
clear-cut frame of reference when investigating the rhythmic features of the more 
complex natural speech (Study I). Moreover, the comparison between natural 
speech production and syllable repetition offered insights on the cortical corre-
lates of linguistic content generation (Study II).  

Study Signal modalities 
Study I Acoustic and EMG signals of individual participants 
Study II MEG signals (speech production and speech perception) 
Study III Acoustic signals of a male speaker; MEG signals (speech perception) 
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A single speech production block consisted of a recorded thematic question 
spoken by a male speaker (duration 3–9 s; mean±SD 5.6±1.3 s), a 1-s delay be-
fore response onset, a 40-s response period, and a 2.5-s rest period between 
blocks. A signal tone (50-ms, 1-kHz tone) indicated the beginning of a block, and 
another signal tone (50-ms, 75-Hz tone) signified the beginning and end of the 
response period. All sounds were presented via panel loudspeakers. A /pa/ repe-
tition block consisted of a 40-s repetition period, with a tone signal (50-ms, 75-
Hz tone) indicating the beginning and end of the period. Repetition blocks were 
separated by 10 s of rest, to approximate the timing of the speech production 
blocks. In total, there were 6 blocks per condition. The order of the experimental 
conditions was randomized across participants. 

3.2.2 Speech perception experiment 

In the speech perception experiment, the participants’ task was to listen atten-
tively to speech and noise stimuli. Participants listened to the speech that they 
had produced during the speech production experiment at all three global speak-
ing rates (Fig. 4B). They also listened to normal-, slow-, and fast-rate speech 
produced by an unfamiliar male speaker who had been similarly prompted by 
thematic questions drawn from the six thematic categories described above. With 
regard to global speaking rate variations, the male speaker followed the same 
training procedure as the participants, and no external pacing device or metro-
nome was used. Comparing the perception of one’s own speech and the male 
speaker’s speech enabled to probe the cortical correlates of social relevance of an 
utterance (Study II). The perception of the male speaker’s speech at three speak-
ing rates enabled the examination of the cortical processing of speech rhythm 
(Studies II and III). 

In addition to speech perception, participants also listened attentively to nor-
mal-rate amplitude-modulated rhythmic noise (Fig. 4B). The noise stimuli, con-
structed from the normal-rate speech stimuli of the male speaker, were continu-
ous and matched both the spectral content and amplitude envelope of the speech 
stimuli. Thus, they had the same acoustic and rhythmic structure as speech but 
were completely devoid of linguistic meaning. The comparison between percep-
tion of normal-rate speech and the attentive listening of normal-rate noise pro-
vided an insight into the cortical correlates of perceived linguistic content (Study 
II). 

The temporal structure of speech perception blocks was the same as that of 
speech production blocks, and the temporal structure of noise perception blocks 
was the same as that of /pa/ repetition blocks. All stimuli were presented binau-
rally through plastic tubes and intracanal earpieces at an individually adjusted 
comfortable listening level. There were 6 stimulus blocks (each 40 s) per condi-
tion. Each speech stimulus was presented only once to avoid learning effects. The 
order of the experimental conditions was randomized across participants. 

Once the participants had heard the sixth and last stimulus for each condition, 
they were asked to give a single intelligibility score for all the six stimuli they had 
just heard, on a continuous scale of 1 to 10 (1 = completely unintelligible stimu-
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lus). During the experiment, attention was monitored through the insertion of a 
2-s long segment repeated 4 times (like a broken record) into one of the six stim-
uli per condition. Participants were instructed to indicate the detection of a re-
petitive segment by an index finger lift, using an optic response panel. Addition-
ally, at the end of the experiment participants had to respond to a surprise mul-
tiple-choice questionnaire regarding the content of the male speaker’s speech 
stimuli.  

3.3 Acoustic and EMG signals 

3.3.1 Recording 

The acoustic signals of the participants were recorded during the speech produc-
tion experiment at 44.1 kHz sampling frequency using an MEG-compatible mi-
crophone (Yoga EM-3, Yoga Electronics Co., Taiwan; 44.1 kHz sampling fre-
quency; 16-bit amplitude resolution) connected to a portable recording device 
(FOSTEX FR-2LE Field Memory Recorder, Tokyo, Japan). The male speaker’s 
acoustic signals were recorded in a soundproof room during speech production 
with a dual diaphragm condenser microphone (B-2 PRO, Behringer; 44.1 kHz 
sampling frequency; 16-bit amplitude resolution) using Cool Edit 2000 (Syntril-
lium). 

EMG signals were recorded during the speech production experiment using 
two round re-usable electrodes (E220X-HS, conductive area diameter of 0.4 cm). 
EMG signals were low-pass filtered at 330 Hz and sampled at 1500 Hz. Two bi-
polar EMG channels (inter-electrode distance 1.5 cm) were used to record mus-
cular activity associated with, first, lip movements (recorded from the orbicularis 
oris inferior muscle; electrode pair placed on the lower lip), and second, tongue 
and jaw movements (recorded primarily from the genioglossus and mylohyoid 
muscles; electrode pair placed beneath the jawline).  

3.3.2 Behavioral analysis of acoustic signals  

The acoustic signals of the participants, collected during the speech production 
experiment (speech production at the three global speaking rates and /pa/ sylla-
ble repetition at the three repetition rates), as well as the acoustic signals of the 
male speaker (speech production at three global speaking rates), were transmit-
ted to a transcribing company (Tutkimustie Oy, Tampere, Finland) for strict ver-
batim transcription (i.e., transcription without editions or modifications). For 
speech audio materials all spoken words, including utterances, false starts, repe-
titions, filler words, and slang were transcribed, including meaningful pauses 
and usual sounds (such as laughter). Any other kind of non-verbal communica-
tion was excluded. Syllable repetition materials were transcribed following the 
same principles. Transcription was carried out manually (i.e., without the aid of 
any voice-recognition system) using a specialized transcription software to play-
back each audio file. 
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All transcribed words were syllabified, enabling the estimation of the mean 
word and syllable production frequencies of both the participants and the male 
speaker. First, word and syllable production frequencies were calculated sepa-
rately for each 40-s speech production block. Then, the mean values of the word 
and syllable production frequencies for a given speaking rate were obtained by 
averaging the values across the six blocks. The same procedure was employed to 
estimate mean /pa/ syllable repetition frequencies.  

Local variations in speaking rate, inherent to natural connected speech (see 
section 1.1), were estimated for the speech produced by the male speaker at all 
three global speaking rates. The estimation was based on labels placed every 5 s 
in the transcription, thus yielding 48 5-s segments per global speaking rate. First, 
local speaking rate was estimated by computing the syllable production frequen-
cy separately for each 5-s segment. Then, variations in local speaking rate were 
estimated by computing the absolute difference in syllable production frequency 
between consecutive 5-s segments for each of the six stimuli at each global 
speaking rate. This yielded seven local speaking rate variation values per 40-s 
stimulus, allowing the identification of the two smallest values (representing the 
time windows in which the speaking rate had remained the most constant; as-
signed to the constant rate category) and the two largest values (representing the 
time windows in which the speaking rate had changed the most; assigned to the 
changing rate category). Data from all three global speaking rates were pooled 
together, yielding a total of 36 5- s segments of data (180-s in total) for each cat-
egory.  

In Study I, the effect of speaking rate on mean word and syllable production 
frequencies and its range (20 participants) was tested using a one-way within-
subjects analysis of variance (ANOVA). The same ANOVA design was used to 
evaluate the effect of repetition rate on mean /pa/ repetition frequencies and 
ranges (10 participants). Bonferroni correction was used for post-hoc pairwise 
comparisons. Additionally, the mean word and syllable production frequencies 
were used as a behavioral reference to interpret any effects associated with varia-
tions in global speaking rate in all three Studies. The cortical tracking of the 
global speaking rate and local variations in speaking rate was examined in Study 
III. 

3.3.3 Spectral analysis of acoustic and EMG signals 

The amplitude envelope of the raw acoustic signals of both the participants and 
those of the unknown male speaker were computed as follows: first, the acoustic 
signal was bandpass filtered (4th order Butterworth filter) at 80–2500 Hz 
(Hertrich et al., 2013). Subsequently, the amplitude envelope of the bandpassed 
signal was extracted by full-wave rectifying the signal and low-pass filtering (4th 
order Butterworth filter) at 10 Hz (Tilsen & Arvaniti, 2013). Finally, the ampli-
tude envelope was normalized, first, by subtracting the mean and then, by rescal-
ing the envelope by its maximum absolute value, resulting in values between 1 
and 1. The amplitude envelope of the acoustic signals of the male speaker was 
used for the purpose of quantifying the shared periodic components in cortical 
and acoustic signals in Study III.   
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In Study I, both the raw acoustic signals and the EMG signals of the partici-
pants further underwent a spectral analysis pipeline for the purpose of quantify-
ing speech rhythm. The spectrum of the downsampled (by a factor of 10), Tukey-
windowed (r = 0.2), and zero-padded envelope was calculated by taking the 
squared magnitude of the fast Fourier transform using an 8192-point window. 
Finally, a moving average operation was applied to the resulting spectrum in 
order to smooth out random spectral peaks and thus facilitate interpretation of 
the spectrum (Tilsen & Arvaniti, 2013). In Study I, the EMG envelope of the raw 
EMG signal was extracted as follows: first, the signal was high-pass filtered to 
eliminate motion artifacts (cut-off at 15 Hz) (van Boxtel, 2001) then full-wave 
rectified. The EMG envelope spectrum was calculated using Welch's spectral es-
timator with a Hanning window (8192 points) at 75% overlap (Ruspantini et al., 
2012).  

