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1. Introduction 

How do the sequences of external behavior link to the sequences found in neu-
ral activity? What are the dynamic states in the brain that support active motor 
performance? Both produced movements and their underlying neural activity 
are rapidly unfolding processes. A key question for neuroscience is to empiri-
cally track these processes and understand their relationship. This Thesis aimed 
to elucidate the electrophysiological correlates of sequential motor production 
in the human cortex. 

Movement sequences vitally link to purposeful behavior. In humans, such se-
quences appear in many forms, from relatively simple walking, chewing or 
scratching to such complex patterns as object handling, speech and handwrit-
ing. Particularly the latter forms pose a two-fold computational challenge to the 
nervous system. First, there is motor patterning, which requires efficient coor-
dination of muscle activity and movement. Second, there is setting up and main-
taining of a cognitive frame, which relates to the meaningful content and goals 
of the sequences, such as visuospatial objectives of behavior or verbal messages 
to be conveyed. As a part of a wider brain system, the cerebral cortex critically 
contributes to processing of both of these aspects. The implementation is 
thought to rely on millisecond-scale electrophysiological dynamics that mani-
fest in local neuronal populations as well as in functional networks formed by 
cortical regions working together.  

In this Thesis, the special focus was set on rhythmic cortical activity. This kind 
of activity refers to electrophysiological cortical signaling that fluctuates period-
ically as a function of time and is characterized by the oscillatory frequency, sig-
nal amplitude and relative phase of the periodic cycles. It is a prominent feature 
of recorded neural signals and it has widely been hypothesized to have a signif-
icant role in both local and interregional neurocognitive processing (see e.g., 
Buzsáki & Draguhn, 2004; Fries, 2005; Siegel et al., 2013; Wang, 2010). In the 
spectral decomposition where different signal components are represented as a 
function of frequency, rhythmic neural activities appear as narrow-band fre-
quency components that deviate from the scale-free (1/f) trend of the entire 
complex signal. Magnetoencephalography (MEG) was used in this Thesis as a 
non-invasive method to record population-level neural activity in the cortex 
while subjects performed sequential motor tasks. The associated muscle activity 
was simultaneously recorded with electromyography (EMG). In this systems-
level characterization, rhythmic neural activity denotes oscillatory or quasiperi-
odic activities generated by large synchronous pools of cortical neurons. In the 
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studies of the Thesis (PI-IV), the overarching question was how task variables 
related to motor patterning and cognitive aspects of performance link with and 
modulate the rhythmic cortical dynamics.  

The first two studies addressed local functional involvement of the primary 
sensorimotor cortex in production of speech sequences. The involvement of this 
elementary level of sensorimotor coordination in organizing gestures to se-
quences has remained debated, while supplemental cortical regions, such as the 
speech-associated Broca’s area and insula (Broca, 1861; Dronkers, 1996), are 
thought to contribute markedly. The primary sensorimotor cortex generates sa-
lient, spontaneously occurring electrophysiological rhythms that modulate for 
movement production. In the study PI, this modulation was used as an index to 
reveal functional sensitivity of the region for producing speech and non-speech 
gestures as sequences. Furthermore, another key aspect of sequential produc-
tion is the temporal rate, which preferentially settles at certain motor frequen-
cies. The study PII asked the fundamental question of whether dynamic inter-
action between the sensorimotor cortex and mouth muscles reflects the pre-
ferred rate of articulatory production.  

The latter two studies of the Thesis explored interregional cortical processing 
when cognitive-motor hand sequences were produced. Rhythmic coupling of 
coherently active regions has been suggested as an important mechanistic vehi-
cle for cortical network function. In PIII, reconfiguration of corticocortical con-
nectivity based on coherence principle was tested in association with natural-
istic, low-constrained tasks to gather further proof for the concept by using all-
to-all-type, data-driven mapping. As part of the study, the aim was to character-
ize task-sensitive corticocortical coherence for an easier and cognitively more 
demanding variant of object manipulation task, as they were contrasted against 
the coherence pattern shared by a varied set of tasks involving different sensory 
modalities. In PIV, phase-coupling of signaling was examined in different inter-
regional elements of the cortical system supporting handwriting, which was 
postulated to be composed of functio-anatomical subsystems for hand coordi-
nation, core working memory and audiovisual language functions. By manipu-
lating motor and cognitive aspects of the handwriting task, the aim was to un-
cover functional sensitivity of distinct corticocortical elements mediating the 
performance.  

This Introduction (Chapter 1) describes production of speech and hand motor 
sequences, their cortical basis and associated rhythmic dynamics in the cortex, 
and Chapter 2 summarizes the objectives of this Thesis. Chapter 3 provides an 
overview of the experimental paradigms, recordings and analysis methods. 
Chapter 4 summarizes the main results of the included studies (PI–IV), and 
Chapter 5 discusses the findings.  
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1.1 Speech and hand motor sequences 

 
‘Sequence’ refers to an ordered list, or succession, of items. This concept has 

been widely used to describe patterns found in motor behavior (Rhodes et al., 
2004; Rosenbaum et al., 2007). In this context, ‘items’ relate to elements of 
movement that follow each other in time in an orderly fashion. The sequences 
contrast with isolated movements or responses which do not require a similar 
closely tied or lasting temporal organization. The concepts of motor sequence 
are broad with regard to identifying the elements of movement and covering 
different types of temporal organizations: For example, in speech production, 
kinematic features, phonemic gestures or whole syllables may be treated as ele-
ments (Browman & Goldstein, 1992; MacNeilage, 1998; Tasko & Westbury, 
2002), and these may form simple repetitive patterns, such as infant babbling, 
or complex varied patterns, such as adult spoken words (MacNeilage & Davis, 
2001; Smith, 1992). Moreover, the elements of sequences may be produced as 
discrete events or as fused continuous patterns, and their consecutive timing 
may range from highly regular, as in tapping or walking, to more instantaneous 
and irregular patterns (see Hogan & Sternad, 2007), as in conversational speech 
or explorative handling of objects. Still, motor sequences may be prototypically 
viewed as quasiperiodic patterns that consist of either repetitive or variable el-
ements.  

Human speech has long been regarded as a quintessential example of a motor 
sequence (Lashley, 1951). It has been suggested to build around oromotor cycles 
linked with consonant-vowel alteration (Allen, 1975; MacNeilage, 1998; Tilsen, 
2009, 2013). As communicative behavior, speech aims at producing acoustic 
signals of sufficient quality for the listeners to verbally decipher (Fowler et al., 
2016; Liberman & Whalen, 2000). In speech production, the respiratory system 
creates an airflow that vibrates in the vocal chords, generating the base air-pres-
sure signal. Transient articulatory movements involving lips, tongue, jaw and 
muscles of the oronasal cavity change the shape of the resonating vocal tract 
that allows formation of distinguishable phonemic and syllabic sounds of the 
uttered words and sentences. Developmentally, there is a progressive shift from 
the rudimentary speech forms, including “babbling” with labial syllables (Mac-
Neilage & Davis, 2001), to complex and highly co-articulated sequences of adult 
speech (Fowler & Saltzman, 1993; Smith, 2006; Whalen et al., 2012).  

Manual performance is another hallmark of human behavior. This primate 
characteristic manifests in humans with high dexterity and with typical predom-
inance of the right hand (Frayer et al., 2012; Kivell, 2015; Oldfield, 1971). Hand 
motor sequences vary from simple tapping or scratching to complex patterns of 
object handling and tool use which may engage one or both hands. While speech 
facilitates information transfer between individuals, skillful hand use provides 
highly efficient means of manipulating and interacting with the environment. 
Instead of the auditory or articulatory targets of speech, hand movements are 
typically concerned with achieving goals in the visuospatial frame of reference 
(see e.g., Grimme et al., 2011). Indeed, series of intentional hand movements 
may spatially rotate, displace, reconfigure and utilize the objects of the natural 
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and artifactual environment. As an interesting variant of manual sequences, 
handwriting connects human language production to spatiomotor patterning 
with hand. This acquired skill is a special case of tool use, where rhythmic move-
ments are produced using a stylus to make a verbal record with letters.  

Although there are obvious differences in the goals and effector systems be-
tween speech and manual performance, they are likely to share core principles 
of sequence production (Grimme et al., 2011). Next, the key issues of sequence 
organization, rate of movement, and cognitive support of sequence production 
are touched upon. 

1.1.1 Movement sequencing 

Motor production proceeds at scales from milliseconds to seconds. In the 
frameworks of internal models and optimal feedback control (Scott, 2004; 
Todorov & Jordan, 2002; Wolpert, 1997), computations of intended motor com-
mands and their predicted sensory outcomes are thought to supplement the ac-
tual efferent-afferent loops that realize sensorimotor coordination of move-
ments (Fig. 1A). Sequence production must tap into this dynamic process of sen-
sorimotor coordination. 

Movement sequencing refers to the process of organizing movement elements 
into a sequence, and some principles must be utilized to accomplish this. An 
early suggestion was that sequential performance relies on an associative chain 
of motor events where the previous element, particularly via sensory feedback, 
triggers the next movement (e.g., Brain, 1868; Watson, 1920). Since then, this 
view has encountered criticism based on the infeasible delay times and unneces-
sity of sensory feedback in triggering sequential movements, as well as on indi-
cations, such as reaction times and errors, of existing internal plans and antici-
pation in production of motor sequences (Lashley, 1951; Rosenbaum et al., 
2007). There seems to be information to support movement sequences that is 
retained and processed in the nervous system. Indeed, internal representations, 
often viewed as hierarchically structured (Rosenbaum et al., 1983; Sternberg et 
al., 1978; Tilsen, 2013), presumably facilitate sequence production. According 
to the concepts of competitive selection and queuing (Grossberg, 1978; Rhodes 
et al., 2004; Tilsen, 2013), representations of the movement elements are acti-
vated in parallel (hierarchically), and their serial order is determined by differ-
ential weighting of each element in a mutually exclusive competition (Fig. 1B). 
A motor memory buffer is hypothesized to uphold these queued motor plans for 
their execution. Furthermore, the selective process may be integrated with the 
dynamic coordination (Saltzman & Kelso, 1987; Simko & Cummins, 2010). For 
example, in the activation-spin model of speech (Tilsen, 2013), the selection of 
articulatory gestures is harmonized with a coupled oscillators model of motor 
pattern production.  
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Figure 1. Theoretical concepts related to sequence production. A. The efferent-afferent loop of 
sensorimotor control. Efferent (motor command) and afferent (sensory feedback) signals flow bi-
directionally between the central nervous system and musculature during motor production. Using 
internal models, movement plans are transformed into movement commands (inverse model) and 
predicted movement outcomes (feedforward control). Prediction is compared with the actual sen-
sory feedback that arrives with a significant delay to make adjustments if needed (feedback con-
trol). B. Competitive selection and queuing. Hierarchical sequence plan is preactivated and each 
competing elemental movement (circles) associates with dynamic weighting (activation as a func-
tion of time) that controls the order and execution of the movements (a dashed line notates a 
threshold for movement execution). Adapted from Tilsen (2013). C. Cognitive framework for se-
quential motor behavior (C-SMB). Three types of separate processors (motor, central/cognitive 
and sensory) are postulated to mediate sequential motor performance. Notably, cyclical pro-
cesses (loops) characterize both the motor and cognitive levels. Memory processes divide into 
short-term memory (STM), with non-motor symbolic representations, and motor memory buffer. 
Adapted from Verwey et al. (2015).  

Internal representations of sequences consolidate through training. Reaction 
times (i.e., delay in movement onset), reflecting demands of the movement 
planning, have been shown to be longer for sequences that have been practiced 
less (Sternberg et al., 1978) and those with increasing complexity related to 
number, variation and timing of elements (Henry & Rogers, 1960; Ito, 1997; 
Schönle et al., 1986). As a multistage process (Fitts & Posner, 1967; Korman et 
al., 2003; Taylor & Ivry, 2012), learning of motor sequences proceeds from an 
unstable performance to moderately mastered skills and, finally, to a highly 
overlearned, automatized performance. During sequence acquisition, complex 
sequences are often first grouped or “chunked” to smaller manageable pieces, 
and these are then concatenated tighter together through training (Rhodes et 
al., 2004; Verwey & Eikelboom, 2003; Wymbs et al., 2012). For instance, in 
speech production, segmentations, such as syllabic structure and prosodic 
stress groups, have been identified (MacNeilage, 1998; Sternberg et al., 1988) 
while co-articulation develops to allow seamless adult speech performance (see 
Fowler & Saltzman, 1993).   

1.1.2 Preferred rate of movement 

Temporal characterization of movement sequences covers not only kinematics 
of the individual elements but also the wider context in which they occur. A 
measure reflecting such global patterns is the production rate of movement el-
ements. Its relevance in describing motor sequences is highlighted by the con-
cepts where oscillatory patterns, with cycle frequency as their key parameter, 
are thought to underlie movement production (Hollerbach, 1981; O’Dell & 
Nieminen, 1999; Tilsen, 2009, 2013). An interesting feature of the motor rates 
is that they show a degree of consistency both within and across individuals 
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(Collyer et al., 1994; Frischeisen-Köhler, 1933; Rimoldi, 1951). A concept of pre-
ferred rate, or spontaneous (motor) tempo, has been used to describe the indi-
vidual preference when movements are self-paced (Collyer et al., 1994; Fraisse, 
1982; McAuley, 2010).  

Human motor rates typically settle within the range ~1–5 Hz, at around 2 Hz 
(Allen, 1975; Fraisse, 1982). The 2-Hz preferred rhythm emerges in fine-scale 
finger tapping (Collyer et al., 1994; Frischeisen-Köhler, 1933) as well as in gross-
motor walking (MacDougall & Moore, 2005). Mastication seems to settle at a 
slightly lower rate of 1–2 Hz (Po et al., 2011), babbling at 3–4 Hz (Dolata et al., 
2008) and laughter at around 5 Hz (Luschei et al., 2006). Moving from the rel-
atively simple to complex behaviors, rhythmicity becomes less salient and 
nested rhythms at different frequencies may appear. For example, in the speech-
related signals, there is a prominent 1/f spectral trend (Voss & Clarke, 1975) in 
which rhythmic components are embedded and less saliently detected (Alexan-
drou et al., 2016; Chandrasekaran et al., 2009). Despite instantaneous varia-
tions and subtlety, rhythmicity in speech has been hypothesized as an important 
organizational principle (Cummins and Port, 1998; Giraud & Poeppel, 2012; 
O’Dell & Nieminen, 1999; Tilsen, 2009, 2013). There seem to be several layers 
of rhythmicity in speech, which have ties to prosodic, syllabic and phonemic 
levels of spoken language (Greenberg, 2006; Tilsen, 2009; Tilsen & Arvaniti, 
2013). The speech rates also show overall consistency, as the word generation 
rate settles at around 2–3 Hz and syllabic production at ~5 Hz in connected 
speech (Alexandrou et al., 2016; Levelt, 1999).  