3.4 Brain Imaging 

3.4.1 Magnetoencephalography (MEG) 

In the late 60’s, David Cohen (1968) wrote a seminal paper that revealed the 
presence of a fluctuating magnetic field around the head caused by cortical neu-
ronal activity. At the time, Cohen’s work was revolutionary, but remained very 
far away from the whole-head magnetoencephalographic systems that are cur-
rently in use. 

Since Cohen’s findings, magnetoencephalography (MEG) has evolved into one 
of the principal neuroimaging techniques used to explore cortical function and 
dysfunction. Through the use of sophisticated instrumentation it provides non-
invasively a direct view of neural dynamics in a wide variety of experimental set-
ups, ranging from simple sensory tasks to more naturalistic paradigms. MEG was 
used to collect all cortical data in the naturalistic speech paradigm employed for 
this thesis; the MEG data were used in Studies II and III (see Table 1). 

Similarly to all other complex cognitive behaviors, when elucidating the cortical 
correlates of speech processing, it is important to be able to quantify both the 
location and timing of neural activation. In this sense, MEG is an ideal tool. The 
time-sensitive MEG enables tracking of neural activation at the millisecond scale. 
Additionally, it features a good spatial resolution (on the centimeter scale). What 
follows is an introduction to MEG based on review articles by Hämäläinen et al. 
(1993) and Baillet (2017) as well as on the handbook edited by Hansen, Kringel-
bach and Salmelin (2010). 

MEG signal generation 
Throughout the nervous system, information is processed through electrical sig-
nals generated and transmitted by neural cells, or neurons. The transmission of 
information between cortical neurons produces electric currents that generate 
electromagnetic fields that can be measured with MEG.  

Each pyramidal neuron comprises of a cell body (or soma), an axon and basal 
and apical dendrites, which branch out to form the tree-like shape of the neuron. 



Materials and Methods 

 35 

The exchange of information between two neurons involves two types of changes 
in their membrane potential: action potentials and post-synaptic potentials 
(Lopes da Silva & Rotterdam, 2005). In reaction to these changes in cell mem-
brane potential, a primary electric current arises inside the neuron that generates 
a magnetic field perpendicular to the primary current (Fig. 5A).  

Post-synaptic potentials are considered to be the main contributors to the 
measurable MEG signals (Murakami & Okada, 2006). The reasons relate to field 
decay and summation in both space and time. Firstly, action potentials are quad-
rupolar, meaning that the electric current flows in both directions. Therefore, 
they have a faster rate of field decay than the dipolar post-synaptic potentials, in 
which electric current flows in only one direction and thus persists over longer 
distances from its site of generation. Secondly, post-synaptic potentials represent 
changes in the membrane potential of the post-synaptic neuron that are much 
more prolonged (duration ~10 ms) than the membrane potential changes occur-
ring during an action potential (duration 1 ms). As a result, the net effect of the 
slower post-synaptic potentials is stronger than that of action potentials because 
of their greater overlap in time (temporal summation); the action potentials 
would have to be extremely synchronized to produce the same effect (Baillet, 
2017). Finally, the magnetic fields arising from individual neurons are very weak; 
thus summation of fields arising from multiple neurons is typically required for 
the generation of signals that are detectable with MEG. The measurable MEG 
signal thus mainly originates from pyramidal cortical neurons that are typically 
found in quite large cell assemblies (Okada et al., 1997). Pyramidal neurons also 
generate a much stronger magnetic signal compared to neural cells of different 
morphologies due to their elongated shape, which constrains the net primary 
current circulation along the cell axon (Baillet, 2017). 
 

 

Figure 5. A, Schematic representation of a pyramidal neuron (left). The magnetic field (black 
dashed line) is perpendicular to the primary current (grey arrow) that generates it (right). B, 
Schematic representation of the primary current orientation (grey arrow) of post-synaptic origin 
in the crown of a cortical gyrus and a wall of a cortical sulcus. The primary currents generated 
in gyri are oriented radially to the skull and thus not readily picked by MEG due to cancellation 
by passive volume currents. Adapted from Hansen, Kringelbach and Salmelin (2010). 

Notably, the fact that the cortex is folded into gyri and sulci has an effect on the 
orientation of the primary currents of post-synaptic origin with respect to the 
skull (Fig. 5B). Pyramidal neurons are oriented perpendicular to the cortical 
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surface. Thus, if the head were a perfect sphere, there would be primary currents 
that are fully radial to the skull, that is, aligned along a virtual radius of the head 
from its center to the skull surface. Such radial currents would be cancelled out 
by passive volume currents in the surrounding spherical medium (Hämäläinen et 
al., 1993). However, the shape of the head is not a perfect sphere, and thus, in 
practice, only quasi-radial primary currents are observed (Baillet, 2017). On the 
other hand, primary currents generated in the walls of cortical sulci are oriented 
quasi-tangentially with respect to the skull (Hämäläinen et al., 1993; Murakami 
& Okada, 2006); these generate magnetic fields that have a component perpen-
dicular to the skull (Fig. 5B). Since these quasi-tangential currents are less likely 
to be cancelled by passive volume currents, the MEG signal mostly arises from 
quasi-tangential primary currents.  

Instrumentation 
The neuronal electrical currents are very small. As a consequence, the measura-
ble extracranial magnetic fields are extremely weak: they are about one billion 
times smaller compared to the Earth’s static magnetic field. Additionally, metal 
objects in motion (for instance, cars or subway traffic) or electrically powered 
laboratory equipment generate magnetic signals that are much larger than corti-
cal magnetic fields. Therefore, the measurement of cortical magnetic fields using 
MEG has required the development of highly sensitive magnetic field detectors, 
called superconducting quantum interference devices (SQUIDs) (Zimmerman et 
al., 1970). When the temperature of a superconducting material drops below a 
sufficiently low point, it displays zero electrical resistance. The functioning of 
SQUIDs is based on the principle of superconductivity. The entire MEG sensing 
apparatus is embedded in a specialized tank, called a Dewar, which is filled with 
liquid helium. Helium exists in a liquid form at an extremely low temperature 
( 269 degrees Celsius) that enables superconductivity. The thermal insulation of 
the Dewar also serves as a noise cancellation mechanism. 

SQUIDs cannot be used as such in MEG devices. Due to their small size, they 
are not very sensitive to external magnetic fields. Their sensitivity is enhanced 
using magnetic flux transformers, that is, superconductive coils that “squeeze” 
more magnetic flux into the SQUID loop. They consist of a pick-up coil closest to 
the brain, a signal coil on top of the SQUID loop and, in some applications, a 
compensation coil. The configuration in which the coils are placed affects the 
manner in which they detect the magnetic field. A magnetometer consists of a 
single pick-up coil and a signal coil and measures the magnetic field component 
along the direction perpendicular to the surface of the pick-up coil (Fig. 6A). A 
gradiometer consists of a pick-up coil complemented by a compensation coil and 
measures the spatial gradient of a magnetic field component. If the pick-up coil 
and compensation coil are placed on the same plane in a figure-of-eight loop, the 
coil configuration is called a planar gradiometer (Fig. 6B). If they are placed on 
the same axis, the coil configuration is called an axial gradiometer (Fig. 6C). 
Compared to magnetometers, gradiometers are less sensitive to non-cortical 
sources of magnetic signals: magnetic fields from distant sources are detected by 
both pick-up coils of the gradiometer, and are thus canceled out. 
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Figure 6. A, Magnetometer, consisting of a single pick-up coil. B, Planar gradiometer, consisting of 
a pick-up coil and a compensation coil placed on the same plane. C, Axial gradiometer, in 
which the pick-up coil and compensation coil are placed on the same axis. The arrows repre-
sent the direction of the magnetic flux flow in the coils. Adapted from Hämäläinen et al. (1993). 

Having extremely sensitive sensors is by itself not enough to ensure unob-
structed measurement of the MEG signal. Additionally, environmental magnetic 
interference must be reduced as much as possible. Accordingly, MEG recordings 
are performed in a magnetically shielded room that reduces external magnetic 
fields through passive shielding. The walls of the room consist of multiple layers 
built from a combination of mu-metal (shielding from lower frequencies) and 
aluminum (shielding from higher frequencies). In some cases, passive shielding 
is complemented by active shielding systems, which cancel noise and other inter-
fering magnetic signals at the location of the MEG device. 

Frequency content of MEG signals 
Spectral analysis of sensor-level MEG signals typically reveals that they contain 
frequencies up to a 100 Hz, after which the signal power becomes much smaller 
(Fig. 7). Cortical rhythms are the most prominent component of the MEG power 
spectrum. When the participant remains at rest, not subjected to any stimulus or 
task, a power spectral peak representing the alpha rhythm (centered around 10 
Hz but considered to span the broader range 8-13 Hz; (Berger, 1929)) dominates 
the MEG power spectrum. The signal power for cortical oscillatory activity ob-
served in other distinct frequency bands (see section 1.2.3) is smaller. 