The preferred rates of movement production may be viewed as reflecting op-
timality in sensorimotor coordination (Lindblom, 1983; Todorev, 2004). In an 
early account (Scripture, 1899), the concept of natural frequency was used to 
describe these self-generated, effortlessly producible rhythms. More recently, 
the concepts of categorical timing and attractors have been applied to describe 
the preferential draw of movement rates to certain frequencies (Collyer et al., 
1992; Port, 2003). There are individual profiles of preferred rates for different 
movement types, acquired through development and learning, rather than one 
general rhythm (Rimoldi, 1951). The optimization incorporates multiple factors, 
such as energetic cost, movement stability, biomechanical constraints and soci-
ocultural norms and habits, but critically also includes neurobiological under-
pinnings (see e.g., Lindblom, 1983; Holt et al., 1995; Tsao & Weismer, 1997).  

1.1.3 Cognitive support of movement 

A conceptual distinction is often made between the motor and cognitive pro-
cesses, as outlined in the beginning of the Introduction. In a coarse division, the 
former refers to sensorimotor coordination and setting movement parameters, 
and the latter to such internal processes as thinking, memory, perception and 
attention. These two domains are often scrutinized separately. However, when 
movement production is not totally reflexive or arbitrary, these processes seem 
to heavily intertwine to support meaningful performance (see Pacherie, 2007). 
For example, speech and object manipulation may be regarded as such cogni-
tive-motor sequences, by nature.  
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In the cognitivistic framework, both motor and cognitive aspects of perfor-
mance are characterized by representation, transformation and processing of 
information. Differences between the motor and cognitive aspects stem from 
the level of abstraction in relation to the concrete realization of movements 
(Georgopoulos, 2000; Hickok, 2012; Pacherie, 2007; Verwey et al., 2015). For 
example, in the Verwey et al. (2015) model of sequence production, motor pro-
cesses have been segregated from the cognitive (central) and sensory processes 
as interacting subcomponents of the full process (Fig. 1C). At the (lower) motor 
level, processing focuses on achieving moment-to-moment sensorimotor goals 
and complex coordination of muscle activity, with limited conscious access 
(Fourneret & Jeannerod, 1998; Pacherie, 2007). At the (higher) cognitive level, 
the goals are more abstract and they direct the processing towards multimodal 
and perceptually based representations of movement (Fuster, 2004; Hommel 
et al., 2001; Pacherie, 2007), with higher level of awareness (cf. Baars, 2002; 
Desmurget & Sirigu, 2012). In terms of memory resources, the motor buffer 
helps with production of motor patterns, while working memory is more linked 
to cognitive processing (Christou et al., 2016; Purcell et al., 2011; Seidler et al., 
2012; Verwey et al., 2015).  

Cognitive involvement varies across specific motor tasks. Sequencing as such 
(as described in 1.1.1.) may be viewed to have a cognitive component. Conscious 
involvement is particularly highlighted in complex, unautomatized perfor-
mance when movements are produced using an explicit strategy (Christou et al., 
2016; Seidler et al., 2012). As a form of top-down control, cognitive involvement 
in sequence production may be described with the concept of motor attention 
(Brown et al., 2011; Lisman & Sadagopan, 2013; Rusworth et al., 2003). Also, 
working memory is thought to participate in the production of complex se-
quences (Seidler et al., 2012). Indeed, the cognitive ‘content’ of the sequence 
must often be maintained to support purposeful, unfolding production. In lan-
guage production, the interference of verbal working memory message affects, 
for example, writing performance (Chenoweth & Hayes, 2003). 

Cognitive requirements differ between stimulus-driven and actively self-gen-
erated sequences of movement. Stimulus-driven sequences, with the exception 
of the most rudimentary reflexes, require a cascade of sensorial and perceptual 
processes, and learning must occur to form associations between stimuli and 
movements (e.g., Verwey, 1999). Reading out loud is an example of this type of 
sensory-motor mapping where visual letters and words are associated with cer-
tain spoken utterances, presumably through word-level and sublexical routes 
(Coltheart et al., 2001). In contrast, self-generated movements have higher de-
mands on executive functions and decision-making, as manifestations of the 
concept of volition (Haggard, 2008; Kranick & Hallett, 2016). In particular, in-
telligent interaction with objects of the environment may also require cognitive 
operations, such as visuospatial reasoning, to accompany the actual motor pro-
duction.  

In sum, production of movement sequences, such as speech and object han-
dling, is multifaceted: sequences are organized with the help of internal repre-
sentations, they unfold with certain temporal dynamics, reflected in production 
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rate, and there is a varied degree of cognitive support that makes the perfor-
mance purposeful. The underlying neural systems and their dynamics must fa-
cilitate the orchestration of these multiple intertwined components of the move-
ment tasks.  

1.2 Cortical substrates for sequential motor production  

The cerebral cortex is a phylogenetically late, outermost part of the brain that 
is highly folded in humans (Buckner & Krienen, 2013; Geschwind & Rakic, 2013; 
Lui et al., 2011). Throughout this sheet-like structure, there are large pyramidal 
cells in a six-layered arrangement and embedded in the circuitry of smaller in-
terneurons. With some local variations (e.g., Amunts & Zilles, 2015), the same 
basic histological pattern provides the substrate for cortical processing in all re-
gions, based on electrophysiological signaling, synaptic interactions and plastic 
change in the microcircuitry. To implement tasks, the cortex putatively serves 
as a neural system of representing and processing information (see e.g., Panzeri 
et al., 2015; Wood & Grafman, 2003), and it is thought to store and predict se-
quences of events, including those related to movements (Brown et al., 2011; 
Friston, 2008; Mesulam, 2008; Hawkins et al., 2009).  

Indeed, the cortex tightly associates with production of meaningful, goal-di-
rected movement sequences (Ashe et al., 2006; Tanji, 2001): neurological pa-
tients with cortical lesions show difficulties in their proper production (e.g., 
Haaland et al., 2000; Halsband et al., 1993); electrophysiological stimulation of 
the cortex may interrupt or facilitate them (Fried et al., 1991; Gerloff et al., 1997; 
Pollok et al., 2015); and activation studies and decoding indicate cortical in-
volvement in their planning and execution (Bortoletto & Cunnington, 2010; 
Gallivan et al., 2016; Harrington et al., 2000). Overall, the left frontocentral and 
parietal cortices have been established as important substrates for sequence 
production (see Fig. 2). 

The cortex operates and exerts its influence as a part of the wider, intercon-
nected brain system. For movement production, the spinal and bulbar neuronal 
pools directly innervate muscles of the limbs and face, respectively. At this level, 
there are also rudimentary circuits for generating cyclical motor patterns, such 
as locomotion or mastication (Lund & Kolta, 2006; Minassian et al., 2017). The 
bilateral primary sensorimotor cortex (SMC) that lines the central sulcus forms 
a control loop with the spinal and bulbar structures (Fig. 2A), mainly on the 
contralateral side to the hemisphere. The efferent signals flow directly from the 
anterior motor cortex to the spino-bulbar level, whereas the sensory feedback is 
relayed via the thalamus to the posterior somatosensory cortex (e.g., Herrero et 
al., 2002; Kuypers, 1958; Nathan et al., 1990). The SMC is somatotopically or-
ganized with a dorsoventral axis of the leg-hand-face representations (Meier et 
al., 2008; Penfield & Boldrey, 1937). The subcortical structures, prominently in-
cluding the basal ganglia and the cerebellum, connect and functionally collabo-
rate with the cortex to mediate, for instance, learning and temporal aspects of 
sequences (Jouen et al., 2013; Jueptner & Krukenberg, 2001; Penhune & Steele, 
2012). 
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While the SMC forms a critical functional unit for integrating efferent-afferent 
signals and coordinating movements, other cortical regions in the near-by 
frontal and parietal cortices supplement the primary region in sensorimotor co-
ordination and sequence production (Fig. 2B). Perceived often as higher-level 
regions in the motor hierarchy (Fuster, 2004; Grafton & Hamilton, 2007), they 
have generally fewer direct connections to the spino-bulbar level (e.g., More-
craft et al., 2001), and they seem to be particularly important for the planning 
and organizing complex, sequential movements (Harrington et al., 2000; Ro-
land et al., 1980; Schaal et al., 2004). These cortical regions include the supple-
mentary motor area (SMA; Fig. 2B, medial view) and the ventral (PMv) and dor-
sal (PMd) premotor cortices in the frontal cortex, as well as the anterior and 
superior parietal cortices (with purple in Fig. 2B; see e.g., Fried et al., 1991; 
Halsband et al., 1993; Harrington et al., 2000; Heim et al., 2012; Hertrich et al., 
2012; Kornysheva & Diedrichsen, 2014; Tanji, 2001). While clear-cut functional 
roles may be hard to assign to these interconnected regions, there are functional 
differences and relative specialization observed between them (cf. Davare et al., 
2006; Harrington et al., 2000; Rizzolatti & Luppino, 2001), such as relatively 
more motor-based and sensory-based processing in the frontal and parietal cor-
tices, respectively (Fuster, 2004).  
 

Figure 2. The cortical representation of movement sequences. A. Sensorimotor control loop. The 
primary sensorimotor cortex communicates with the spino-bulbar level directly and receives sen-
sory feedback via thalamus. Here, shown for the mouth motor system. B. Motor-related cortical 
regions. Also, the secondary somatosensory cortex (SII) indicated. C. Schematic illustration of 
the broad functional subdivisions of the cortex (cf. Bertolero et al., 2015; Crossley et al., 2013; 
Duncan, 2010; Fedorenko & Thompson-Schill, 2014; Fox et al., 2005). Cortical regions (nodes) 
can be understood to form networks with different degrees of connectivity (edges) to other re-
gions. 

1.2.1 The primary sensorimotor cortex and motor sequences 

The views on neural movement representation of the primary motor cortex 
have been shifting. In traditional views, this representation has been rather ex-
clusively linked with muscular execution of movements, to rigidly somatotopic 
organization, and/or to individual motor parameters (e.g., Evarts, 1968; Pen-
field & Boldrey, 1937). In more current accounts, all these are reconsidered, as 
the primary motor cortex seems to have a role surpassing movement execution, 
a behavior-based rather somatotopy-based organization, and neural represen-
tations for complex patterns rather than single parameters (Gallego et al., 2017; 
Graziano, 2016; Tomasino & Gremese 2016).  
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Also, the contribution of the primary motor cortex to movement sequencing 
may be rethought. The question is whether the primary motor cortex processes 
and retains sequence-level information, or whether it is only involved in motor 
synergies and gestural control. Functional brain imaging based on the metabolic 
and blood flow measures seems to indicate, overall, that the activity of the SMC 
saturates indistinctly for movement production, whereas the non-primary mo-
tor regions show higher activation for organizing sequential output (Harrington 
et al., 2000; Roland et al., 1980; Schaal et al., 2004). While acknowledging the 
key support from the non-primary regions, a line of evidence indicates that the 
primary motor cortex may also have a role in sequence production and retain 
sequence-related information (albeit less evidently). This research includes ex-
periments with electrophysiological recordings and temporary pharmacological 
blocking of cortical activity (Ben-Shaul et al., 2004; Lu & Ashe, 2005, 2015). A 
link to learning of motor sequences has also been demonstrated (Karni et al., 
1995; Kawai et al., 2015; Lu & Ashe, 2015; Picard et al., 2013). It may be that 
supplemental cortices are important in the initial learning and preparation of 
sequences and, through training, balance shifts toward the subcortical struc-
tures (cf. Lohse et al., 2014). The primary motor cortex, instead, seems rather 
persistently involved. Yet, despite the available evidence, the issue of the pri-
mary motor representation and its relation to sequence production remains to 
be debated (e.g., Yokoi et al., 2018). 

1.2.2 The primary sensorimotor cortex and movement rate 

There seems to be no specific, localized pacemaker for movement that would 
resemble the role of hypothalamus in circadian rhythms (Mohawk & Takahashi, 
2011). Even the pace of simple motor rhythms, potentially supported by the pat-
tern generators in the spino-bulbar level, seems to have contributions from the 
wider neural system (e.g., Bryant et al., 2010). As a distributed process, timing 
is thought to emerge via network population activity within and among the mo-
tor-related cortical and subcortical structures (Buhusi & Meck, 2005; Ivry & 
Spencer, 2004). Indeed, timing-related sensitivity has been detected widely 
(Kornysheva & Diedrichsen, 2014), while there may be differences in relative 
significance (e.g., the basal ganglia versus cortex) and timescales of interest 
(Bakhurin et al., 2017; Hayashi et al., 2014; Petter et al., 2016).  

The primary sensorimotor cortex must perform its role in sensorimotor coor-
dination as part of these emergent dynamics that determines rate of production. 
Both intracortical and non-invasive recordings have demonstrated rhythmic ac-
tivity in the sensorimotor cortex that relates to movement rate (Feige et al., 
2000; Yao et al., 2002). These findings are expected, as the primary sensorimo-
tor regions form, via spino-bulbar level, the tight efferent-afferent loop with 
muscles (Fig. 2A). On the other hand, the other cortical regions, along with the 
spino-bulbar and subcortical structures, have been more pronouncedly linked 
with temporal structuring of movement. For example, in the frame/content the-
ory of speech production, the supplementary motor area is attributed as a key 
cortical site mediating temporal ‘frame’ of movements, while the lateral sen-



Introduction 

19 

sorimotor cortex is viewed to provide the gestural ‘content’ for them (Mac-
Neilage, 1998). Moreover, in primates, temporary lesioning of the primary sen-
sorimotor cortices seems to allow pathological rhythmic motor output to 
emerge at the 2–5 Hz range (Luschei & Goodwin, 1974). Taken that the control 
loop between the sensorimotor cortex and muscles is imbedded in the wider 
system and that this primary cortical influence is conveyed through the spino-
bulbar level, the operation of this loop may partially adjust to certain movement 
rates. Indeed, a fundamental question that remains to be clarified is whether 
this dynamic cortex-muscle interaction reflects preferred rates of sequential 
production.   