The MEG power spectrum depicted in Fig. 7 represents the power distribution 
of spontaneous oscillatory activity. For instance, the alpha rhythm belongs to the 
category of spontaneous rhythms and is already quite conspicuous at rest but is 
further enhanced when an individual’s eyes are closed (Lopes da Silva & 
Rotterdam, 2005). In contrast, induced rhythms are observed in response to a 
stimulus or task, manifested as, for instance, changes in in the 20-Hz rhythm in 
response to repetitive limb movement (Salmelin & Hari, 1994). 
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Figure 7. A typical power density spectrum of measured MEG data from one individual during rest. 
The spectrum shows the distribution of power averaged across all the channels of an MEG 
system. The frequency ranges of typical brain oscillations are indicated by a horizontal line; 
note the prominent peak in power in the 8- to 12-Hz alpha frequency range. Adapted from 
Baillet (2017). 

This thesis considers continuous frequency-specific cortical activity during the 
performance of naturalistic speech production and speech perception tasks. 
Study II examined cortical signal power modulations across the range of the 5 
frequency bands displayed in Fig. 7. Study III investigated the relationship of 
cortical frequency-specific activity (in the delta and theta frequency bands) with 
perceived acoustic speech signals. It is important to note that since power spec-
tral analysis did not confirm the presence of oscillatory characteristics in the 
MEG signals considered in this thesis, we do not to use of the term “cortical os-
cillatory activity”. In Study II, the examined continuous frequency-specific corti-
cal activity was more accurately referred to as “band-limited cortical signal pow-
er”. For the same reason, the term “cortical entrainment” was not used in Study 
III (also see section 1.2.3).  

Dynamic Imaging of Coherent Sources as a means to address the inverse prob-
lem 
The magnetic fields measured outside of the head are indirect observations of the 
actual electrophysiological activity of the neurons. Nonetheless, the spatial to-
pography of MEG signals recorded with planar gradiometers yields a reasonable 
initial estimate of the spatial configuration of the underlying cortical sources. An 
even more accurate estimation of the locations and the direction of current flow 
can be obtained through source modeling (Hari & Salmelin, 2012) which can 
help to differentiate spatially and temporally close neural activations. When us-
ing MEG, the source-level estimation is importantly facilitated by the negligible 
effect of skull and scalp on the measurable magnetic fields; in contrast, the elec-
tric potentials recorded by the sister method electroencephalography are much 
more affected by the conductivity changes between the brain, skull and scalp. 
However, MEG source modeling is not free of challenges, since the identification 
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of the cortical sources of the observed magnetic fields is, notably, an ill-posed 
inverse problem.   

The inverse problem being ill-posed means that there is no unique solution to 
it. To solve the ill-posed inverse problem, one needs to first construct a forward 
model that determines the magnetic fields that known neural sources would gen-
erate and would be measurable by the MEG sensors. Subsequently, the forward 
model is applied together with a chosen inverse modeling technique that has 
mathematical constraints (i.e., built on some assumptions). Given these mathe-
matical constraints, the potential solutions to the inverse problem are narrowed 
down, and the most likely cortical source configuration for the observed magnet-
ic fields is estimated. 

Beamforming, also referred to as spatial filtering, is one of the modeling tech-
niques used to address the inverse problem. In beamforming, a spatial filter is 
implemented in order to determine the signal power at each point on a grid that 
covers either the gray matter surface or the entire brain volume (defined at the 
forward modeling stage). The spatial filter aims to maximize the gain from the 
location of interest, while restricting input from other points in space; beam-
formers owe their name to this specific feature. One may thus imagine beam-
formers as a flashlight, pointing towards one point on the scalp, while leaving all 
the other points in darkness.  

Dynamic Imaging of Coherent Sources (DICS) (Gross et al., 2001) is a tool for 
estimating cortical signal power distribution, as well as coherence between all 
cortical areas and external signals, across a grid covering the whole cortex or 
brain. DICS uses a special version of beamforming, called adaptive beamforming. 
In adaptive beamforming, the estimate is dependent on the data: in the case of 
DICS, it is based on the cross-spectral density (CSD) matrix that represents the 
dependencies of the oscillatory components in the MEG signal. A straightforward 
way to compute the CSD (C) between two signals x and y is by considering their 
corresponding Fourier transforms (X, Y) at frequency f: 

 
                                        C(f) = X(f)Y(f).                            (3.1) 

 
The CSD matrix is constructed by repeating this computation for all MEG sen-

sor pairs. Additionally, external signals such as acoustic signals can be included 
in the CSD matrix estimation; this was done in Study III.  

The spatial filter used in DICS includes a regularization parameter, aimed to 
address the problem of minimizing input from irrelevant brain sources (Gross & 
Ioannides, 1999). The minimization problem reads as follows:  

 [ +  ], subject to ( ) = . 
In Eq. 3.2, A is the spatial filter transformation matrix, X is the Fourier trans-

formed data from all sensors, I is the unit matrix and L(r) contains the solutions 
of the forward problem at a given point r, typically for two tangentially placed, 
orthogonal source-level signal generators. The regularization parameter  con-
trols the spatial extent of the spatial filter and is set manually. The spatial filter is 

(3.2) 
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obtained when the matrix A is solved, and the minimum of the optimization 
problem is found: 

 ( , ) = ( ) ( ) ( ) ( ) ( ) . 
In this thesis, a spherical head model was used to compute a DICS beamformer 

to estimate and examine modulations in cortical signal power (Study II) as well 
as to quantify the interrelationship between cortical signals and acoustic signals 
(Study III) on a grid spanning the whole brain, excluding deep subcortical struc-
tures. 

MEG data recording 
The cortical data examined in this thesis were collected using a 306-channel 
Neuromag VectorviewTM MEG device manufactured by Elekta Oy (Helsinki, Fin-
land). This device consists of 102 SQUID sensors placed in a helmet covering the 
head. Each sensor is comprised of two orthogonally placed planar gradiometers 
and one magnetometer. In this thesis, only signals recorded with planar gradi-
ometers were considered, because of their better signal-to-noise ratio and better 
sensor-level spatial resolution. During data acquisition of both the speech pro-
duction and speech perception experiments, the MEG signals were band-pass 
filtered between 0.05 and 300 Hz and sampled at 1500 Hz. 

Prior to MEG data acquisition, five head position indicator (HPI) coils were at-
tached to the mastoids and forehead of the participant. Subsequently, the posi-
tion of these coils was defined relative to anatomical landmarks (nasion and 
preauricular points) using a 3D digitizer. At the beginning of MEG data acquisi-
tion the coils were briefly energized. This elicited a magnetic field that allowed 
localization of the HPI coils and, thus, the determination of head position in the 
MEG coordinate system. During MEG data acquisition eye movements and 
blinks were monitored using electrooculography (EOG).  

MEG data preprocessing and artifact removal 
External disturbances were first removed from the raw MEG data by applying 
spatio-temporal signal space separation (tSSS; Taulu & Simola, 2006) using 
Max-Filter™ software (Elekta). 

The movement of facial articulatory muscles during the speech production ex-
periment resulted in artifacts in the recorded MEG data. The artifacts were re-
moved from the notch-filtered (50 Hz) and low-pass filtered (at 150 Hz) MEG 
data using an independent component analysis (ICA) decomposition (fast ICA; 
Hyvärinen, 1999) of all MEG gradiometers and the two EMG channels. Each re-
sulting component was visually evaluated and classified as an artifact based on 
four criteria (Henderson et al., 2013; Hipp et al., 2011; Kujala et al., 2013; Vos et 
al., 2010): the topography of the component in the sensor space, its localization 
in the source space, the correlation between the time series of the component 
and the two EMG channels, as well as the relative amount of spectral power in 
the gamma/high-gamma band for the component. 

The monitoring of eye movements using EOG is an essential complement to 
MEG data measurements because eye blinks and saccades produce large artifacts 

(3.3) 
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in MEG data. In the context of Study II, EOG traces enabled the identification of 
the time-intervals contaminated by eye movement artifacts (amplitude of either 
vertical or horizontal electrooculogram >150 V) in the MEG data recorded dur-
ing the speech perception experiment. These artifact-contaminated time-
intervals were subsequently removed from further analysis. However, this ap-
proach proved to be unsuitable for the MEG data acquired during the speech 
production experiment: since speech production is associated with frequent 
blinks (von Cramon & Schuri, 1980), this kind of rejection-based procedure re-
sulted in the removal of a substantial amount of time-intervals from the MEG 
data. Therefore, in this case, a PCA-based blink removal approach was applied, 
based on the recorded EOG traces (Huotilainen et al., 1993; Uusitalo & 
Ilmoniemi, 1997; Wold et al., 1987). This PCA-based blink removal procedure 
was also applied in Study III on MEG data acquired during the speech perception 
experiment, with the aim to preserve the maximum of amount of data for subse-
quent analysis.  

MEG data analysis 
In Studies II and III, the CSD matrices were calculated using Welch's averaged 
periodogram method (4096-point Hanning windowing; 50% window overlap; 
4096-point Fast-Fourier Transform; 0.4 Hz resolution). In Study II, after CSD 
estimation, DICS (Gross et al., 2001) was used to determine the cortical distribu-
tion of signal power in eight frequency bands spanning the range 1–90 Hz. In 
Study III, the CSD matrices were computed for all combinations of all planar-
gradiometer MEG signals and the amplitude envelope of the acoustic signal. The 
aim was to quantify the phase synchronization between these two time-series 
(audio-MEG coherence).  

Coherence is a frequency-domain tool that is widely used to describe the rela-
tionship of two time-series. It is defined as the magnitude squared cross spec-
trum, divided by the power spectra of both time-series. 

 Coh =   
In Eq. 3.4, Pxx and Pyy refer to the power spectral densities of the two time-

series, and Pxy is the cross-spectral density of the two time-series. Coherence val-
ues range between 0 (no synchronization) and 1 (complete synchronization of the 
two-time series). Coherence may also be used to quantify the synchronization 
between two peripheral (i.e., non-cortical) signals: this is done in Study I, where 
the shared periodic features of EMG and acoustic signals (EMG-acoustic coher-
ence) were estimated to quantify natural speech rhythm. 

To enable statistical evaluation of the data at the group level, the cortical-level 
estimates of cortical power (Study II) and audio-MEG coherence (Study III) were 
obtained in a spatially equivalent search grid across participants. The grid sam-
pled the grey matter surface, excluding the cerebellum (20482 points; atlas 
brain; Freesurfer 5.3) (Fischl, 2012). A surface-based transformation (Fischl et 
al., 1999) was employed to convert this common grid to each participants’ anat-
omy. In Study II, grid points in the anterior frontal cortex and temporal pole are-

(3.4) 
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as were excluded from the analysis because of their high sensitivity to eye move-
ment artifacts. 

Statistical analysis 
Significant differences in cortical signal power (Study II) and in audio-MEG co-
herence between experimental conditions (Study III) were assessed using group-
level cluster-based statistics (Maris & Oostenveld, 2007). The cluster-based per-
mutation procedure was performed on the statistically significant results ob-
tained from a two-tailed Student’s t-test for paired samples (10000 permuta-
tions; cluster threshold p<0.05; weighted distance algorithm for linking adjacent 
grid points; 10-mm cut-off threshold). In each round of the permutation testing, 
the labels of the two compared experimental conditions were randomized across 
subjects, and new t-statistics were computed in all grid points. For each permu-
tation, the largest cluster t-value was stored, leading to distribution of 10000 
cluster-level t-values. The original t-statistics were then compared to this distri-
bution.  

3.4.2 Magnetic Resonance Imaging (MRI) 

Structural magnetic resonance images (3 T Siemens MAGNETOM Skyra; Sie-
mens Medical Systems, Erlangen, Germany) were obtained for each participant. 
The scan included a 3-plane localizer and a T1-weighted anatomical image. Dur-
ing the analysis phase, the MEG coordinate system was aligned with individual 
MRIs based on the location of the head position coils and anatomical landmarks. 
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4. Summary of studies 

4.1 Study I: Characterizing rhythm in natural speech 

4.1.1 Background and aim 

Owing to the inherently complex temporal structure of natural speech, the 
quantification of natural speech rhythm is a challenging task. Study I aimed to 
provide a comprehensive description of speech rhythm through a multimodal 
approach involving two highly relevant markers of speech rhythm: EMG and 
acoustic signals. In contrast to a traditional unimodal approach, which typical-
ly entails examination of power spectra of EMG and acoustic signals separate-
ly, a multimodal analysis considers these signals in unison. The multimodal 
analysis method of choice was coherence analysis (EMG-audio coherence), 
which highlights the shared patterns between two time-series while downplay-
ing random, uncorrelated activity. It was predicted that this multimodal ap-
proach would efficiently reveal the shared rhythmic patterns contained in 
EMG and acoustic signals and would be more informative than a unimodal 
approach. 

4.1.2 Data analysis 

In Study I the EMG and acoustic signals recorded during natural speech pro-
duction (20 participants; slow, normal and fast) were considered. As a control, 
EMG and acoustic signals recorded during /pa/ syllable repetition (10 partici-
pants; slow, normal and fast) were considered.  

Behavioral analysis of raw acoustic signals entailed their transformation 
from audio to text by a professional transcribing firm. Subsequently, mean 
word and syllable production frequencies and mean /pa/ syllable repetition 
frequencies were estimated for all three rates. The effect of speaking rate on 
mean word and syllable production frequencies (20 participants) as well as the 
effect of repetition rate on mean /pa/ repetition frequencies (10 participants) 
was tested using a one-way within-subjects analysis of variance (ANOVA). 
These behavioral data were used to validate the relevance of EMG-audio co-
herence analysis in detecting speech rhythm.  

Spectral analysis of the acoustic and EMG signals was carried out through a 
signal processing pipeline. The amplitude envelope of each signal was extract-
ed and the power spectrum of the amplitude envelope was estimated. The 



Summary of studies 

44 

EMG-audio coherence power spectrum was then obtained by computing the 
cross spectrum of the amplitude envelopes of the two signals and subsequently 
dividing it by the power spectra of the amplitude envelopes of both signals. 
This enabled the quantification of the relationship between the acoustic and 
EMG signals in the frequency domain. 

4.1.3 Results and discussion 

The results of the behavioral analysis demonstrated that word and syllable 
production frequencies and /pa/ syllable repetition frequencies increased as a 
function of speaking rate. Expectedly, the unimodal spectral analysis was suffi-
cient to detect rhythm for the simple oromotor task of /pa/ syllable repetition, 
which has previously been shown to feature a very clear rhythmic structure 
(O’Dell & Nieminen, 2009). Salient peaks corresponding to the mean /pa/ 
syllable repetition frequency were observed both in the group-level EMG and 
acoustic power spectra as well as in the group-level EMG-acoustic coherence 
spectra. In contrast, for natural speech production, a unimodal spectral analy-
sis was deemed inefficient, as the group-level power spectra of the amplitude 
envelope of acoustic and EMG signals were characterized by a rather flat pat-
tern (Fig. 8A). Notably, however, the group-level EMG-acoustic coherence 
spectra demonstrated salient peaks. These coherence peaks approximately 
aligned with mean word and syllable production frequencies (Fig. 8B).  

As hypothesized, the results of Study I suggest that the temporal regularities 
in speech are remarkably well captured using a multimodal spectral approach 
consisting of EMG-acoustic coherence analysis. The advantage of a multimod-
al spectral approach lies in its ability to combine information from two differ-
ent sources; it thereby circumvents the obstacles that hinder the detection of 
rhythm in speech when performing a unimodal analysis. As demonstrated by 
previous work (O’Dell et al., 2007), the rhythmic pattern of speech is highly 
irregular and variable. These irregularities tend to become more amplified 
when only a limited amount of data is available, as was the case here (speech 
material from 20 participants; only 4 minutes of data per speaking rate per 
participant).  

Furthermore, the absence of a continuous rhythmic patterning in speech 
highlights the existence of noise in the EMG and acoustic signals. Consequent-
ly, a prominent 1/f trend (see Voss & Clarke, 1975) in the EMG and acoustic 
power spectra masks any underlying spectral peaks. The results of Study I thus 
demonstrate the efficiency and sensitivity of EMG-acoustic coherence in cap-
turing the temporal regularities of the complex speech signal, even for relative-
ly concise datasets. 
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Figure 8. A, Illustration of the outcome of the unimodal analysis, in which the power spectrum of 
the amplitude envelope of acoustic and EMG signals is computed separately. There are no 
discernible power spectral peaks in the resulting group-level spectra. B, Illustration of the 
multimodal analysis (EMG-acoustic coherence). There are salient peaks in the coherence 
spectra approximately aligned with syllable production frequencies (arrows). These peaks 
were shown to approximately align with the individual syllable production frequencies (white 
circles). Figure adapted from Publication I. 

4.2 Study II: Investigating the cortical correlates of natural 
speech production and speech perception 

4.2.1 Background and aim 

The current understanding of cortical speech processing is mostly based on 
studies of the production or perception of single words or sentences. However, 
recent evidence suggests that cortical processing of natural, connected speech 
relies on additional cortical substrates (Hultén et al., 2014; Koskinen et al., 
2013; Silbert et al., 2014). Such differences in cortical processing between iso-
lated linguistic forms and natural connected speech are not surprising. Contra-
ry to isolated linguistic forms, natural speech features rhythm (tied to speaking 
rate), continuously unfolding linguistic content, and social relevance. Thus, the 
aim of Study II was to provide a neurobiological account of the cortical corre-
lates of natural speech production and perception through variations in these 
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three fundamental speech-related features. Neural engagement was quantified 
as task-related modulations of MEG signal power across the cortex.  

4.2.2 Data analysis 

In Study II MEG data recorded during both the speech production and speech 
perception experiments were taken into account. From the speech production 
experiment, natural speech production (slow, normal and fast speaking rate), 
/pa/ syllable repetition at the normal rate were considered. From the speech 
perception experiment, perception of each participant’s own speech (slow, 
normal and fast speaking rate), perception of the unfamiliar male speaker’s 
speech at the normal rate and attentive listening of normal-rate amplitude-
modulated noise were considered.  