1.2.3 Distributed cortical networks and cognitive-motor performance  

Cognitive involvement in movement production supposedly engages a more 
extended set of functional regions than sensorimotor coordination alone (green, 
Fig. 2C). In the frontoparietal cortex, there seems to be a partial overlap of cor-
tical substrates between movement-related processing and cognitive task per-
formance (Crossley et al., 2013). However, in relative separation from motor 
processes, higher-order regions in the associative frontoparietal cortex (blue, 
Fig. 2C) can be viewed to represent the core neural components of cognition, 
shared between multiple tasks requiring executive control and working memory 
processing (Barbey et al., 2012; Duncan, 2010; Fox et al., 2005). Furthermore, 
cortical regions devoted to sensory processing must be utilized when the move-
ments are stimulus-associated or directed at some objects in the environment. 
Language production, as a special case, has been linked with the left perisylvian 
areas (red, Fig. 2C) that include the superior and middle temporal and temporo-
parietal cortices closely linked to auditory and multimodal processing (Alexan-
drou et al., 2017; Erickson et al., 2014; Fedorenko & Thompson-Schill, 2014; 
Hickok, 2012; Sepulcre et al., 2012). A coarse separation of the subsystems re-
lated to motor, cognitive and sensory/linguistic processing has been found in 
the big-data characterizations based on the consistent activation patterns across 
the different sets of experimental data (Bertolero et al., 2015; Crossley et al., 
2013).   

Specialized functional regions of the cortex are thought to collaborate and 
form large-scale neurocognitive networks to perform complex tasks (Fellman & 
Van Essen, 1991; Mesulam, 1990; Petersen & Sporns, 2015). In this concept, 
neural processing is essentially viewed as distributed activity where momentary 
involvement and connections of specific regions critically determine their con-
tribution to the whole process (Mesulam, 1990, 2008; Varela et al., 2001). These 
types of interconnected functional systems seem to provide particularly suitable 
substrates for multifaceted tasks that combine motor, cognitive-executive and 
perceptual processes. Anatomical connectivity scaffolds the networks (Van den 
Heuvel & Sporns, 2013) but functional connections, probed by correlative 
measures of cortical activity, are thought to indicate distributed processing 
among the connected regions. In hemodynamic neuroimaging, slow co-fluctua-
tion of activity between regions has been used to reveal patterns of functional 
connectivity. In this way, the main patterns found are rather consistent across 
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task conditions and rest (Smith et al., 2009; Yeo et al., 2011), yet, with some 
task-sensitive reconfiguration (Cole et al., 2013; Krienen et al., 2014). The graph 
theoretical analyses on functional connectivity data have revealed cortical mod-
ularity (Meunier et al., 2009). As a form of non-encapsulated modules (Co-
lombo, 2013), there are communities of cortical regions with relatively high in-
terconnectivity between them in contrast to connectivity across these modules 
(cf. a schematic network in Fig. 2C; cf. Sporns, 2013). Notably, these module 
patterns have convergence with the consistent task-related co-activation iden-
tified in the big data analyses (Bertolero et al., 2015; Crossley et al., 2013).  

While hemodynamic imaging studies have informed on general organization 
of large-scale cortical networks, they have increasingly been complemented 
with non-invasive electrophysiological characterizations of functional connec-
tivity. Indeed, the hemodynamic measures provide slow (< 0.1 Hz), indirect 
measures of co-activity between regions, and it is important to test network con-
cepts and large-scale functional connectivity at millisecond-scales (> 1 Hz) of 
actual neural operation, despite the special challenges related to the electro-
physiological mapping of connectivity (Schoffelen & Gross, 2009). Next, elec-
trophysiological rhythmic neural activity and its role in both local and interre-
gional processing are introduced, followed by descriptions on the rhythmic cor-
tical dynamics associated with production of movement sequences.  

1.3 Cortical rhythmicity and sequential motor production 

The mammalian cortex features patterns of electrophysiological rhythmicity 
(Buzsáki et al., 2013). Wakefulness and active task performance are not charac-
terized by high-amplitude rhythms, but instead cortical rhythmicity is largely 
embedded in generally stochastic neural activity (Wang, 2010). Nevertheless, 
when awake, several rhythmic components may be distinguished at different 
narrow-band frequencies from the scale-free, 1/f-type spectral trend. The iden-
tified bands, with their respective sub-bands, typically include the delta (~1–4 
Hz), theta (~4–7 Hz), alpha (~7–13 Hz), beta (~13–30 Hz) and gamma (~30–
100 Hz; “ultra-high” band at >100 Hz) bands. In the MEG spectrum, the most 
prominent spectral peaks are found at the frequencies below ~30 Hz, which in-
clude the pronounced alpha (~10 Hz) rhythm of the parieto-occipital cortex and 
the mu rhythm (~10/20 Hz) in the sensorimotor cortices (Salmelin & Hari, 
1994a). The higher spectral range may also cover rhythmic components, like 
task-induced gamma rhythms (e.g., Bertrand & Tallon-Baudry, 2000), but it 
generally features a flatter, broadband-type characteristics. Mechanistically, 
cortical neurons and circuitry are equipped with various means of producing 
rhythmic population activity (Cannon et al., 2013; Llinás, 1988; Wang, 2010; 
Womelsdorf et al., 2014): rhythmicity may emerge from the specific interactions 
between the local neurons (inhibitory/excitatory or gap junctional) and/or via 
the influence of distant subcortical and cortical structures, crucially depending 
on the membrane and synaptic properties of the involved neurons. 
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Figure 3. Rhythmic cortical dynamics in movement production.  As periodic signaling, rhythmic 
neural activity may emerge at different oscillatory frequencies (f; cycles per second, Hz) and vary 
by their signal amplitude (A; unit depending on the electrophysiological measure) and relative 
phase (ɸ) of the periodic cycle (inset, upper right). i. The level of rhythmic activity may fluctuate, 
for example, the mu rhythm 20-Hz signaling in the motor cortex suppresses during movement 
and rebounds after it. This is seen in the modulation of spectral power. ii. The sensorimotor neu-
rons interact with the muscle that is seen in the coherence between them. Cortical signaling (up-
per trace) couples with the low-frequency envelope of high frequency muscle electrical activity 
(lower) and this is seen in the low frequencies. iii. The regions may couple with each other. Os-
cillatory activity of one region co-occurs and phase-aligns with the activity of the other region. This 
is seen in the ~10 Hz range in sequential motor production (see Butz et al., 2006; Gross et al., 
2002). Notable, there may be several interactions forming functional network structures.   

From the early descriptions to the present-day accounts (e.g., Adrian, 1950; 
Bastos et al., 2015a; Buzsáki & Draguhn, 2004; Gray et al., 1989; Fries, 2005), 
cortical rhythmic activities have been attributed with non-epiphenomenal roles 
in neural processing. The functional significance of these activities can be re-
lated to their periodicity and semistable nature. The periodic activity, with its 
frequency and relative phase, provides a vehicle for temporal coordination, 
which is thought to contribute to functions, such as gain control, binding, inte-
gration and gating of neuronal signaling, as well as to plastic change (Maris et 
al., 2016; Steriade, 1999; Varela et al., 2001; Wang, 2010; Womelsdorf et al., 
2014). The semistability of rhythmic activity, while often probabilistic and 
short-lived (Feingold et al., 2015; Van Ede et al., 2018), has the potential to sup-
port relatively persistent facilitatory or suppressive neural processes (e.g., Fries, 
2005; Kopell et al., 2011; Miller et al., 2012; Roux & Uhlhaas, 2014), in contrast 
to fully transient responses. These semistable states can be regarded suitable for 
promoting memory, attention and predictive operations (Bastos et al., 2012; 
Cannon et al., 2014; Wang, 2010) and, as regards to the present context, they 
seem to have natural affinity to supporting dynamic, sequential motor perfor-
mance (cf. Churchland et al., 2012).  

Rhythmic population-level neural activity in the cortex may modulate locally, 
or it may couple with peripheral signals or activity in other regions. This is sche-
matically illustrated in Fig. 3. First, the occurrence of rhythmic activity can serve 
as an indication of the functional state of a local neuronal population (i; Fig. 3). 
Task performance induces changes in the rhythmic local activity that appears as 
modulated amplitude of the rhythmic signals and changes of spectral power at 
certain frequencies. For example, the spontaneously occurring mu rhythm 
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(~10/20 Hz) of the sensorimotor cortex modulates for movement production 
(Jasper & Penfield, 1949; Neuper & Pfurtscheller, 2001; Salmelin et al., 1995). 
Second, cortical signaling may couple with rhythmic components of either sen-
sory or motor signals. This means that there is co-occurring rhythmic signaling 
in the brain and periphery, showing degrees of phase-locking. In perception, 
this locking may serve in a facilitatory role for sampling the incoming stimulus 
stream (Giraud & Poeppel, 2012; Van Rullen, 2016). In motor performance (ii), 
the coupling reflects the operation of the efferent-afferent control loop (Fig. 
1/2A), and it may be based on either muscle activity or kinematics of the move-
ment (Gross et al., 2002; Jerbi et al., 2004). Third, activity at the narrow spec-
tral bands may couple between cortical regions (iii). This rhythmic electrophys-
iological coupling has been hypothesized to have a key role in the formation of 
functional connections and network structures (Bressler & Tognoli, 2006; Fries, 
2005; Siegel et al., 2013; Varela et al., 2001).  

In the communication-through-coherence hypothesis (Fries, 2005, 2015), co-
herent rhythmic activity between regions (that is, co-occurrence and phase-cou-
pling of the oscillatory activities) is proposed to facilitate mutual neurocommu-
nication. In the case of directly connected regions, this principle means that the 
periodically fluctuating level of cell membrane depolarization in one region is 
coupled optimally to receive synaptic input from another region (given suitable 
phase-delays), promoting effective neural influence. This type of coordinated 
activity is widely considered as a mechanistically relevant manifestation of the 
functional connectivity. There are different correlative measures used to capture 
the electrophysiological interregional coupling (see Bastos & Schoffelen, 2016; 
Engel et al., 2013; Siegel et al., 2013): coherence metrics measures the linear 
dependence of oscillatory signal components (Gross et al., 2001), and the syn-
chronization index (SI) is a non-linear measure of the phase stability between 
the signals (Tass et al., 1998). Critically, the task-sensitive modulation of these 
measures allows to evaluate and to better understand their relevance for behav-
ior and cognition (see pioneering work, e.g., Bressler et al., 1992; Roelfsema et 
al., 1997).  

The electrophysiological characterization of the neural rhythmicity may be 
conducted at different spatial scales (Buzsáki et al., 2012; Lewis et al., 2015). At 
the micro- and mesoscales, there are intracellular recordings and measure-
ments of the local field potentials (LFPs) near-by the active neurons (including 
quantification of LFP-spike coherence; see e.g., Pesaran et al., 2008; Stetson & 
Andersen, 2014). Macroscopic techniques pick up the rhythmic episodes in 
large groups of synchronously active neurons, instead of singled-out neurons. 
These types of measurements include electrocorticography (ECoG), with intra-
cranially attached electrode grids, and non-invasive, global measures of MEG 
and electroencephalography (EEG). The brain sources generating macroscopic 
signals may be estimated by solving M/EEG inverse problem (Baillet, 2017; 
Hämäläinen et al., 1993). Electromagnetic field spread, a factor affecting all 
electrophysiological measures in some degree, contributes considerably to the 
separation of simultaneously active sources in M/EEEG and, therefore, it affects 
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particularly the estimation of rhythmic coupling between regions (with low-sig-
nal-to-noise-ratio). Despite the technical challenges, signal analysis methodol-
ogy in source estimation has been developed to facilitate measurements of elec-
trophysiological connectivity (Gross et al., 2001; Palva & Palva, 2012; Schoffelen 
& Gross, 2009; Van Vliet et al., 2018).  In this Thesis, the MEG source estima-
tion provided means to examine both the local and interregional rhythmic dy-
namics for their functional significance.  

1.3.1 20-Hz motor rhythm and motor sequences 

The local modulation of a rhythmic activity is saliently found in the primary 
sensorimotor cortex in association with motor performance (Jasper & Penfield, 
1949; Neuper & Pfurtscheller, 2001; Salmelin et al., 1995). The so-called mu 
rhythm generated in this region has ~10 and 20 Hz components, which have 
their own independent spatiotemporal patterns of power-modulation related to 
movement. Unlike the 10-Hz component, the modulation of 20-Hz (or beta) ac-
tivity shows clear somatotopy (Crone et al., 1998; Salmelin et al., 1995), as it 
suppresses when the individuals are engaged in movement task and saliently 
rebounds after the movement (i; Fig. 3). Furthermore, the 20-Hz (rebound) ac-
tivity has been predominantly linked with the motor cortex in the anterior bank 
of the central sulcus (Jurkiewicz et al., 2006; Salmelin et al., 1995).  

The modulating 20-Hz activity indicates the functional state of the motor cor-
tex. It is probabilistically generated by the deep-layer (V/VI) pyramidal neurons 
that are synchronously active (Feingold et al., 2015; Roopun et al., 2006; Yama-
waki et al., 2008). Mechanistic scenarios of its generation include GABAergic 
interneuron-pyramidal interaction, the influence of thalamocortical inputs 
and/or gap junction mediated synchrony between the pyramidal neurons 
(Gaetz et al., 2011; Hall et al., 2010; Jensen et al., 2005; Miller et al., 2013; 
Roopun et al., 2006; Yamawaki et al., 2008). More recently, an excitatory syn-
aptic drive has been suggested to have a marked role (Sherman et al., 2016). 
This rhythm is suppressed during a movement production, and a transcranial 
alternating current stimulation (tACS) at 20 Hz or its endogenous occurrence 
just before or during movements has an adverse, slowing effect (Khanna & Car-
mena, 2017; Pogosyan et al., 2009). Separately from the suppression (Kilavik et 
al., 2013), there is a notable increase of 20-Hz activity after a movement, and 
this rebound is associated with a decreased excitability of the motor region 
(Chen et al., 1998). The presence of 20-Hz rhythm has been interpreted to re-
flect cortical idling (Pfurtscheller et al., 1996), immobilization or stabilization 
after movement (Salenius & Hari, 2003; Salmelin et al., 1995) and more gener-
ally state-maintenance (Engel & Fries, 2010). Moreover, the 20-Hz rhythm has 
been proposed to have an active gating role in neural motor processing (sup-
pression-through-synchrony hypothesis; Miller et al., 2012). The suppression-
rebound modulation of the 20-Hz activity seems to indicate the alternating 
states of the cortical engagement as a form of activation-inactivation index of 
the motor cortex.  

The suppression-rebound modulation of the 20-Hz motor rhythm is a robustly 
found phenomenon that still shows some sensitivity to specific task variables 
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(Kilavik et al., 2013; Neuper & Pfurtscheller, 2001). The influential factors range 
from those related to sensorimotor coordination and motor parameters to those 
reflecting cognitive involvement, such as motor imagery (Schnitzler et al., 1997). 
In the production of movement sequences, the 20-Hz suppression follows the 
duration of continuous movements (Erbil & Ungan, 2007). As part of the gen-
eral discussion on the SMC’s role in the sequence production (see 1.2.1), a basic 
question that remains to be clarified is whether the 20-Hz modulation would 
reveal sensitivity for sequence-information that relates to the level of practice 
and complexity of sequences. In the hand motor production, for example, there 
are indications of the 10-Hz sensorimotor rhythm reacting to sequence learning 
(Pollok et al., 2014; Zhuang et al., 1997) and complexity effects on beta-range 
activity in the other, supplemental cortical regions (Heinrichs-Graham & Wil-
son, 2015), but sensitivity of the motor cortical 20-Hz activity remains elusive. 
The speech and non-speech mouth movements seem to offer an interesting ex-
ample to contrast isolated gestures with complex sequences and to study se-
quential production that is either aided or not aided by the overlearned syllabic 
structures.  

1.3.2 Corticomuscular coherence at the movement rate 

Coupling between the cortex and the muscles manifests in the frequency do-
main as coherence between the respective electrophysiological signals (Schof-
felen et al., 2005). The corticomuscular coherence may occur at several frequen-
cies depending on the specific task and the state of the effector system. Much 
interest has been devoted to the corticomuscular coherence found at around 20 
Hz (e.g., Salenius et al., 1997). However, it seems less informative in the context 
of the dynamic movement control, as it mainly appears during a sustained iso-
metric contraction without moving and thus seems to serve a stabilizing role in 
the postural control (Kilavik et al., 2013; Salenius & Hari, 2003).  

The sensorimotor cortical signals phase-lock with muscle activity during se-
quential motor production at the frequencies related to the performance (Feige 
et al., 2000; Miller et al., 2012). Movement-related coherence may peak at the 
fundamental frequency of the motor rhythmicity or at its harmonics (Butz et al., 
2006; Pollok et al., 2005). Low-frequency population dynamics in the cortex 
has been viewed as a key coordinative principle in the movement production 
(Churchland et al., 2012; Hall et al., 2014). Yet, the corticomuscular coherence 
at the movement rate has only gradually gained the research interest it deserves. 
First, slow movement kinematics link with the intermittency of performance at 
~10 Hz that coheres with the sensorimotor cortical signaling (Gross et al., 2002) 
and, in the case of Parkinson’s patients, the corticomuscular coherence is found 
at the tremor frequencies below 10 Hz (Timmermann et al., 2003). Second, in 
the regular sequential production, the corticomuscular coherence reflects the 
production rate of the movement elements. This has been demonstrated for 
such motor tasks as finger tapping (Pollok et al., 2005), handwriting (Butz et al., 
2006), leg movements (Raethjen et al., 2008), and microsaccades (Bosman et 
al., 2009).  



Introduction 

25 

The corticomuscular coherence has been hypothesized to index the efficiency 
of the cortex-muscle interaction (Schoffelen et al., 2005). In agreement with the 
postulated role of coherence in neural function, it may be thought that the ele-
vation of this expected coherent coupling indicates a better adjustment within 
the operation of the efferent-afferent loop. Taken this, a fundamental question 
arises whether the corticomuscular coherence would be enhanced for the pre-
ferred motor rates as they putatively reflect optimality in the function of the mo-
tor system. This type of a rate-dependence is not established. The electrophysi-
ological coherence provides an appropriate measure to tackle this question in 
comparison to, for example, hemodynamic responses that have low temporal 
acuity and integrate over signals.  

1.3.3 Corticocortical coupling in cognitive-motor performance 

The electrophysiological coupling has been demonstrated to tie local activity 
into larger network operations in motor tasks. In intracranial primate record-
ings, singled-out connections in the frontocentral and parietal cortices have re-
vealed episodes of coupled rhythmic activity in association with stimulus-
driven, transient hand movements (Bressler et al., 1993; Brovelli et al., 2004; 
Roelfsema et al., 1997). Moreover, an electrophysiological coupling has been 
found in non-invasive characterizations and during maintained production of 
sequential movements (Feige et al., 2000; Gross et al., 2002). First, these co-
herent interactions measured outside of the head were determined at the sen-
sor-level (e.g., Manganotti et al., 1998). Then, a later study with source estima-
tion has revealed a movement-related brain network for rudimentary, slow fin-
ger movements that operates at the ~10-Hz frequencies and covers the sen-
sorimotor and premotor cortices (Gross et al., 2002). At the same frequencies, 
a wider connectivity pattern that includes also the parietal cortex has been re-
lated to auditorily triggered finger movements and handwriting (Butz et al., 
2006; Pollok et al., 2005).  

It remains to be better understood how the different spatiospectral elements 
of the corticocortical network support the various motor and cognitive aspects 
of movement sequence production. For example, the interregional coherence 
modulates between healthy individuals and neurological cramp patients in writ-
ing (Butz et al., 2006). However, experimental probing and manipulation of the 
cognitive-behavioral variables is needed to indicate a specific task-sensitivity of 
these functional connections. In the cognitive domain, there is an increasing 
amount of evidence that rhythmic interactions between the cortical regions are 
sensitive to the cognitive demands in both the primates and humans. For exam-
ple, during the retention period in working memory task, there is a sensitivity 
of electrophysiological corticocortical connectivity to the memory load and out-
come (Liebe et al., 2012; Palva et al., 2010). Also, a task-related coupling has 
been found in attention and language tasks (e.g., Gross et al., 2004; Kujala et 
al., 2007). In the motor domain, there are demonstrations of the premotor and 
motor coupling being linked with motor patterning (Manganotti et al., 1998) 
and, in isolated movements, goal translation (Voytek et al., 2015). Also, the re-
quirement of decisional performance in movement production seems to affect 
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coherence between the frontal and parietal regions (Pesaran et al., 2008). In a 
multifaceted task, such as producing cognitive-motor sequences, there are pre-
sumably several corticocortical elements involved in conveying different func-
tionality for the whole performance. Distributed cortical processing may be 
evaluated for spectrospatial reconfigurations of corticocortical connectivity and 
sensitivity of single connections to task manipulations. 
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2. Objectives 

The studies (PI–IV) of this Thesis examined how rhythmic cortical dynamics 
are related to different motor and cognitive demands in production of speech 
and hand motor sequences. The first two studies focused on speech movements 
and local electrophysiological activity in the sensorimotor cortex; the last two 
studies explored distributed interregional processing during cognitive-motor 
manual sequences for spatiospectral reconfiguration and sensitivity of the indi-
vidual connections. The specific research questions were as follows:  

 
PI. Is the inherent 20-Hz rhythm of the primary motor region differently mod-
ulated for isolated and sequential speech and non-speech mouth movements? 

 
PII. Is the strength of cortex-muscle communication, indexed by corticomus-
cular coherence, increased for the behaviorally preferred rate of production dur-
ing speech articulation? 

 
PIII. Is continuous performance in different naturalistic tasks reflected as dis-
tinct spatiospectral patterns of interregional coherence? Specifically, how does 
easier and cognitively more demanding object manipulation differ from a 
shared pattern with other types of tasks? 

 
PIV. Is phase synchrony between interacting cortical regions modulated when 
motor and cognitive demands of a handwriting task are varied? How do the 
modulating, task-sensitive elements converge with the postulated modular net-
work system supporting handwriting? 
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3. Methods 

This section provides an overview of the materials and methods used in the 
studies (PI–IV) of the Thesis.   

3.1 Participants and experimental paradigms 

9–12 healthy adult subjects, with a balanced number of males and females, 
were recruited to participate in each MEG study (Table 1). One subject was dis-
qualified in PII due to outlier motor performance. The subjects were right-
handed, except for two ambidextrous individuals, and spoke fluent Finnish as 
their first language or, in a few cases, were Swedish-Finnish bilinguals. Finnish 
language has a shallow orthography, meaning that is has an almost perfect 
grapheme-to-phoneme correspondence (a simplifying factor for the written lan-
guage paradigms of PI and PIV). The experiments were explained to the partic-
ipants beforehand, and they gave their informed consent to participate in the 
studies, which were approved prior by the Helsinki and Uusimaa Ethics Com-
mittee. 

 
Table 1. Subject information 

Study N Age (range) Females Handednessa Languageb 

PI 9 26 (20–33) 5 8 R; 1 A 9 F 

PII 11 (valid out of 12) 32 (28–43) 6 10 R; 1 A 10 F; 1 B 

PIII 10 32 (21–40) 5 10 R 9 F; 1 B 

PIV 10 29 (20–40) 5 10 R 9 F; 1 B 

a R, right; A, ambidextrous; b F, Finnish; B, Swedish-Finnish bilingual 

Different variants of oromotor and manual task performance (see 4. Summar-
ies of the experiments and results) were used to examine task-related effects on 
cortical rhythmic processes. The experiments prompted movements either as 
immediate responses to visual cues (in PI), or as delayed performance after in-
structive auditory stimuli (in PII and PIV). The visual stimuli were presented on 
a projector screen (at ~1 m distance), and the auditory stimuli were played at a 
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comfortable listening volume via non-magnetic earpieces. In PIII, manual per-
formance was not constrained by any specific stimulation protocol. In addition 
to task performance, rest data were collected in each study during which the 
subjects sat relaxed (eyes open) without moving. 

3.2 Measurements 

In all the studies of the Thesis, cortical signals were recorded with magne-
toencephalography while muscle activity related to task performance was sim-
ultaneously tracked with electromyography. 

3.2.1 Magnetoencephalography 

MEG is a non-invasive method that registers magnetic fields related to popu-
lation-level electrophysiological activity in the brain (see reviews on the method, 
Baillet, 2017; Hämäläinen et al., 1993). This real-time neural record has a milli-
second-scale temporal resolution, and the neuromagnetic field patterns are spa-
tially sampled with multiple sensors configured in a helmet-shaped array 
around the head (Fig. 4A). Spectrally, MEG captures best signals at ~1–100 Hz: 
a salient noise (DC) component confounds signals at <1 Hz, and MEG has a low 
sensitivity to ultra-high (>100 Hz) frequencies, yet with some signals detected 
also in this range (e.g., Cimatti et al., 2007; Parkkonen et al., 2009).  

 

Figure 4. MEG system and measured signals. A. The sensor array within the helmet of the Vec-
torview™ MEG device. Each of the 102 sensor locations contains a magnetometer and two or-
thogonally oriented planar gradiometers. B. A magnetic field surrounding an intracellular (primary) 
current flowing along the large pyramidal dendrite in the cortex. C. A large collection of parallelly 
aligned and activated pyramidal neurons in the cortical sulci generates neuromagnetic signals 
that are optimally picked up by the MEG sensors outside the head.   

The cerebral cortex, as the outermost part of the brain, is emphasized in the 
MEG recordings due to the steep attenuation of magnetic fields as a function of 
distance (Hillebrand & Barnes, 2002). A predominant source of the MEG sig-
nals is dendritic currents flowing within the cortical pyramidal neurons (Mura-
kami & Okada, 2006; Murakami et al., 2002; Okada et al., 1997). Synchronous 
activity of tens of thousands of neurons is required to generate detectable MEG 
signals (Hämäläinen et al., 1993; Murakami & Okada, 2006). In chemical syn-
aptic transmission, transmitter release from the presynaptic neuron causes 
opening of the ion-selective channels on the postsynaptic cell membrane and a 
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postsynaptic potential response (see e.g., Hille, 2001). The channel opening al-
lows passive flow of ionic currents through the channels that is potentiated by 
the actively maintained electrochemical gradient across the membrane. The 
ionic current flow across the membrane leads to intracellular currents, so-called 
primary currents, flowing within the neurons and oppositely directed volume 
currents spread in the extracellular space; MEG taps into the magnetic fields 
that are generated by the intracellular primary currents (Fig. 4B).  

The dense parallel alignment of pyramidal dendrites, perpendicular to the cor-
tical surface, constitutes a favorable open field configuration for the signals to 
summate among the neighboring neurons (Okada et al., 1997). Particularly in 
the cortical sulci, the dendrites are oriented tangentially to the brain’s outer sur-
face (Fig. 4C). This is an optimal orientation for MEG to detect the magnetic 
fields generated by the intracellular currents (see Alfors et al., 2010). Further-
more, the dendritic currents approximate a dipolar (unidirectional) electrical 
configuration with 1/r2 signal attenuation as a function distance (r), whereas 
1/r3 attenuation characterizes the quadrupolar (two-fronted) action potentials 
transiently generated in the axons (Alfors & Wreh, 2015; Hämäläinen et al., 
1993). The postsynaptic activity in the dendrites has generally slow kinetics 
compered to fast spiking (tens of milliseconds versus <10 ms), a feature that 
facilitates temporal synchrony and summation of signals across neuronal pop-
ulations (see Zhu et al., 2009).  