After computing the CSD matrices, DICS was used to determine the cortical 
distribution of signal power in eight frequency bands spanning the range 1–90 
Hz (1–4 Hz; 4–7 Hz; 7–9 Hz; 8–13 Hz; 13–20 Hz; 20–30 Hz; 35–45 Hz; 60–
90 Hz) for each participant and experimental condition. Differences in cortical 
distribution of signal power between experimental conditions were estimated 
based on contrasts designed to induce variations in three fundamental speech-
related features: amount of linguistic content, speaking rate, social relevance. 
The cortical correlates of the amount of linguistic content were examined us-
ing contrasts adjusted separately for speech production and speech percep-
tion: production of natural, connected speech was contrasted to /pa/ syllable 
repetition, and perception of natural connected speech was contrasted to per-
ception of amplitude-modulated noise. Speaking rate was probed by con-
trasting normal-rate speech to slow- and fast-rate speech. Finally, for speech 
perception, social relevance was probed by contrasting perception of one’s own 
speech compared to the unfamiliar male speaker’s speech. Statistically signifi-
cant effects were determined using a group-level cluster-based procedure per-
formed on the statistically significant results obtained from a two-tailed Stu-
dent’s t-test for paired samples. The unique and shared parts of cortical activa-
tion patterns between speech production and perception were obtained by 
examining the grid index overlap of all activated cortical regions across fre-
quencies and contrasts. 

4.2.3 Results and discussion 

The three speech-related features were associated with distinct spatiospectral 
modulation patterns that encompassed cortical regions in both hemispheres. 
The presence of linguistic content in an utterance was associated with en-
hanced cortical signal power in bilateral frontocentral, superior temporal and 
temporo-parietal regions (35-90 Hz) for speech production and in the right 
temporal and temporo-parietal regions for speech perception (8-30 Hz) (Fig. 
9A). Increased speaking rate in the produced speech resulted in enhanced 
cortical signal power in bilateral temporo-parietal and frontal regions (1-4 Hz 
and 13-45 Hz). In contrast, for speech perception, enhanced cortical signal 
power was observed in the lSTG (35-45 Hz) for slow- and fast-rate speech 
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compared to normal-rate speech (Fig. 9B). The social relevance of an utter-
ance was manifested as increased power for perception of the male speaker’s 
speech compared to perception of one’s own speech in the right temporal and 
temporo-parietal regions (8-20 Hz). 

Pooling the spatiospectral patterns across speech-related features and fre-
quency bands revealed a bilateral pattern for speech production, highlighting 
the frontocentral, parietal and temporo-parietal areas that comprise the peri-
sylvian cortex (Fig. 10, green). While speech perception was also bilateral, it 
mostly emphasized the right temporo-parietal and temporal areas (Fig. 10, 
blue). Natural speech production and perception demonstrated extensive bi-
lateral overlap (Fig. 10, magenta) and were found to jointly activate the right 
temporo-parietal junction (rTPJ) (Fig. 10, white circle), the right middle tem-
poral gyrus and the lSTG.  

 

 

Figure 9. Cortical areas demonstrating modulations in signal power in response to variations in 
two of the three speech-related features considered in Study II. A., Linguistic content. Pro-
duction: normal-rate speech vs. /pa/ syllable. Perception: normal-rate speech vs. normal-
rate noise. B, Speaking rate. Production: normal vs. slow rate. Perception: normal-rate 
speech vs. slow-rate speech and normal-rate speech vs. fast-rate speech. Figure adapted 
from Publication II. 

The results of Study II, based on band-limited cortical power modulations in 
natural speech tasks, reveal a notable involvement of the right hemisphere in 
speech functions. This observation is in line with reports proposing a particu-
lar sensitivity of the right hemisphere to incoming connected natural speech 
(Fonteneau et al., 2014; Horowitz-Kraus et al., 2015; Jung-Beeman, 2005; 
Koskinen et al., 2013) and evidence that the cortical processing of abstract, 
context-dependent linguistic content during the course of a conversation is 
right-lateralized (Federmeier et al., 2008; St George et al., 1999). Study II also 
revealed a marked and consistent modulation of activity in the rTPJ in re-
sponse to variations in all three speech-related features. Specifically, the rTPJ 
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was shown to be sensitive to socially relevant linguistic content and to support 
the generation and comprehension of natural, communicative speech, thus 
extending its previously known role in social cognition (Lawrence et al., 2006; 
Saxe & Baron-Cohen, 2006; Saxe & Kanwisher, 2003) to speech processing 
(also see Puschmann et al., 2017). In line with the traditional view of language 
processing (e.g., Blank et al., 2002), an involvement of the left perisylvian re-
gions was also observed. 

Study II provides an unprecedented insight into a broad spectrum of natural 
speech functions and thus contributes to an emerging, more integrative view of 
speech processing (Federmeier et al., 2008; Pickering & Garrod, 2006; Silbert 
et al., 2014). Firstly, these findings show that while the traditional view of a 
left-hemisphere involvement in speech functions remains valid, the production 
and perception of natural speech, a highly complex and multifaceted entity, 
requires a balanced engagement of neural resources from both cortical hemi-
spheres. In this bilateral pattern of activation, the right hemisphere mediates 
the processing of context, an essential dimension of oral communication. Sec-
ondly, Study II indicates that there are partly shared large-scale cortical repre-
sentations for the production and perception of meaningful connected lan-
guage, and thus extends previous evidence obtained through the study of iso-
lated linguistic forms (Buchsbaum et al., 2001; Cogan et al., 2014; Indefrey, 
2011; Price et al., 1996; Watkins et al., 2003), and reinforces the notion of sen-
sorimotor integration (Hickok et al., 2011; Hickok & Poeppel, 2004; 
Pulvermüller & Fadiga, 2010) (cf. Introduction, section 1.4.1). 

 

Figure 10. Modulations in cortical signal power revealed cortical areas activated only in speech 
production (green), only in speech perception (light blue) and both in speech production and 
speech perception (magenta). There was an emphasis on the right hemisphere and on the 
right temporo-parietal junction (white dashed circle) in particular. Figure adapted from Publi-
cation II. 
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4.3 Study III: Examining the cortical tracking of speaking rate in 
natural connected speech 

4.3.1 Background and aim 

Behavioral work has shown that during natural speech perception listeners 
track both the global rhythmic structure of the input, that is, the global rate at 
which the linguistic information is transmitted over time, as well as the local 
rate of change in linguistic information (Baese-Berk et al., 2014; Dilley & Pitt, 
2010; Reinisch, 2016). Neuroimaging studies suggest that this tracking is cor-
tically implemented through a constant relationship between cortical signals 
and the acoustic amplitude envelope (e.g., Ahissar et al., 2001; Hertrich et al., 
2013; Hertrich et al., 2012). The aim of Study III was to functionally character-
ize the cortical implementation of such a tracking mechanism for natural, con-
nected speech perception. Audio-MEG coherence was used to quantify the 
correlation in the frequency domain between cortical signals and the acoustic 
amplitude envelope of the perceived stimuli. It was predicted that the resulting 
audio-MEG coherence patterns would demonstrate a spatial differentiation 
between tracking the global speaking rate and the local variations in speaking 
rate. 

4.3.2 Data analysis 

In Study III the MEG signals recorded while listening to the unfamiliar male 
speaker’s speech at three global speaking rates (slow, normal and fast; 6 40-s 
stimuli at each global speaking rate), as well as the acoustic signals of the un-
familiar male speaker’s speech materials were considered. The amplitude en-
velope of the acoustic speech signals of the male speaker was computed across 
the 4 minutes of data at each global speaking following the same procedure 
used in Study I. The cortical areas showing coherent activity with the ampli-
tude envelope of the acoustic signals were estimated using DICS. To this end, 
CSD matrices were computed between the amplitude envelope of the acoustic 
signal and all planar-gradiometer MEG signals for the three global speaking 
rates as well as for the constant and changing rate categories. The computation 
of CSD matrices was done separately for 10 frequency bins (1-10 Hz).  The ef-
fect of global speaking rate on audio-MEG coherence patterns was evaluated 
by contrasting normal-rate vs. slow-rate speech and normal-rate vs. fast-rate 
speech. The effect of local variations in speaking rate on audio-MEG coherence 
patterns was evaluated by contrasting constant-rate speech vs. changing-rate 
speech (see section 3.3.2). The frequency bin-specific audio-MEG coherence 
maps were averaged across the frequency bins of interest (2—4 Hz, delta band; 
4—7 Hz, theta band). Statistically significant effects were determined using a 
group-level cluster-based procedure performed on the statistically significant 
results obtained from a two-tailed Student’s t-test for paired samples. 
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4.3.3 Results and discussion 

The findings of Study III suggest that cortical signals track multiple features of 
speech rhythm. The global speaking rate and the local variations in speaking 
rate were associated with modulations in audio-MEG coherence that encom-
passed lower-level and higher-level regions in both cortical hemispheres and 
occurred in the 2—4 Hz (delta) and 4—7 Hz (theta) frequency ranges. Global 
speaking rate was associated with modulations in audio-MEG coherence in the 
temporal areas bilaterally, as well as in the right parietal and right paracentral 
regions (Fig. 11A). Local variations in speaking rate were associated with 
modulations of audio-MEG coherence in the left parietal region (Fig. 11B). 
The right and left parietal regions were thus sensitive to different types of 
speaking rate variations, although the effect was observed in the 4—7 Hz fre-
quency range in both of these cortical areas. 
 

 

Figure 11. Cortical regions (white color) and frequency ranges demonstrating modulations in 
audio-MEG coherence A, Effect of global speaking rate (normal-rate speech vs. fast-rate 
speech; slow-rate speech vs. normal-rate speech). B, Effect of local variations in speaking 
rate (constant-rate speech vs. changing-rate speech).  