Neuromagnetic fields are extremely weak (magnetic flux densities at ~50–500 
fT, femtoTesla; ~108–9 times smaller than the Earth’s steady field). Therefore, 
detection of the MEG signals requires advanced instrumentation that is placed 
in a magnetically shielded room. Shielding can be achieved by layered µ-metal 
and aluminum caging that suppresses background electromagnetic noise 
(reaching levels of ~106–8 fT). Sufficient measurement sensitivity is obtained by 
using Superconducting Quantum Inference Devices (SQUIDs) (Cohen, 1972; 
Zimmermann et al., 1970). These sensor elements are kept in ultra-low temper-
ature (in a dewar filled with liquid Helium) for superconductivity to occur and, 
consequently, they are located of few centimeters from the head (note recent 
advances in high-temperature MEG implementation; e.g., Iivanainen et al., 
2017). SQUIDs are coupled to pick-up coils whose configuration affects how the 
magnetic fields are captured (Fig. 4A). In a simple magnetometer the field com-
ponent (Bz) perpendicular to the MEG helmet is picked up by a single loop at a 
given location. A planar gradiometer has opposing loops wound in a figure-eight 
configuration on a single plane. The use of two orthogonally oriented gradiom-
eters allows the measurement of field gradients in two independent directions 
at the same location, (dBz/dx; dBz/dy). In contrast to the magnetometers, the 
gradiometers show maximal signal above the active brain site and are less sen-
sitive to homogenous, externally generated artifact fields. 

The MEG inverse problem refers to the unknown distribution of current 
sources in the brain that have generated the magnetic fields recorded outside of 
the head. This ill-posed problem has no unequivocal answer. Nevertheless, 
source modeling of the MEG signals can provide reasonable estimates of the 
spatiotemporal current distribution under physiologically and anatomically 
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plausible assumptions (Baillet, 2017; Hämäläinen et al., 1993). In source esti-
mation, the MEG forward model determines the magnetic field patterns gener-
ated by known current sources, and a quasi-static approximation of Maxwell’s 
equations (applicable for <1000 Hz signals) can be applied. In MEG forward 
modeling, the brain can be modeled relatively well using a homogenous, single 
layer conductor (cf. Tarkiainen et al., 2003). As for the MEG inverse modeling, 
many different approaches exist, covering point-like equivalent current dipoles 
(ECDs), distributed source representations (minimum norm/current estimates, 
MNE/MCE) and beamformers in which spatial filtering is used to estimate lo-
calized activity by suppressing the influence of other regions. The MEG source 
discrimination may reach mm-scale under ideal conditions (particularly if there 
is deviating spatial angles between the current sources), but generally resolution 
of MEG can be estimated to be in order of 1–2 cm in more superficial brain re-
gions (e.g., Liljeström et al., 2005).  

3.2.2 Electromyography 

The surface EMG records mass electrical activity of the muscles using elec-
trodes attached to the skin above them, and these measured signals reflect sum-
mation of action potentials in the activated motor units of the muscle with mil-
lisecond-scale resolution (Cram et al., 1998; Farina et al., 2004). Conductive gel 
or paste is used to facilitate low-impedance contact between the cleaned strip of 
skin and the metal electrode. In a commonly used bipolar setup, a pair of EMG 
electrodes is placed on the muscle and the potential difference between the two 
electrodes is measured. Muscle activity is captured as broadband signals in the 
frequency range above ~10–30 Hz, whereas artifacts, such as movement of the 
electrode wires, contaminate the lower frequencies. Therefore, EMG signals are 
often high-pass filtered to separate the actual muscle signals. The signals may 
also be rectified (taking the absolute value) to track the amplitude envelope of 
the high-frequency activity.  

3.2.3 Measurement procedure 

The measurements in the studies of this Thesis were conducted in a magneti-
cally shielded room (the facilities of MEG core/Aalto NeuroImaging, Aalto Uni-
versity, Espoo, Finland). The subjects performed tasks while they were seated 
under the helmet of a whole-head, 306-channel MEG system, with 102 sensor 
triplets comprised of a magnetometer and two orthogonally oriented planar gra-
diometers (Fig. 4A; Vectorview™, Elekta Oy, Helsinki, Finland). Surface EMG 
activity was recorded simultaneously using a bipolar setup and reusable elec-
trodes. In PI/II, the electrodes were placed above the lip (orbicularis oris) mus-
cle to record EMG activity related to speech articulation. The arm muscle activ-
ity (extensor digitorum or extensor carpi muscles) was monitored in PI to con-
trol for hand movements and tracked in PIII/IV to determine the manual per-
formance. Electro-oculography (EOG) was used to monitor eye movements and 
blinks. All the data were acquired with a 0.03–200 Hz band-pass filter and dig-
itized at 600 Hz.  
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High-resolution magnetic resonance images (MRIs) of the subjects’ brain 
anatomy were available, or separately collected (3T Signa EXCITE MRI scan-
ner; GE Healthcare, Milwaukee, WI, USA). To spatially align the coordinates of 
the MEG data and MRIs, four head position indicator (HPI) coils were attached 
to subjects’ heads before the MEG measurements. Their locations were deter-
mined with respect to three MRI-identifiable landmarks (the nasion and loca-
tions anterior to the ear canals) using a 3D digitizer system (Isotrak 3S1002; 
Polhemus Navigation Sciences, Colchester, VT). At the beginning of each sepa-
rate MEG recording, the HPI coils were briefly activated and their locations 
were determined with respect to the MEG device from the generated magnetic 
fields. The subjects were specifically instructed to avoid head movements during 
measurements. 

3.3 Data analysis 

In each study (PI–IV), the analysis focused on the MEG gradiometer signals. 
The signals were first preprocessed and spectrally decomposed at the sensor-
level. Subsequently, the signal sources were estimated at the cortical level to 
quantify task-related modulations. The EMG signals were analyzed for timing 
and rhythmic components of muscle activity. 

3.3.1 EMG analysis 

All EMG signals were high-pass filtered (at 7–30 Hz) and rectified by taking 
the absolute value. In PI, oromotor reaction times (movement onsets) to the 
visual stimuli were determined from the EMG signals using individual thresh-
olds set above the baseline noise level. In PII–IV, spectral decompositions of the 
EMG signals were performed to identify rhythmic components of muscle activ-
ity from the power spectral peaks. Peak frequencies of mouth-EMG spectra were 
collected in PII, as they were associated with the rate of production in the sylla-
ble repetition task. For the complex natural speech samples, the predominant 
1/f-trend was regressed out from the spectral EMG patterns to characterize sub-
tle rhythmic components. In PIV, the subjects produced variants of handwriting 
sequences, and the EMG data were used to focus the MEG analysis to the time 
interval of sustained, rhythmic motor performance for each subject.  

3.3.2 MEG preprocessing and the frequency bands of interest 

MEG data consist of brain-derived and external (artifactual) components; 
MEG preprocessing aims to suppress the latter components. Because of their 
short distance from the MEG sensors, artifacts related to mouth and eye move-
ment, at the low (<5–10 Hz) and higher (>30 Hz) frequencies (e.g., Hipp & 
Siegel, 2013; Salmelin et al., 2000; Woestenburg et al., 1983), are more prob-
lematic than those related to the hand motor performance. In PI, Signal Space 
Projection (SSP) method, based on statistical analysis and removal of the gen-
eral interfering external components (Uusitalo & Ilmoniemi, 1997), was applied 
in MEG preprocessing. In this study, mouth movement artifacts were unlikely 
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to disrupt the MEG analysis as the focus was on the relatively artifact-free ~20 
Hz range. Moreover, as such artifacts would increase the activity estimates, they 
would not explain the measured movement-related suppression of rhythmic 
signaling. In PII–IV, spatiotemporal Signal Space Separation (tSSS) approach 
was used for preprocessing. This method is based on physical properties of the 
MEG measure (sensor geometry and electrodynamics) as well as statistical tem-
poral extraction of signals originating outside of the head/brain space (Taulu & 
Simola, 2006). In PII, using preprocessed data, distinguishable components of 
corticomuscular coherence were successfully localized in the face sensorimotor 
cortices, even though coherent activity operated at the movement frequency. In 
PIII, the experiment included a naturalistic visual comparison task with some 
associated oculomotor activity (see 4. Summary of the experiments and results). 
Here, to avoid confounds induced by the artifacts at the low and high frequen-
cies (Hipp & Siegel, 2013; Woestenburg et al., 1983), the analysis was conducted 
at the 6–20 Hz range.  

Welch’s method (Welch, 1967; or Fast Fourier Transform) was applied to de-
scribe the frequency content of the MEG signals at the sensor-level. In PI, 16–
24 Hz band was selected to represent the 20-Hz motor rhythm. In PIII/IV, MEG 
sensor-to-sensor coherence spectra (between sensors at least 10 cm apart) were 
calculated to identify prominent oscillatory components and frequency bands 
of interest for MEG connectivity analysis. In PIII, three fixed sub-bands (6–9, 
9–13 Hz and 13–20 Hz) were selected within the 6–20 Hz range. In PIV, fre-
quency bands of interest were individually adjusted at the ~2–5 Hz 
(delta/theta), ~7–10 Hz (low-alpha), ~10–13 Hz (high-alpha), ~14–18 Hz (low-
beta), and ~18–24 Hz (high alpha) bands, whereas fixed band limits were used 
at the higher (gamma) frequencies (30–45, 60–90 Hz).  

3.3.3 MEG source estimation 

Two approaches were used in this Thesis to estimate the cortical sources of the 
sensor-level MEG data: local oscillatory sources were modeled by fitting ECDs 
in PI, and sources of coherent corticomuscular and corticocortical activity were 
estimated in PII–IV by using a Dynamic Imaging of Coherent Sources (DICS) 
method (see Gross et al., 2001). 

Equivalent Current Dipoles. An ECD model represents the primary neu-
ral current as a point-like dipolar source, which has a spatial location and cur-
rent orientation and strength (i.e., current dipole moment) (see a detailed de-
scription, Hämäläinen et al., 1993). In dipole modeling, a nonlinear least-square 
search is used to fit the location and orientation of an ECD to the MEG data 
(Tuomisto et al., 1983). Dipole models are best suited to represent relatively lo-
calized current sources. Sources of local rhythmic activity can be identified with 
a sequential dipole fitting approach: in PI, ECDs were fitted at every 5 ms to 30-
s segments of MEG data filtered at 16–24 Hz.  

Dynamic Imaging of Coherent Sources. Coherent rhythmic activity be-
tween cortical regions, or in reference to muscle signals, poses a specific prob-
lem for the source estimation, as here interacting spatiotemporal components 
must be identified instead of local sources of activity. Beamformers, or spatial 
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filters, can provide simultaneous estimates of neural activity at all defined loca-
tions in the brain, as weighted sums of the sensor data, making them suitable 
for estimating interacting sources (Van Veen et al., 1997). The DICS method 
provides an implementation for mapping coherent interactions across brain re-
gions (Gross & Ioannides, 1999).  

Coherence is a correlative measure between two signals in the frequency do-
main, given as:  

     
,    (3.1) 

 
where Pxx and Pyy are the power spectral densities of the signals (x, y), deter-

mined by averaging the squared magnitudes of their segmental Discrete Fourier 
Transforms (DFTs), and Pxy is cross spectral density (CSD), determined by mul-
tiplying and averaging segmental DFTs of the two signals. 

The DICS analysis begins at the sensor level where a CSD matrix is calculated 
between all pairs of MEG sensors, and reference signals such as the EMG signal. 
The CSD matrix describes the mutual linear dependencies between MEG sen-
sors in the frequency domain. The diagonal of this matrix represents the power 
spectral densities, that is, CSDs of the signals with themselves. Therefore, a CSD 
matrix contains information for calculating coherence (eq. 3.1). Computation-
ally, the CSD matrix between two sensor signals [x(t), y(t)] is estimated with 
Welch’s method where the signals are transformed segmentally into Fourier 
space using short, typically overlapping data windows (in PII,III / PIV: Hanning 
2048/1024-point window; 0.3/0.6 Hz resolution; 75% window overlap). The 
CSD is then calculated for each segment based on the transformed signals X(f) 
and Y(f) as: 

  
,     (3.2) 

 
where Y* is the complex conjugate. Subsequently, the CSD for the whole data 

is determined by averaging across the segmental CSDs.   
Next, a linear transformation (A) is used to project the sensor-level CSD data 

into the brain space. Using the principle of spatial filtering (Gross & Ioannides, 
1999; Van Veen et al., 1997), activity in a certain location (r) is passed with unit 
gain while interference by all other sources is suppressed. The DICS spatial fil-
tering is formulated as a minimization problem:  

 
   (3.3) 

 
Here, M is the Fourier transformed data at the sensor level; ε is the expecta-

tion value; α is a regularization parameter with larger values leading to a spa-
tially more extended source representation; and L(r) represents the solution to 
the forward problem (i.e., the magnetic fields generated at given MEG sensors 
by the known current sources) at location r. As an adaptive filter, the transfor-
mation A depends on the data. The solution to the equation 3.3 is reached by 
minimizing the corresponding Lagrange function, where ε(|AM|2) = AC(f)AT 
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and C(f) is the CSD matrix (Gross & Ioannides, 1999). This gives the solution 
as: 

 
,  (3.4) 

 
where Cr(f) = C(f)+αI. By using this solution, the cross-spectral estimates can 

be calculated between pairs of brain locations (r1, r2), or between a brain loca-
tion and a reference signal such as EMG.  

In PII–IV, individual single-layer, spherical conductor models were used in 
the lead field calculation of the current sources. In PII, source estimation of 
EMG-MEG coherence at the individual level was used to collect corticomuscular 
coherence values, while a statistical map of corticomuscular coherence across 
the subjects (task versus rest data; t-statistics with Bonferroni correction) was 
calculated for visualization purposes.  In PIII/IV, corticocortical coherence was 
estimated, in an all-to-all manner, between the grid points that covered the cor-
tex with 6–9 mm spacing (generated using the MNE Suite software; Hämä-
läinen, Martinos Center for Biomedical Imaging, Massachusetts. General Hos-
pital, MA). Deeper brain structures and the most anterior part of the frontal 
cortex were excluded from the analysis due to the poorer MEG sensor coverage 
and sensitivity to signals from these regions. In the specific DICS implementa-
tion used in PIII/IV, the estimation was based on numerical maximization of 
coherence for a discrete set of source orientations at the end locations of the 
connections. All possible pairs of orientations were considered among the 50 
regularly spaced orientations that were tangential with respect to the center of 
the sphere that represented the brain. The analyses of PIII and PIV focused on 
long-range corticocortical connections (with 3.5–4 cm minimum distance) as 
field spread most severely affects reliability of short-range connectivity mapping 
in MEG (Schoffelen & Gross, 2009). To further suppress the influence of field 
spread, the task data were always contrasted to a baseline data (mean pattern 
across the tasks in PIII; rest data collected within the task blocks in PIV). Fur-
thermore, the matching of signal power in the studied frequency bands between 
the contrasted data-sets was statistically evaluated at the sensor-level (with t-
statistics, FDR correction). 
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4. Summary of the experiments and re-
sults 

The results of this Thesis demonstrate, in humans, the sensitivity of rhythmic 
cortical dynamics related to different aspects of sequential motor production 
(see 2. Objectives). In the following sections, the experiments, quantifications, 
and results are summarized for each MEG study (PI–IV).  