As hypothesized, these findings suggest a spatial and functional differentia-
tion between tracking the global speaking rate and tracking local variations in 
speaking rate. This differentiation reveals a dual nature of the cortical tracking 
of speech rhythm, which was conceptualized through evolutionary and predic-
tive tuning. Evolutionary tuning may be viewed as a preference for habitual 
rates of input (~5 Hz) (Ghazanfar et al., 2013; Morrill et al., 2012). It was man-
ifested as increased audio-MEG coherence values for normal-rate speech (syl-
lable production frequency ~5 Hz) compared to fast-rate speech in the tem-
poral regions bilaterally. On the other hand, tracking local variations in speak-
ing rate may be viewed as linked to predictive tuning, or the innate predisposi-
tion of the human brain to seek regularities in the surrounding sensory envi-
ronment (Bar, 2007). Predictive tuning was manifested as increased audio-
MEG coherence for constant-rate speech compared to changing rate-speech in 
the left parietal region at the 4—7 Hz frequency range, previously associated 
with encoding temporal predictions (Arnal & Giraud, 2012; Calderone et al., 
2014; Nobre et al., 2007). This finding also aligns with behavioral evidence 
suggesting that tracking local variations in speaking rate is predictive in nature 
(Brown et al., 2012; Koreman, 2006). 

On a broader level, the observed audio-MEG coherence patterns provide new 
insights regarding the existing framework of cortical tracking of the acoustic 
amplitude envelope of incoming speech signals as a mechanism supporting 
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speech perception. In accordance with an emerging, more integrative view of 
speech processing supported by Study II and previous studies (Federmeier et 
al., 2008; Silbert et al., 2014), audio-MEG coherence to perceived natural, 
connected speech extended beyond the previously reported emphasis on the 
temporal regions (e.g., Ahissar et al., 2001; Hertrich et al., 2012; Keitel et al., 
2017; Peelle et al., 2013), and also engaged higher-order cortical regions. The 
observed combined contribution of both evolutionary and predictive tuning 
support the notion that sensory perception is not a passive reaction to incom-
ing stimuli but an active, highly constructive process that is continuously op-
timized as time unfolds (Engel et al., 2001; Morillon & Schroeder, 2015). In 
this context, the functional role of cortical tracking of the acoustic amplitude 
envelope is not merely confined to achieving syllabic segmentation of the input 
but extends to temporal predictions and expectations. 
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5. General Discussion 

This thesis aimed to contribute to a global description of natural connected 
speech on both the peripheral and the cortical levels using a data-driven ap-
proach that involved an extensive naturalistic experimental paradigm. Differ-
ent aspects of the collected dataset were analyzed in the three studies that ad-
dressed the specific questions presented in Chapter 2. Firstly, the question of 
how to quantify rhythm in spontaneously produced speech was addressed in 
Study I. Study I also provided an account of the behavioral frequencies present 
in the produced speech. The comprehensive description of speech rhythm in 
real-life speech afforded by Study I served as an essential basis for interpreting 
the cortical-level findings of Studies II and III. Secondly, the cortical correlates 
of speech rhythm and other speech-related features in both produced and per-
ceived speech were elucidated in Study II. Study II considered only signals of 
cortical origin and their modulations in response to variations in speech 
rhythm. Study III extended the findings and scope of Study II: it examined the 
relationship of cortical signals and peripheral speech acoustic signals and, spe-
cifically, addressed the question of how cortical signals track speech rhythm 
during speech perception.  

Study I introduces a new method for quantifying rhythm in spontaneously 
produced speech that could be particularly useful in the study of the motor 
aspects of speech production in both healthy individuals and patients. Study I 
also contributes towards a consensus on how to best describe and explain the 
physical properties of speech-related signals. Studies II and III show that pro-
duction and perception of natural, connected speech engages additional corti-
cal regions to those involved in the traditional left-lateralized accounts of 
speech processing. These regions are either left-lateralized, but outside the 
bounds of the left peri-sylvian region, or are located in the right hemisphere. 
Functionally, such regions have either not been typically associated with lin-
guistic functions (as was the case with the rTPJ; Study II) or have been 
thought to play auxiliary roles in speech processing (as was the case with left 
and right parietal regions; Study III).  

Taken together, the findings of Studies I-III broaden our knowledge on the 
global themes at the core of this thesis, outlined in Chapter 2. These newly 
gained insights are discussed in sections 5.1-5.4. 
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5.1 What is speech rhythm? 

While the methodological aspect was the main focus of Study I, the characteri-
zation of the temporal regularities in speech enables one to address the ques-
tion “what is speech rhythm?”. This question remains open in the context of a 
recently initiated cross-disciplinary discussion combining knowledge from the 
fields of neurophysiology, music research and behavior (Smith et al., 2014). 

As mentioned in section 1.1, speech rhythm may be defined from different 
perspectives. In the domain of phonetic and linguistic research, speech rhythm 
is often seen as being related to meter and prosody. This kind of definition 
stems from the domain of music research that has significantly influenced the 
study of rhythm in speech. In music, rhythm is not synonymous to a periodic 
recurrence of musical notes. Instead, it is manifested through features such as 
beat and pulse: these are not physical properties of the signal per se but per-
ceptual characteristics that are much harder to describe objectively (Cummins, 
2012).  

Study I placed less emphasis on the perceptual aspects of speech rhythm 
and, instead, sought to quantify periodic fluctuations in acoustic and EMG 
signals. Periodic fluctuations reveal the temporal regularities present in speech 
that are linked to speaking rate. Thus, Study I provided an alternative answer 
to the question of “what is speech rhythm?”: it enriched the understanding of 
one of the possible definitions of speech rhythm that is based on the frequency 
content of speech-related physical signals. In the Finnish language, habitual 
speaking rates have been previously shown to range from 2–3 Hz for word 
production frequencies and from 4–6 Hz for syllable production frequencies 
(Sallinen-Kuparinen, 1978). In Study I, the mean speaking rate, averaged 
across the 20 participants, was shown to fall within this range, and EMG-audio 
coherence analysis revealed salient peaks in the coherence spectra associated 
with both word and syllable production frequencies. The observation of these 
salient peaks that coincide with behavioral frequencies suggests the presence 
of layers of temporal patterning in natural connected speech production; this 
is in line with accounts of the multitemporal characteristics of speech 
(Greenberg, 2006; Poeppel et al., 2008).  

Disorders of speech production (e.g., Parkinson’s disease) involve impair-
ments of the temporal aspects of speech rhythm that are reflected as altered 
speaking rate (Skodda & Schlegel, 2008). The multimodal approach intro-
duced in Study I can be of special relevance for examining the nature and de-
gree of speech rhythm impairment in such patient groups. Since this multi-
modal approach has proven its efficiency even for limited datasets it could be 
particularly useful in the clinical environment, where the amount of data that 
can be collected from each patient is often restricted.  

Finally, it is worth noting that there are also diverging views regarding 
whether a salient temporal structure in speech can be referred to as “speech 
rhythm”. Specifically, Nolan and Jeon (2014) postulate that speech is, in many 
languages, arrhythmic or even antirhythmic, while simultaneously featuring 
temporal regularities. This framework views timing and rhythm as two sepa-
rate, non-interchangeable concepts and suggests that it is more accurate to 
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speak of “timing” instead of “rhythm” when referring to speech (Nolan & Jeon, 
2014). Thus, to further the understanding of “what is speech rhythm?”, future 
studies could seek to reconcile the different views of speech rhythm into one 
unified, inclusive concept. 

5.2 What is the cortical representation of natural connected 
speech? 

Study II on cortical processing of natural speech did not replicate the findings 
of the many earlier studies that have used more limited experimental para-
digms to examine isolated linguistic forms. There thus seems to still be much 
to be learned about the cortical processing of speech as we encounter it in eve-
ry-day life. The findings of Study II were particularly intriguing with regards to 
speech perception. At present, the general consensus, based on a seminal fMRI 
study by Scott et al. (2000) and dual-stream models (Hickok & Poeppel, 2004, 
2007; Rauschecker & Scott, 2009), is that the left hemisphere “likes” speech, 
and primarily undertakes linguistic processing during speech perception. 
Study II challenges this traditional view by showing that the linguistic content 
of an utterance, examined through the contrast between perception of speech 
and perception of amplitude-modulated noise, is predominantly processed in 
the right hemisphere. This apparent absence of left-hemispheric activation 
warrants some discussion. 

The observed emphasis on the right hemisphere was likely task-dependent. 
The employed task, attentive listening of a continuous stimulus, entails de-
tailed tracking and subsequent pattern extraction and integration from the 
input over a long period of time. In Study II, this kind of task was found to 
differentiate speech and noise in the right hemisphere. This observation aligns 
with recent evidence suggesting that the right hemisphere is predominantly 
engaged when perceiving connected speech (Giordano et al., 2017). This ob-
servation is also consistent with findings that the engagement of the right 
hemisphere increases as a function of the presence of larger units of infor-
mation (mostly related to context) in the perceived speech (Federmeier et al., 
2008; Xu et al., 2005). On a broader level, the pattern of activation observed 
in Study II may be interpreted with regard to the general framework of asym-
metric roles of the left and right hemispheres in speech perception (Abrams et 
al., 2008; Giraud et al., 2007; Jung-Beeman, 2005; Morillon et al., 2012). Ac-
cording to this framework, the left hemisphere is thought to undertake parsing 
of the input signal and to demonstrate more sensitivity to finer-grain features. 
On the other hand, the right hemisphere is proposed to have a more integra-
tive role, performing coarser computations and operating on longer time-
scales.  