4.1 Modulation of the 20-Hz motor rhythm for speech and non-
speech sequences (PI)  

A previous line of studies had shown modulation of the 20-Hz activity in the 
motor cortex for simple repetitive mouth movements (Salmelin et al., 1995; 
Salmelin & Sams, 2002) and for word production (Salmelin et al., 2000; 
Salmelin & Sams, 2002). This modulation involved the bilateral face areas but 
also the hand areas. In the study PI, two critical experimental modifications 
were made to obtain a more comprehensive characterization of the 20-Hz mod-
ulation related to mouth movements: first, more variation was introduced to the 
mouth gestures and, second, a continuum from word production, through 
pseudowords and consonant strings, to newly acquired non-speech sequences 
was examined. These aspects allowed the comparison of familiar speech pro-
duction with more arbitrary but complex oromotor sequences.  

Paradigm. A visuomotor paradigm was developed to facilitate the use of var-
iable performance of both speech and non-speech mouth movements. The in-
structive stimuli consisted either of letters or novel symbols associated, via 
training, with specific lip, jaw and tongue gestures (see PI). The majority of 
these non-speech gestures had a close kinetic resemblance to phonemic articu-
latory movements (e.g., lip puckering and production of vowel /o/). To render 
the motor task similar to non-speech performance, speech movements were 
only articulated without phonation. The experiment consisted of two types of 
measurement blocks. In the first block-type, the subjects produced isolated 
speech and non-speech gestures. The gestures were prompted by letters and 
gesture symbols (11 different letters/symbols) that were randomly presented for 
0.5 s each (88 trials per letter/symbol category). In the second block-type, the 
subjects produced speech and non-speech gesture sequences that were 
prompted by four-letter words, pseudowords, consonant strings and strings of 
four gesture symbols (20 different stimuli in each category). These stimuli were 
randomly presented for 2 s each (80 trials per category), and the subjects were 
asked to generate the movement within this presentation time. In both blocks, 
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inter-stimulus interval of single trials varied randomly from 2 to 3 s, and order 
of the two blocks were randomized across the subjects. Localizer data (finger 
lifts) for identifying the sensorimotor hand representation areas in the left and 
right hemisphere was collected separately.  

Quantification. A four-ECD model was created to explain the modulation 
data: sequential ECD fitting, at 16–20 Hz, was applied to the mouth movement 
data and to the localizer data to estimate sources in the bilateral face areas and 
the hand areas, respectively. At the source-level, movement-related modulation 
of the 20-Hz activity was quantified using the Temporal Spectral Evolution 
(TSE) approach (Salmelin & Hari, 1994b), in which rhythmic modulation is de-
scribed by filtering signal time series to a certain frequency band (here 16–24 
Hz), rectifying it and then averaging across trials with respect to an event, such 
as movement or stimulus onset. From the movement onset averages, the TSE 
modulation range, from the minimum level during movement to the maximum 
after movement (suppression-to-rebound; normalized with respect to the level 
at rest), was determined for both the face and hand areas. The onset of 20-Hz 
suppression in the face areas with respect to stimulus presentation was deter-
mined from the stimulus onset averages. Oromotor reaction times (movement 
onsets) were determined from the mouth-EMG activity thresholded above the 
baseline noise level. Statistical analyses were performed with repeated-
measures analysis of variance (ANOVA) and planned contrasts with t-tests.  
 

Figure 5. The 20-Hz modulation for speech and non-speech mouth movements. A. ECDs that 
explained the 20-Hz modulation pattern were found in the face (i) and hand (ii) areas (above). 
Below, the average TSEs for the 20-Hz activity in the single phonemic movements and word 
production (displayed for the left hemisphere). B. Means strength of suppression-to-rebound mod-
ulation (mean ± SEM) for isolated and sequential mouth movements in the left (L) and right (R), 
face and hand areas. P, phonemic movement; G, non-speech gesture; WO, word; PW, 
pseudoword; CS, consonant sequence; GS, non-speech gesture sequence. C. Behavioral reac-
tion times (white triangles) and onsets of 20-Hz suppression (± SEM) in the left (white) and right 
(black circles) faces areas. Figure adapted from PI. 

Results. The speech and non-speech mouth movements were associated with 
suppression and post-movement rebound of the 20-Hz activity in the face areas 
(as represented by ECDs; Fig. 5A). In parallel, there was weak 20-Hz modula-
tion in the hand areas with no associated arm muscle activity. The suppression-
to-rebound modulation of the 20-Hz activity was symmetrical between the hem-
ispheres. The timing of the 20-Hz suppression was lateralized, with earlier on-
sets in the left hemisphere for all types of mouth movements (see Fig. 5C). 
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In the face areas, isolated speech and non-speech gestures showed an equal 
level of suppression-to-rebound modulation (Fig. 5B). The sequences displayed 
a stronger, more varied modulation pattern: the non-speech gesture sequences 
modulated the 20-Hz rhythm more than the real words, with intermediate ef-
fects for the pseudowords and consonant strings. In contrast, there was a cate-
gorically stronger modulation for the non-speech sequences than for all the 
speech movement tasks in the hand areas. Modulation of the 20-Hz activity did 
not correlate with the mean amplitude or duration of the mouth-EMG signals.  

Behaviorally, the reaction times to the instructive visual stimuli did not differ 
between the phonemic gestures, words or pseudowords (Fig. 5C), but the reac-
tion times were delayed for the arbitrary consonant strings as well as for the 
non-speech gestures and sequences. This variation in reaction times was not re-
flected in the stimulus-locked onset of 20-Hz suppression in the cortical face 
areas. 

4.2 Correlation of corticomuscular coherence with preferred rate 
of articulatory movements (PII) 

This study was, to our knowledge, the first to address the basic relationship of 
corticomuscular coherence with behavioral rates of production. This question is 
particularly interesting in the context of speech where rhythmicity is thought to 
be a fundamental aspect of linguistic production and perception (Giraud & 
Poeppel, 2012). A syllable repetition task was chosen as a rudimentary form of 
speech (Ackermann et al., 1995; MacNeilage & Davis, 2001) that is highly con-
trollable experimentally. A positive relationship was hypothesized between the 
level of corticomuscular coherence, as a measure of efficiency in neurocommu-
nication (Schoffelen et al., 2005), and the individual preferred rate of produc-
tion reflecting optimized performance.  

Paradigm. A variant of a sensorimotor synchronization paradigm was used 
to study the rate effect in syllable production: the subject first listened to /pa/ 
syllables at a specific frequency (for 10 s; at 0.8, 1.1, 1.5, 2, 2.8, 3.7 or 5 Hz) and, 
after the stimulation ended, aimed to articulate the syllable at this target rate 
for 10 s (18 trials, 3 min of data per frequency). Mini-blocks of three consecutive 
trials with the same target frequency were used to stabilize performance (one 
mini-block of each target frequency randomly presented in each of the six meas-
urement blocks). The syllables were articulated without phonation in order to 
focus on oromotor function and to avoid cortical processing related to auditory 
feedback. Before the experiment, the subjects were asked to repeatedly articu-
late /pa/ syllables at their preferred, self-paced rate of production. In an addi-
tional measurement session of natural speech, samples of reading aloud were 
collected to determine word and syllable rates across individuals, in a consistent 
fashion. Overt narration (prompted by photographs) was performed to record 
muscular rhythmicity related to self-generated natural speech. 

Quantification. Cortical face sensorimotor representation areas were esti-
mated from the coherence between MEG and mouth-EMG signals with the 
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DICS approach, and the identified sources were used to calculate corticomuscu-
lar coherence spectra for the articulatory performance at different frequencies. 
The coherence values were quantified at the fundamental frequency of produc-
tion or at the first harmonic frequency, depending on which one showed the 
highest value for an individual. Statistical evaluation of the change in the level 
of corticomuscular coherence across production rates was performed with the 
Friedman test (with post-hoc comparisons). The hypothesized positive relation-
ship between the spontaneous articulation rate and the rate showing the maxi-
mal coherence was evaluated with Spearman’s rank correlation test.  

 

Figure 6. Corticomuscular coherence and articulatory rate. A. The MEG sensors above the bilat-
eral sensorimotor cortex picked up corticomuscular coherence at the syllable production rate. 
Below, a statistical map calculated across the subjects that visualizes the source region in the 
ventral SMC (the left hemisphere displayed). B. The levels of corticomuscular coherence (mean 
± SEM) as a function of the articulatory rate (data from the left face area). C. The rates that related 
with the strongest coherence in the syllable repetition experiment correlated with the individual 
preferred rates of production in the left (black dots) and right (gray) face areas. D. Rhythmic com-
ponents of the mouth-EMG spectrum related to natural speech (1/f trend removed; averaged 
across subjects). Average preferred rate of syllable production indicated (arrowhead). Figure 
adapted from PII. 

Results. Activity in the right and left face sensorimotor cortices cohered with 
the mouth-EMG activity at the fundamental or first harmonic frequency of syl-
lable repetition (Fig. 6A). There was a quadratic relationship between the rate 
of production and the level of corticomuscular coherence (Fig. 6B): the maximal 
coherence values were found at the mid-frequencies of 1.5–3.5 Hz. The pre-
ferred, self-paced rates of syllable production settled, on average, at 2.1 Hz (± 
0.5 SD). The preferred individual rate was significantly correlated with the pro-
duction frequency that showed the strongest corticomuscular coherence in the 
syllable repetition experiment (Fig. 6C).  

In addition, in reading aloud connected text, the average word rate settled at 
2.3 Hz (± 0.2 SD) and the syllable rate at 5.2 (±0.6 SD) Hz. The natural speech 
samples (overt narration) also revealed spectral components in the mouth-EMG 
signals that overlapped with the frequencies of enhanced corticomuscular co-
herence found in the syllable repetition experiment (Fig. 6D).  
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4.3 Reconfiguration of task-sensitive corticocortical coherence 
for object manipulation (PIII)  

 
Large-scale cortical networks have been hypothesized as a key substrate for 

neurocognition (Fellman & Van Essen, 1991; Mesulam, 1990; Petersen & 
Sporns, 2015), and electrophysiological rhythmic coupling has been suggested 
to flexibly link cortical regions into functional networks (Bressler & Tognoli, 
2006; Fries, 2005; Siegel et al., 2012; Varela et al., 2001). The functional signif-
icance of electrophysiological coupling in intracranial animal recordings of sin-
gled-out corticocortical connections and, increasingly, in whole-cortex charac-
terizations of humans has mainly been demonstrated using highly constrained 
task conditions. Here, for a more generalized perspective in humans, global pat-
terns of interregional coherence were mapped during continuous performance 
of naturalistic tasks that included sequential object manipulation. The spati-
ospectral reconfiguration of connectivity across the studied tasks and its topo-
logical relevance was characterized as a proof-of-concept of interregional coher-
ence mediating network function in behaviorally relevant conditions.    

Paradigm. The subjects were asked to perform a set of naturalistic tasks 
which included both easier and cognitively more demanding variants of object 
manipulation, visual comparison and speech comprehension. The tasks repre-
sented a basic repertoire of human behavior. They required complex neurocog-
nitive processing and sustained, internally-driven engagement in a relatively 
unconstrained task context. The easy variant of an object manipulation task was 
continuous handling of a Rubik’s cube (without twisting it) for 3 min, whereas 
the demanding variant was active solving of the Rubik’s cube problem (for 3 
min; the participants reported not being experts in the task). In the visual task, 
the subjects compared two versions of an image depicting vegetation to detect 
distinct (easy; color-modified photographs) or non-distinct (demanding; details 
in realistic photographs) differences between them (six pairs of images pre-
sented for 30 s in both conditions; 3 min of data for each). In the speech com-
prehension task, the subjects listened to dialogs extracted from native (easy; in 
Finnish) or non-native (demanding; in English) clips of movies (three ~1 min-
clips in both conditions; 3 min of data for each). The task modalities (i.e., hand 
motor, visual, audio-linguistic) were performed separately, and the order of 
both the modalities and task variants within them were randomized.  

Quantification. The patterns of functional connectivity, based on all-to-all-
type, data-driven DICS mapping of corticocortical coherence, were determined 
in a parcellated cortical surface (75 regions, based on a template by Desikan et 
al., 2006). Task-sensitive elevation of interregional coherence was quantified 
for each variant of the naturalistic tasks with respect to the mean pattern across 
the tasks (paired t-statistics, p < 0.05, FDR corrected). This mapping was per-
formed both separately within each hemisphere and across the whole cortex, in 
three frequency bands of interest (6–9, 9–13 and 13–20 Hz). These bands fea-
tured prominent spectral peaks and did not extend to the low and high fre-
quency ranges with risk of artifactual contamination. The results were visual-
ized using circular connectograms as well as with lobar-level summaries of the 
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results (using eight cortical subdivisions) displaying node and edge degrees. χ2-
statistics were used on the number of connections to evaluate the independence 
of factors (frequency band x task modality; frequency band x cortical area) and 
compatibility with an equal distribution of connectivity across the tasks. 

 

Figure 7. Task-sensitive corticocortical coherence in object manipulation. A. Task-sensitive pat-
terns of coherent connectivity (within-hemisphere analysis) for object manipulation, speech com-
prehension and visual comparison in contrast to their shared pattern (for each task modality, the 
easier and demanding task variant pooled into the same graph). Circular connectograms depict 
cortical regions in the two hemispheres (L/RH) and connections between them (see for more 
details, PIII). Color-coding of the connection lines relates to the frequency band of interaction. B. 
Connectivity for object manipulation in the easy (cube handling) and demanding (Rubik’s) task 
variant.  Below, the regions involved in connectivity. Fr, frontal; Cr, central; Tpl, temporal; Ptl, 
parietal; Occ, occipital. C. Whole-cortex analysis for object manipulation task (all connections link 
with the Rubik’s task). D. Lobar-level summary plots of lateral connectivity in the cube handling 
(above) and Rubik’s (below) tasks. Figure adapted from PIII. 