However, the absence of left-hemisphere effects in response to variations in 
linguistic content of the perceived speech does not imply that such effects do 
not exist. There might have been sub-threshold differences in cortical power in 
the left hemisphere that were not readily detectable with the present experi-
mental design (see Peelle, 2012) and choice of brain imaging modality. As de-
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scribed in section 3.4.1, MEG is most sensitive to synchronous neural activity. 
Increased involvement of left-hemispheric cortical regions when listening to 
speech might be linked with non-synchronous, neural activity to which fMRI is 
more sensitive than MEG (e.g., Renvall et al., 2011; Vartiainen et al., 2011). 
Indeed, it is noteworthy that evidence suggesting a contribution of left-
hemispheric cortical regions, and of the left perisylvian cortex in particular, in 
processing narrative speech stems from fMRI work (Crinion et al., 2003; 
Silbert et al., 2014; Xu et al., 2005). Finally it is worth noting that, in accord-
ance to the principle of “imager’s fallacy”, the observation of a response in one 
region, but not another, does not mean that these regions significantly differ in 
their activity (Henson, 2005). 

Study II revealed an extensive bilateral overlap of speech production and 
speech perception. This finding broadly fits into the framework of sensorimo-
tor integration (see section 1.2.2), especially with regards to the joint activation 
of the bilateral auditory cortices for both production and perception of natural 
connected speech. Shared cortical representations may play a fundamental 
role both in language learning (Dell & Chang, 2014) as well as during real-life 
communicative language use which alternates rapidly between speech produc-
tion and perception (Levinson, 2016; Pickering & Garrod, 2006). On a broader 
level, these findings also provide some support to the view that shared cortical 
representations for input (perception) and output (action) processes form the 
basis of complex cognitive behaviors (Garrod & Pickering, 2009; Hasson et al., 
2012). 

5.3 Is normal-rate speech special? 

As mentioned in section 1.1, it has been suggested that evolutionary mecha-
nisms have shaped a cortical preference for certain frequencies of output, 
manifested as habitual speaking rates (~5 Hz) across languages (Morrill et al., 
2012). The findings of Study I align with this view: word and syllable produc-
tion frequencies at the normal speaking rate were found to be in accordance 
with previously reported values for the Finnish language (see section 5.1), and 
also coincide with the habitual speaking rates reported across languages (see 
section 1.1).  

This behaviorally manifested preference leads to the question of whether the 
production of normal-rate speech is special with regards to cortical processing. 
For the normal speaking rate to be considered preferred at the neural level, 
one would expect to observe a U-shaped (or inverse U-shaped) curve of corti-
cal activation or coherence measures as a function of speaking rate. 

In Study II, the observed pattern of modulation in cortical signal power did 
not support the view that production of normal-rate speech would differ from 
other, non-habitual frequencies of output. The cortical signal power was en-
hanced for production of normal-rate speech compared to production of slow-
rate speech. On the other hand, there were no differences in cortical signal 
power for production of normal-rate speech compared to production of fast-
rate speech. It is noteworthy that previous work using coherence between 
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MEG and EMG signals found, instead, a U-shaped pattern, as the maximum 
coherence value was observed when a metronome-paced simple oromotor task 
was performed at the normal speaking rate (Ruspantini et al., 2012).  

Modulations of band-limited cortical signal power have been associated with 
cognitive activity (Wang, 2010) and have been shown to reflect functional pro-
cesses underlying speech processing (Obleser & Weisz, 2012). On the other 
hand, coherence is thought to reflect information transfer between, among 
others, a cortical region and the periphery (Fries, 2005). Therefore, these two 
measures likely reflect different aspects of cortical processing and are thus not 
directly comparable. Moreover, as described in section 1.1, natural, continuous 
speech features a quasi-regular rhythmic structure; this reduces the signal-to-
noise ratio (also see section 5.5). It is also worth noting that, in contrast to 
MEG signals recorded during speech perception, the MEG signals recorded 
during natural connected speech are contaminated by artifacts of motor 
origin; such artifacts may further reduce the signal-to-noise ratio (also see 
section 5.5). For these reasons, the data collected during the speech produc-
tion task employed in Study II might have not been ideal for estimation of 
MEG-EMG coherence, and thus for potentially verifying the findings of 
Ruspantini et al. (2012) on preference for the normal speaking rate. Further 
research, using both activation and coherence measures, is required to eluci-
date the potential special status of normal-rate speech in speech production. 

The proposed preference of the cortex for certain frequencies of output de-
scribed in the beginning of this section has been thought to shape a similar 
preference in the auditory modality (Assaneo et al., 2016; Liberman & 
Mattingly, 1989; Liberman & Whalen, 2000). In contrast to the absence of a 
preference for the normal rate in speech production, the findings of Studies II 
and III propose a salient preference for normal-rate speech in speech percep-
tion. In Study II, less cortical signal power was observed in the lSTG for nor-
mal-rate speech compared to both slow- and fast-rate speech which represent 
non-habitual frequencies of input. Behavioral work has shown that slow-rate 
and fast-rate speech are more difficult to process and comprehend than nor-
mal-rate speech (Janse, 2004; Small et al., 1997). The observation of lowest 
signal power for normal-rate speech thus aligns with previous reports suggest-
ing a link between the amount of neural activity observed in the lSTG and the 
cognitive effort required for spoken sentence comprehension (Just et al., 1996; 
Lewis & Bastiaansen, 2015). 

Moreover, Study III found increased audio-MEG coherence for normal-rate 
vs. fast-rate speech for cortical signals originating in the bilateral auditory cor-
tices. This effect may also speak to a preference for normal-rate speech, as in-
creased audio-MEG coherence has been proposed to be associated with en-
hanced processing efficiency (Lakatos et al., 2008; Schroeder et al., 2010). 
Hence, both power and coherence metrics potentially point to a cortical pref-
erence for perceived normal-rate speech. In Study III, such a predisposition 
was conceptualized as evolutionary tuning (see section 4.3.3). These findings 
are the first to suggest a preference for the habitual frequencies of input in 
humans in perception of real-life speech; (previously such a preference was 
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only demonstrated  for primates for simple audiovisual stimuli; Ghazanfar et 
al., 2013).  

5.4 Are cortical signals tuned to speech rhythm? 

A relatively established view is that cortical signals from the auditory regions 
track speech signals (Peelle & Davis, 2012). This view is mainly based on the 
perception of isolated sentences. Specifically, the majority of studies examin-
ing cortical tracking of speech signals have contrasted the perception of intelli-
gible sentences with the perception of vocoded sentences of altered intelligibil-
ity (e.g., Ding & Simon, 2014; Luo & Poeppel, 2007; Millman et al., 2015; 
Peelle et al., 2013). The few studies that have considered continuous speech 
have examined perception of spoken text, read aloud by professional speakers 
(Gross et al., 2013; Kayser et al., 2015; Keitel et al., 2017; Park et al., 2015). 
The acoustic profile of read-aloud speech is, however, different from that of 
spontaneously produced speech; for instance, coarticulation is absent in read-
aloud speech (Finke & Rogina, 1997). Moreover, the effect of variations in 
global speaking rate on cortical tracking dynamics has been previously exam-
ined solely through artificially speeded-up isolated sentences (Ahissar et al., 
2001; Hertrich et al., 2013). However, the prosodic features and temporal 
structure of artificially speeded-up speech is markedly different from that of 
naturally speeded up speech (Janse, 2004; Max & Caruso, 1997). 

Given the scarce evidence on cortical tracking of natural connected speech, 
as it is encountered in a real-life communicative situation, the findings of 
Study III are of special interest. Study III extended previous knowledge by 
suggesting that signals from both lower-level and higher-level regions track a 
perceived speech signal. The role of higher-level regions in cortical tracking 
has been the focus of several recent studies examining whether the relation-
ship between auditory cortical signals and an incoming speech signals is influ-
enced by top-down input (Gross et al., 2013; Kayser et al., 2015; Keitel et al., 
2017; Park et al., 2015). The strength of this relationship was found to corre-
late with cortical signal power in frontal and parietal regions, suggesting a 
modulatory effect of higher-level regions on cortical tracking dynamics. Study 
III complements this evidence by demonstrating that the bilateral parietal re-
gions do not merely exert a modulatory influence on lower-level regions but 
also directly contribute to tracking an incoming speech signal.  

Specifically, cortical signals from the left parietal regions were shown to 
track local variations in speaking rate. This observation was interpreted to re-
flect predictive tuning, which entails top-down processes related to temporal 
predictions and the extraction of regular patterns from the environment. The 
present finding hence contributes to the on-going discussion of whether corti-
cal tracking is of bottom-up or of top-down nature (section 1.2.3). Specifically, 
it potentially indicates that cortical tracking of speech signals is, at least partly, 
an active process, instead of a mere passive reaction to incoming stimuli; this 
interpretation is in line with previous reports (Kayser et al., 2015). 
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The findings of Study III also reveal that cortical signals are tuned to multi-
ple rhythmic features of a spoken utterance. A key question that follows is 
whether tracking of the rhythmic features of speech is the key to understand-
ing an utterance, as it has been repeatedly suggested (e.g., Ghitza, 2012; 
Giraud & Poeppel, 2012). Previous evidence has led to the tentative conclusion 
that cortical entrainment is a general phenomenon that occurs for both speech 
and non-speech rhythmic stimuli. While the strength of the relationship be-
tween cortical and speech signals has been shown to be amplified for intelligi-
ble speech and play a facilitative role in speech processing, it is not considered 
as the only requirement for speech comprehension (Zoefel & VanRullen, 
2015a).  