Results. Distinct spatiospectral patterns of coherent connectivity were ob-
served for each naturalistic task (Fig. 7A). Elevated corticocortical coherence 
(13–20 % changes) was uncovered for each variant in contrast to the pattern 
shared by the tasks; MEG signal power showed no parallel change, except for 
the speech comprehension task in the low-beta band (those connectivity results 
were thus discarded). The visual comparison task was associated with right-lat-
eralized, mostly 6–9 Hz connectivity involving occipito-temporal and frontopa-
rietal cortices, and the native speech comprehension with 9–13 Hz connectivity 
between the left temporal and frontoparietal cortices (for the non-native speech 
right-lateralized connectivity at 6–9 Hz; Fig. 7A).   

The object manipulation task (Fig. 7B) was markedly linked with coherent 
connections in the 13–20 Hz band, and less prevalently in the 6–9 Hz band. 
Both handling the cube (easy) and solving the Rubik’s cube task (demanding) 
were associated with overlapping coherent connections between the frontal and 
parietal regions in the left hemisphere. The demanding Rubik’s cube task 
showed a wider, bilateral pattern of functional connectivity when contrasted 
against the shared pattern across the task modalities; yet, the direct comparison 
between the motor task variants yielded only sporadic connections. In a whole-
cortex analysis, all coherent connections related to object manipulation were 
found in the Rubik’s cube task (Fig. 7C). Notably, an opposite pattern charac-
terized the other task modalities: the demanding task was associated with less 
connectivity than the easier variant (see PIII). The lobar-level summaries in the 
left lateral cortical surfaces (Fig. 7D) highlighted the extended connectivity for 
the demanding compared to the easy object manipulation task. 
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4.4 Task-sensitivity of corticocortical synchrony for variants of 
handwriting (PIV) 

 
Coherently operating networks have been shown to support sequential hand 

motor performance (Butz et al., 2006; Gross et al., 2001; Pollok et al., 2005). 
Here, the task-sensitivity of edges in such a network was tested. Modulation of 
phase synchrony within coherently active corticocortical elements was exam-
ined when the motor and cognitive demands of a handwriting task were varied. 
Handwriting was selected as an experimental task, as its cognitive content and 
the associated motor patterning are relatively easy to control. Based on previous 
neuroimaging literature, a cortical network model with functio-anatomical sub-
systems was postulated for handwriting (Fig. 8A); the pericentral, frontoparie-
tal and perisylvian-occipital subsystems of cortical regions were hypothesized 
to mediate hand coordination, core working memory and audiovisual-linguistic 
operations of writing, respectively. Task-sensitive synchrony between regions 
was addressed in this framework. 

Paradigm. Four variants of a handwriting task (Fig. 8A, below) were per-
formed in separate blocks (50 trials in each block; ~5 min data for each variant). 
The task variants differed in complexity of motor patterning, linguistic content, 
and cognitive guidance provided by memorized cues. In the real handwriting 
task (RW), the subjects listened to and memorized sentences (three words; dif-
ferent sentence in every trial) and, after 1-s delay, produced them with their reg-
ular script. The loop writing task (LW) was a motorically simplified version of 
the same writing task, in which words were produced with series of loop pat-
terns instead of letters (cf. Thomassen & Meulenbroek, 1998). The pattern 
drawing task (PD) was a rudimentary, non-linguistic analog of handwriting: the 
subjects heard three distinct audiocues, in various orders and combinations, 
that they were trained to associate with specific graphical movement patterns 
(downcurved loops, connected circles, saw edges). After the delay, they pro-
duced the corresponding sequences in the presented order. The monotonous 
loop production was a task (LD) in which the subjects always produced a con-
tinuous sequence of loops (instructive stimuli were replaced with scrambled 
speech clips). The task blocks were randomized and divided between two days 
to ensure vigilant performance; the newly learned pattern drawing task was 
trained on both days and always performed on day two. A stylus with a cotton 
tip was used on a tilted surface, and visual feedback was obstructed with a panel 
(a fixation point was provided instead) in order to eliminate the associated vis-
ual and oromotor processing.  

Quantification. The analysis was focused on the time intervals of sustained 
production of movements. Data-driven corticocortical coherence mapping 
(mean pattern across task variants contrasted with rest data) provided sets of 
task-related connections-of-interest (COIs) in each hemisphere, identified at 
low (delta-to-alpha), middle (beta) and high (gamma) sub-ranges of 2–90 Hz. 
For these COIs, synchronization index (SI) using Shannon’s entropy (Tass et al., 
1998) was calculated for each variant of the handwriting task at seven subbands 
at 2–90 Hz range (see 3.3.2). The SI values across tasks were contrasted against 
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each other using permutation testing (t-statistics based permutation testing 
with 95% threshold; Nichols and Holmes, 2002). SI is a nonlinear measure of 
oscillatory phase coupling. In calculation of SI, instantaneous phases of the two 
signals (ϕ1,2) are first estimated using the Hilbert transform and, then, the rela-
tive phase (ωn,m) of these signals is quantified as:  

 
ωn,m	(t)	=	nϕ1(t)	–	mϕ2	(t),   (3.5) 
 
where ϕ1,2 are the phases of oscillatory signals, normalized by 2π, and n and m 

are integers. Here, SI values were computed using a frequency ratio of 1 between 
the oscillators (n=1, m=1). As the modulus of the relative phase defines the dis-
tribution of the cyclic relative phase, the preferred phase difference can be de-
tected irrespective of phase jumps. Shannon’s entropy was applied here to cal-
culate SI from the distribution of the cyclic phase difference.  

Reference points derived from earlier literature (10 meta-analyses of task-re-
lated activation studies; one fMRI connectivity study; see PIV) were used to es-
timate the functio-anatomical subsystems in the MNI space (Fig. 8A, upper 
left), and the nodes engaged in task-sensitive corticocortical interactions were 
spatially assigned to these modules when they were closer than 15 mm from a 
reference point representing a specific subsystem. 

Results. The production of the variants of handwriting (Fig. 8A) was associ-
ated with salient arm-EMG rhythmicity at 2–5 Hz in the MEG experiment (Fig. 
8B, left). In a separate measurement, the peak frequency of EMG rhythmicity 
was found to vary with the rate of loop production. In contrast, handwriting was 
associated with EMG rhythmicity constantly at ~5 Hz which reflects the rate of 
strokes made for letter production proceeding at ~2 Hz (Fig. 8B, right). Modu-
lation of corticocortical phase synchronization revealed differential patterns of 
sensitivity among the task variants (Fig. 8C). Task-sensitive corticocortical ele-
ments were predominantly found in the left hemisphere (9/3 left/right connec-
tions). At the low frequencies (delta-to-alpha range; ~2–13 Hz), there was vari-
able pattern of task-sensitivity (see Fig. 8C, below), and the task-sensitive con-
nections included the posterior and temporo-occipital cortices. At the beta 
(~14–24) and low-gamma (30–45 Hz) ranges, there was stronger synchrony for 
the motorically more complex task variants (RW, PD) in comparison to the loop 
production tasks (LW, LD), and these interactions were concentrated to the 
frontocentral and parietal cortices.  
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Figure 8. Task-sensitive modulation of corticocortical phase synchrony between handwriting and 
its variants. A. A hypothetical network model and task variants. Reference nodes (colored dots) 
derived from the previous functional neuroimaging literature for the postulated pericentral (green 
shade), frontoparietal (blue) and perisylvian-occipital (red) functio-anatomical subsystems are il-
lustrated on the cortical surface. An interactive network system was hypothesized where there 
was synchronized activity within and between the subsystems. The experimental tasks included 
real writing (RW), writing sentences with loops (LW), auditorily cued pattern drawing (PD) and 
monotonous loop drawing task (LD). B. EMG power peaks related to rhythmic production of move-
ments (left). Relationship of the EMG peak frequency with the rate of grapheme production in real 
handwriting and loop production (a separate measurement; right). C. Task-sensitive synchronous 
connections (a–i) at the low (~2–13 Hz), mid (~14–24) and high (30–90 Hz) frequency ranges in 
the left hemisphere. Below, the significant SI contrasts between the task variants are listed for 
each connection.  D. Alignment of the connected nodes with the reference points of the postulated 
subsystems in MNI space (see A. for color-coding). References for the default mode system in-
dicated with gray. Figure adapted from PIV.    

In line with the modular system concept (Fig. 8A), the low-frequency task-
sensitive synchrony highlighted interactions occurring separately within the 
postulated pericentral, frontoparietal and temporo-occipital subsystems (con-
nections a, b, c, d; Fig. 8D). The beta-to-gamma range interactions were ob-
served within the pericentral subsystem (connections e, h) and between the 
frontoparietal (a posterior parietal node) and pericentral subsystems (connec-
tions f, g, i). 
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5. Discussion 

The MEG studies of this Thesis revealed associations of sequential motor pro-
duction with rhythmic cortical dynamics locally, in concert with muscle activity, 
and among coherently active regions. The local activity in the primary sen-
sorimotor cortex reflected involvement in organizing mouth gestures into 
speech and non-speech sequences, and it cohered particularly strongly with 
mouth muscle activity at the preferred rate of sequential articulatory produc-
tion. At the level of large-scale cortical networks, there was reconfiguration of 
coherent connectivity and modulation of phase-synchrony within individual 
connections for cognitive-motor demands of hand motor sequences. These re-
sults on characteristic human motor behaviors show that multiple facets of pop-
ulation-level neural rhythmicity in the cortex manifest task-sensitivity, and they 
may be interpreted as part of the wider discussion of rhythmicity as an opera-
tional principle in neurocognition and coordination of behavior. Next, after 
briefly addressing behavioral findings, the results on local cortical involvement 
in speech production and on distributed cortical processing in hand motor se-
quences are separately discussed.  

5.1 Behavioral characteristics of sequence production 

Two behavioral findings in this Thesis that characterized the production of 
movement sequences were the reaction time effect related to automaticity of 
produced task and the spontaneously emerging rates of movement. In psycho-
logical literature, reaction times are thought to reflect step-wise or cascaded 
chains of sensory, cognitive and motor processes where increased demands 
among the processing steps link with additional time lags before the response 
(see McClelland, 1979; Sternberg, 1969). In the study PI, the prolonged reaction 
times for non-speech gesture stimuli seemed to reflect processing of newly ac-
quired visual symbols and their mapping into movements. However, the reac-
tion-time effect was significantly pronounced for sequential production and in-
cluded also a delay for consonant strings triggered by familiar letters. Thus, it is 
likely that the variation in reaction times was partly influenced by the difficulty 
of motor preparation when the sequences were less automatized (cf. Verwey, 
1999). These findings agree with and contribute to the body of literature that 
has shown sensitivity of reaction times in organizing movement sequences (e.g., 
Henry & Rogers, 1960; Ito, 1997; Schönle et al., 1986; Sternberg et al., 1978). 
They also demonstrate that short word form production effectively approaches 
single gesture production.  
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Movement rates in sequence production were found to utilize typical preferred 
frequencies of human motor performance. The self-paced syllable repetition, in 
PII, settled at ~2 Hz, which aligns with the rather universally found frequency 
for movements such as finger tapping (Allen, 1975; Collyer et al., 1994; Frischei-
sen-Köhler, 1933). In more complex production of natural speech and handwrit-
ing (in PIV), the average rates of spoken words and written letters were close to 
2 Hz, while syllables and individual strokes of letters were produced at around 
5 Hz. In agreement with previous characterizations (e.g., Teulings & Maarse, 
1984; Tilsen & Arvaniti, 2013), these observations reflect multilayered rhythmic 
structure of movement timing (Greenberg, 2006; Tilsen, 2009) and seem to 
converge with a bimodality found for finger tapping rates in self-paced produc-
tion (Collyer et al., 1994). In monkeys, similar layered rhythms have been found 
in oromotor function (Luschei & Goodwin, 1975; Shepherd et al., 2012). These 
findings suggest a nested temporal scheme of 2/5 Hz for production of complex 
sequences: simple movements, like repetitive syllables, may proceed comforta-
bly at the lower 2-Hz rate but, apparently through learning, elements of complex 
sequences are packed to higher 5-Hz frequency in order for larger segments to 
unfold at ~2 Hz. 

5.2 The involvement of the primary sensorimotor cortex in se-
quences of speech movements 

The findings of this Thesis on speech articulation and rhythmic dynamics of 
the face sensorimotor cortex reveal a functional region that shows sensitivity to 
mouth movements when they are organized as different types of sequences and 
that tracks low-frequency articulatory production. In particular, the sensitivity 
pattern of local 20-Hz dynamics suggests that the primary sensorimotor cortex 
is involved in representing movement sequences as a participant in the wider 
cortical network that organizes speech output. These findings challenge the tra-
ditional views of a rudimentary role of the primary sensorimotor cortex in ges-
tural control only (cf. Smith, 1992; Tourville & Guenther, 2011). The low-fre-
quency coherence of the primary sensorimotor cortex with mouth muscles was 
pronounced for the preferred frequency of articulation and therefore it seems to 
reflect behaviorally relevant optimization.   

5.2.1 Inherent 20-Hz rhythm of the primary motor cortex reflects move-
ment sequencing  

The robust modulation of the 20-Hz motor rhythm may be affected by a com-
bination of task variables (Kilavik et al., 2013; Neuper & Pfurtscheller, 2001). In 
the study PI, the change from movement-related 20-Hz suppression to post-
movement rebound in the face motor areas was stronger for the oromotor se-
quences than single gestures. This modulation was stronger also for the arbi-
trary non-speech sequences than for familiar words. Differences in muscle acti-
vation or in balance between feedforward and feedback control modes could be 
offered as explanatory factors for this pattern. Notably, however, no significant 
correlation between EMG activity and 20-Hz modulation was observed. The 
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production of sequences could have depended more on sensory feedback con-
trol than the quickly produced, ballistic gestures, particularly as the words were 
produced slowly to match the production of arbitrary non-speech sequences. 
Yet, slower kinetics as such may not have a salient impact on 20-Hz modulation, 
except for timing (Pfurtshceller et al., 1997; Stancák & Pfurtscheller, 1995, 
1996). Alternatively, the effort involved in movement sequencing could be con-
sidered as a marked influencing factor and could explain the gradual variation 
of the 20-Hz modulation among the different types of sequences. Indeed, the 
paradigm employed in the study PI with an immediate response to stimuli, trial-
to-trial variation of movements and time-pressure for sequence production set 
specific, differential demands related to movement sequencing. 