Study III presents evidence that could shed some light to this riddle. The 
spontaneously produced speech stimuli at different global speaking rates did 
not differ in intelligibility, yet they were associated with distinct audio-MEG 
coherence patterns. As mentioned in section 5.4, there is behavioral evidence 
suggesting that processing and comprehension of slow-rate and fast-rate 
speech are more taxing compared to normal-rate speech (Janse, 2004; Small 
et al., 1997). Thus, one potential interpretation of the observed modulations in 
audio-MEG coherence patterns, and the one adopted in Study III, is that such 
modulations reflect more effortful integration of linguistic content when lis-
tening to slow or fast speech. If this is the case, cortical tracking of perceived 
speech may further be interpreted to assist or reflect processes related to the 
extraction of meaning. Moreover, behavioral evidence demonstrates that 
tracking the speaking rate is paramount to comprehension (Miller et al., 
1984a; Summerfield, 1981): by revealing modulations in audio-MEG coher-
ence in response to both global speaking rate and local variations in speaking 
rate, Study III indirectly links cortical tracking of speech rhythm to speech 
comprehension. Further studies are needed to advance the knowledge on how 
cortical tracking of perceived speech may be associated with speech compre-
hension, and to determine whether there is indeed a causal relationship (and if 
yes, what is the direction of this relationship) between speech intelligibility 
and the cortical tracking of speech.  

5.5 Opportunities and challenges of a naturalistic approach  

The experimental paradigm employed in this thesis approximated a real-life 
communicative situation. This ecologically valid approach is of great value 
because it captures all aspects of cortical speech processing, instead of isolat-
ing one specific aspect (e.g., semantic or phonological processing). This is es-
pecially important given that cortical activation patterns are determined by 
how “speech” is defined and what kind of speech stimuli are used in each ex-
perimental paradigm (Peelle, 2012). Thus, the use of continuous, spontaneous 
speech tasks that simulate a real-life communicative situation is essentially the 
only way to gain unique insights into the cortical processing of speech as it 
used in every-day circumstances (Hasson & Egidi, 2015).  
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As this thesis demonstrates, data collected through naturalistic experimental 
paradigms are quite versatile, offering the possibility to address multiple re-
search questions. Thus, the collection of data through an ecologically valid 
approach may also, in the long term, involve less time and funding compared 
to experimental set-ups of narrower scope. In addition to the findings present-
ed in this thesis, the current dataset would further enable, for instance, to elu-
cidate the similarity of cortical responses observed when hearing one’s own 
voice during spontaneous speech production (auditory feedback), and when 
perceiving one’s own utterances as a separate speech stimulus.  

However, the use of naturalistic stimuli has an obvious downside, namely a 
loss of control on many factors. In contrast to experimental paradigms that 
isolate only one aspect of speech processing, naturalistic stimuli engage a wide 
and diverse array of cortical processes: these include core linguistic processes, 
the affiliated processes that accompany them (e.g., processing of emotional 
valence of an utterance), as well as more basic, domain-general processes (e.g., 
memory and attention). It is still an open question how core linguistic process-
es can be disentangled from other processes in the context of a naturalistic 
experimental set-up (Hasson & Egidi, 2015). To this end, it is important that, 
among others, attentional levels are monitored, as was done in the speech per-
ception experiment included in this thesis (see section 3.2.2).  

As demonstrated by the behavioral analysis of the stimuli and the findings of 
Studies I and III, not using an external pacing device but instead allowing for 
spontaneously produced speech stimuli leads to a highly irregular temporal 
pattern at all three global speaking rates. This irregular temporal pattern sub-
sequently reduces the signal-to-noise ratio. In Study I this was manifested as 
an inefficiency of the unimodal approach to reveal rhythmic patterning in 
speech, whereas in Study III this was seen as considerably lower audio-MEG 
coherence values than those reported in previous studies (Ahissar et al., 2001; 
Ding et al., 2014; Peelle et al., 2013). Future studies could seek to improve the 
signal-to-noise ratio by collecting data from a larger number of individuals, 
and for a longer time than 4 minutes per experimental condition. The further 
study of real-life speech may also require the development of more sophisti-
cated analysis tools that are more sensitive to salient effects while downplaying 
the contribution of noise sources. 

One reason for the scarcity of electrophysiological imaging studies on spon-
taneous speech production is the motor-related artifacts from mouth move-
ments. While this problem emerges also for less naturalistic experimental par-
adigms (such as picture naming), it is amplified in the case of spontaneous 
speech production: the artifacts are generated continuously since there are 
very few or no pauses during which there is a halt in motor activity. Indeed, 
one of the major challenges in the present research was to develop an efficient 
and precise motor artifact removal procedure that eliminates artifacts while 
preserving signals of cortical origin. The artifact removal procedure employed 
in Study II and described in Chapter 3 (section 3.4.1) selectively targeted sig-
nals of non-cortical origin. Signals related to muscle artifacts are predomi-
nantly picked up by edge sensors, rather than center sensors. Our method for 
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artifact removal was shown to have a greater effect on the sensors at the edge 
of the MEG helmet in which the spectral power was decreased by 10-70%. In 
contrast, in sensors at the center of the helmet spectral power was decreased 
by only 0-25%. Since removal of artifacts of muscular origin remains one of 
the main obstacles when investigating the cortical substrates of speech produc-
tion (Price, 2010), this thesis contributes a method of proven efficiency for 
potential future studies that use electrophysiological imaging. 

 

5.6 Future directions 

 
A naturalistic approach, in which speech is examined as it is encountered in 
real life, with all its complexities and without any kind of manipulation, offers 
the opportunity to examine cortical processing of higher-level linguistic pro-
cessing, such as semantics or syntax. In this thesis, the cortical correlates of 
linguistic complexity were examined in both speech production and speech 
perception in Study II. However, with its pronounced focus on speech rhythm, 
this thesis did not distinguish between the different aspects of higher-level 
linguistic processing but instead examined the global patterns of cortical acti-
vation associated with linguistic complexity as a whole. Future studies could 
utilize this dataset or other naturalistic speech datasets in the aim to pin-point 
specific higher linguistic processes and evaluate existing language models (e.g., 
the models of syntactic processing presented in Friederici, 1995; Hagoort, 
2003). For instance, when examining the cortical correlates of semantic con-
tent, future studies could seek to exploit the various manifestations of real-life 
speech in different contexts of social interaction: a narrative of an every-day 
event to a friend can be contrasted to a semantically rich account about a phil-
osophical or technical topic. The semantic content of each speech stimulus can 
be quantified through exact transciptions and subsequent estimation of se-
mantic complexity (see e.g., Lemke, 2012). This kind of experimental set-up 
could thus allow one to make associations between the semantic content of an 
utterance and brain activation patterns. 

Rather than isolated activation of segregated cortical regions, there is strong 
evidence to suggest that speech processing is supported by the functional in-
teraction between regions (e.g., Horwitz & Braun, 2004; Saarinen et al., 2015; 
Simmonds et al., 2014). One limitation of this thesis is that, due to the low 
signal-to-noise ratio of the recorded MEG data in during performance of natu-
ral language tasks (see section 5.5), it was not feasible to obtain a reliable de-
scription of the neural networks underlying natural connected speech. The 
spatiospectral patterns of activation afforded by Study II could serve as a basis 
for future studies that should seek to collect a more extensive dataset than the 
one examined in this thesis to elucidate interactions between cortical regions 
activated during speech production and speech perception. A cortical network-
level description is important not only for understanding speech functions in 
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healthy individuals, but also for gaining insights into potential treatment of 
speech-related disorders (see e.g., Jones et al., 2010; Lau et al., 2008). 

Finally, future studies could benefit from multimodal integration, that is, 
combination of data from different neuroimaging methods. Indeed, it has been 
shown that hemodynamic measures of cortical activation obtained using fMRI, 
with their comparatively superior spatial resolution, complement the excellent 
temporal resolution of electrophysiological recordings obtained using MEG 
(see e.g., Babiloni et al., 2004). The importance of this complementary infor-
mation is especially amplified when advancing from lower-level sensory pro-
cesses to complex cognitive taks such as speech processing (Liljeström et al., 
2015; Vartiainen et al., 2011). Multimodal integration would thus allow one to 
reach a more complete picture of the cortical correlates of natural connected 
speech: it could, for instance, further enrich the understanding of the newly 
designated role of the right hemisphere in speech production (Study II) and of 
the parietal regions in tracking perceived speech signals (Study III). 

5.7 Final remarks and impact 

The three studies included in this thesis are among the first to examine natural 
connected speech and, in so doing, represent the transition from experimental 
paradigms employing isolated language forms to more naturalistic set-ups. 
This thesis underlines the added scientific value brought by naturalistic exper-
imental paradigms and proves that the unprecedented insights they offer into 
cortical functions significantly outweighs the challenges they may entail. It is 
the hope of the author of this thesis that an increasing number of studies using 
both MEG and fMRI will continue to explore the cortical correlates not only of 
speech, but also of other real-life, naturalistic cognitive tasks and behaviors. 
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