The results showed a weak 20-Hz modulation related to the overlearned words 
but enhanced modulation for the newly acquired non-speech sequences. This 
pattern did not perfectly mirror the reaction time results where pseudowords 
grouped statistically with the real words. Thus, the rhythmic cortical modula-
tion showed particular sensitivity for the real entries of vocabulary, not just for 
sequences with familiar syllabic structures. This can be viewed to reflect the 
level of practice related to each individual sequence. In hand motor research, 
the sensorimotor 10-Hz rhythm has been associated with a higher level of mod-
ulation at the acquisition phase of motor learning in contrast to proficient per-
formance (Pollok et al., 2014; Zhuang et al., 1997). However, in the primary mo-
tor region, the effects of sequence learning or complexity on the 20-Hz modula-
tion have not been consistently found (Boonstra et al., 2007; Heinrichs-Graham 
& Wilson, 2015; Houweling et al., 2008; Manganotti et al., 1998; Pollok et al., 
2014; Rektor et al., 2006). This observation fits well with the subtlety of the 
findings in the present study PI. The level of 20-Hz suppression has been posi-
tively correlated with faster reaction times at the early phase of motor learning 
(Pollok et al., 2014) and, at this stage of learning, external stimulation of the 
cortex at 20 Hz seems to facilitate stability and consolidation of movement rep-
resentation (Pollok et al., 2015). The pronounced suppression-rebound modu-
lation of the 20-Hz activity may support less practiced motor sequences.   

At the neuronal level, the modulating 20-Hz activity in MEG data relates to 
changes of dynamic state in pyramidal cell populations (e.g., Sherman et al., 
2016; Yamawaki et al., 2008). Suppression and post-movement rebound of 20-
Hz activity seem to be separable components (Kilavik et al., 2013), with the sup-
pression relating to dampening or gating of spontaneous 20-Hz bursting, and 
the focal post-movement rebound to a stabilizing, offset-type response that 
likely relies on a probabilistic population-level mechanism rather than a change 
in cell-to-cell synchrony (see Feingold et al., 2015). The underlying synaptic and 
cell membrane mechanisms of these 20-Hz components (e.g., Jensen et al., 
2005; Miller et al., 2012; Roopun et al., 2006; Sherman et al., 2016) are affected 
in some manner to cause overall stronger modulation for the newly learned than 
fully acquired sequences. This aspect could directly link with plastic changes in 
the local synapses and (sub)populations of pyramidal cells. For instance, the os-
cillatory changes could parallel the initial abundance and following pruning of 
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synaptic contacts in motor sequence learning (Gloor et al. 2015). Changes in in-
terregional influence, due to for example attentional processing, may also play 
a role (Lee et al., 2013; Sacchet et al., 2015). However, local cellular mechanism, 
not rhythmic input as such, has been proposed to explain the occurrence of 20-
Hz bursts (Sherman et al., 2016). All in all, the sequence-sensitivity of the 20-
Hz modulation can be interpreted to reflect the special involvement of the pri-
mary motor region in movement sequencing, where the population activity par-
ticularly distinguished the known sequences from the newly acquired ones.  

In addition, the onset of 20-Hz suppression was tied with the instructive visual 
cues, and 20-Hz reactivity in the hand area was observed also for the mouth 
motor task. The stimulus-locked onset was left lateralized for the letters and 
gesture symbols alike, indicating no difference for the cortical mechanism of 
reading and symbol-to-mouth movement mapping in this regard. Other studies 
in humans and monkeys have also shown 20-Hz reactivity for task-relevant mo-
tor cues (Heinrichs-Graham et al., 2016; Kilavik et al., 2012; Saleh et al., 2010), 
with special sensitivity related to different types of movements (Park et al., 
2013), and re-emergence of the suppressed rhythm when movements are de-
layed (Kilavik et al., 2013). These findings suggest that, as part of the network 
mediating stimulus-to-movement tasks, the primary motor region’s involve-
ment goes beyond moment-by-moment movement execution (Georgopoulos et 
al., 1989; Tomasino & Gremese, 2016; Zhang et al., 1997).  

In the hand areas, the 20-Hz modulation distinguished non-speech move-
ments from the speech tasks, a pattern that was in contrast to those in the face 
areas. This corroborates earlier MEG findings and the view that the motor rep-
resentation is likely more focal for speech than non-speech movements 
(Salmelin et al., 2000; Salmelin & Sams, 2002). Interestingly, transcranial mag-
netic stimulation (TMS) studies have demonstrated the reactivity of the hand 
motor cortex for mouth movements, however, with stronger responsiveness for 
speech than other types of mouth movements (Meister et al., 2003; 2012; 
Onmyoji et al., 2015). This cross-method inconsistency warrants further inves-
tigation: the level of suppression and excitability as functional indices of cortical 
engagement may not have a straightforward, correlative relationship. Even so, 
both measures highlight the complex functional organization of the motor cor-
tex that may not be grounded in control of single effectors but rather in behav-
iors (Graziano, 2016), such as hand-to-mouth movements in eating or co-occur-
rence of hand gesturing when speaking. 

5.2.2 The cortex-muscle system operates most efficiently at preferred be-
havioral rates 

In PII, enhanced corticomuscular coherence was associated with the preferred 
rate of sequential articulatory production. Coupled activity between the sen-
sorimotor cortex and muscles is expected because of their tight anatomical and 
functional linkage. However, the behaviorally relevant modulation of this cou-
pling makes the present finding interesting. Electrophysiological coherence as 
a frequency-domain measure of co-operation between neural populations and 
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muscles (Schoffelen et al., 2005) was positively linked with the preferred move-
ment rate that reflects an optimum in producing motor output (cf. Holt et al., 
1995; Lindblom, 1983). This behavioral tuning of cortex-muscle coherence sug-
gests a kind of natural resonant frequency in the neural system supporting 
speech production. Indeed, quasiperiodic temporal frames that have been found 
to characterize behavior may find a correlate, or even basis, in such tuned neural 
dynamics within the controlling system.  

Corticomuscular coherence reflects the operation of a bidirectional efferent-
afferent loop (Fig. 2A). Electrophysiological interactions in both efferent and 
afferent directions have been linked with the coupled sensorimotor activity dur-
ing movement production (Gross et al., 2002). Furthermore, a line of studies 
suggests that the postcentral sensory cortex and proprioceptive afference form 
the most prominent component of the low-frequency coupling related to move-
ment (Bourguignon et al., 2015; Piitulainen et al., 2013) and isometric contrac-
tion (Bourguignon et al., 2017; Maezawa et al., 2016). This view agrees with the 
analyses of phase-locked evoked fields that have revealed prominent move-
ment-related components arising from sensory feedback (e.g., Cheyne, 2008; 
Maezawa et al., 2017). The emphasis in the coherent cortex-muscle interaction 
may be on the afferent part of the sensorimotor control loop coordinating move-
ment.  

The results of a TMS study examining the hand motor system (Michaelis et al., 
2014) converge with the present coherence results in syllable production. In the 
Michaelis et al. (2014) study, the subjects were primed with auditory stimulus 
trains at different frequencies and, at the preferred motor frequency, a subse-
quent TMS pulse was either most or least effective in eliciting muscle response. 
Notably, in both that and the present study PII, the experimental paradigm used 
external auditory pacing and the preferred motor rate was measured separately. 
In a self-paced paradigm, corticokinematic coherence related to different rates 
of finger movement was not reported to link with clear maxima for movements 
at around 2 Hz rate (Marty et al., 2015). An explanation for this may arise from 
the categorical nature of motor timing (Collyer et al., 1992) and from the several 
attractor frequencies that may apply when movements are self-generated at 
slower or faster rates than the most preferential one. Related to the multiple 
frequencies of production, the samples of natural speech showed rhythmic EMG 
components at 2–3 Hz and ~5 Hz, embedded in a strong 1/f-type signal trend. 
While the frequencies of coherence tuning that were found across experimental 
conditions aligns with the 2–3 Hz band and thus the word rate of connected 
speech, a question remains how EMG-MEG coherence and behavioral optimi-
zation of interaction between the cortex and muscles manifests during produc-
tion of complex speech patterns. This question is also related to an even more 
fundamental one of how rhythmic mechanisms are involved in speech pro-
cessing. Indeed, the behavioral tuning of corticomuscular coherence is an excit-
ing finding but warrants further studies on the prominence of its manifestation 
and flexibility in different circumstances.  
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The findings on corticomuscular coherence and the efferent-afferent loop may 
be viewed in a wider context of low-frequency dynamics in the distributed sys-
tem supporting motor behavior. The low-frequency activity seems to segment 
and coordinate high-frequency activity related to cortical motor processing 
(Igarashi et al., 2013; Miller et al., 2012). Moreover, low-frequency rotations in 
the multivariate space of single-unit cortical activity have been demonstrated to 
underlie movement production (Churchland et al., 2012). Forms of this rota-
tional dynamics have been linked with a preparatory, “non-released” cortical 
state and active motor production (Kaufman et al., 2014) as well as with the 
interaction between the cortex and spinobulbar structures innervating muscles 
(Miri 2017). It remains to be answered how the different aspects of movement-
related cortical dynamics link with the behaviorally favored motor rhythms.  

5.3 Coherently operating corticocortical elements support cogni-
tive-motor sequences 

Two studies of the Thesis (PIII and PIV) contributed to the non-invasive, em-
pirical characterization of large-scale functional networks and corticocortical 
connectivity that are thought to underlie complex behavior (Mesulam, 1990). 
Hemodynamic characterizations of the whole-cortex networks have dominated 
the field (e.g., Yeo et al., 2011) but technical development has allowed the re-
searchers to further extend to direct electrophysiological mapping and to testing 
the principle of oscillatory coupling in global connectivity (e.g., Gross et al., 
2001; Hipp et al., 2012; Kujala et al., 2007; Palva et al., 2010). Here, as part of 
the latter endeavor, a fully data-driven coherence mapping was performed by 
contrasting data sets at spectral subbands, without any predetermined seed re-
gions. Instead of highly specified experimental paradigms, or resting state as 
the other extreme, a low-constrained paradigm was used in PIII to uncover the 
sensitivity of coherent connectivity to continuous tasks from different behav-
ioral modalities. This approach provided a proof-of-concept evaluation of the 
coherence principle using non-invasive mapping in a naturalistic, behaviorally 
relevant context. First, for hand motor sequences, distinct spatiospectal recon-
figuration of coherent connectivity was found for the easier and cognitively 
more demanding variants of the object manipulation task (i.e., handling and 
solving a Rubik’s cube). Second, in PIV, the modulation of phase-synchrony 
within individual corticocortical connections was found to be sensitive for var-
ied cognitive-motor demands in different handwriting tasks.  

5.3.1 Spatiospectral reconfiguration: From simple intentional perfor-
mance to reasoning in object manipulation 

In PIII, a distinct spatiospectral pattern of coherent connectivity in the 6–20 
Hz range was found for object manipulation in reference to a “task-positive” 
baseline that consisted of the connectivity pattern shared with other naturalistic 
tasks of active vision and language comprehension. In the hemodynamic litera-
ture, functional connectivity based on the slow co-fluctuation of activity tends 
to generally persist throughout task and rest periods (Smith et al., 2009; Yeo et 



Discussion 

51 

al., 2011). Still, a common task-positive pattern of connectivity related to active, 
externally oriented tasks has been distinguished from the connectivity mostly 
linked with the less clearly definable resting state (Fox et al., 2005; see Morcom 
& Fletcher, 2007). The frontoparietal cortex is heavily associated with the task-
positive pattern (Barbey et al., 2012; Duncan, 2010; Fox et al., 2005) and, in 
PIII, interregional coherence during object manipulation coupled regions of this 
cortical system to each other. Unlike hemodynamic measures, electrophysiolog-
ical connectivity provides a direct quantification of neuronal function. Coher-
ence metrics capture oscillatory co-operation at millisecond-scale, which nota-
bly contrasts with amplitude-amplitude envelope correlation of electrophysio-
logical signaling that may link with more slowly evolving modes of processing 
(Engel et al., 2013). Indeed, elevation of corticocortical coherence emerged in 
PIII as a flexible mechanism that reconfigured functional networks in a task-
sensitive manner and presumably contributed to implementation of hand motor 
sequences in low-constrained, naturalistic contexts.  

Regardless of the level of cognitive difficulty, task-sensitive coherence for the 
intentional, object-directed hand movements was found between the left infe-
rior parietal cortex and frontocentral regions at 13–20 Hz (the low-beta band). 
Lesion- and activation-based evidence corroborates the task relevance of these 
regions. Previously, left-hemispheric dominance has been related to skillful pro-
duction of hand movements (Haaland et al., 2000). In particular, the ventral 
frontoparietal regions (cf. the regions of “ventral attention network”, Yeo et al., 
2011) have been associated with tasks such as object manipulation and tool use 
(Binkofski et al., 1999; Goldenberg & Spatt, 2009; Grafton & Hamilton, 2007; 
Ishibashi et al., 2016). Moreover, anatomical connectivity supports interactions 
between the inferior frontal and parietal regions (Ramayya et al., 2009). It may 
be noted that, more dorsally, the hand sensorimotor region was not highlighted 
in PIII, which indicates that the predominant corticocortical interactions were 
related to relatively higher-level, internal processes. The part of the inferior pa-
rietal cortex that was involved has been linked with processing of motor inten-
tions and meaningful object-related performance (Desmurget & Sirigu, 2012; 
Ishibashi et al., 2016; Rizzolatti & Fogassi, 2014). The ventral and dorsal fron-
tocentral regions that were detected seem, in turn, critical in translating set 
goals to organized hand movements (Fuster, 2004; see also, Voytek et al., 2015). 
Spectrally, beta-band activity has been extensively linked with motor-related 
processing in the cortex (e.g., Brovelli et al., 2004; Jasper & Penfield, 1949; 
Salmelin et al., 1995), and frontoparietal coupling at these frequencies has been 
proposed to relate to top-down-type interactions between regions (Bastos et al., 
2015a; Martínez-Vázquez & Gail, 2018). Such coupling may also facilitate filter-
ing of task-relevant information (Antzoulatos & Miller, 2016). Moreover, motor 
performance involving decision making/decisional processing has been specif-
ically associated with elevated low-beta coherence between the parietal and 
frontal cortices (Pesaran et al., 2008). In PIII, the observed ventral frontopari-
etal interaction at the low-beta band was identified as an important motif of 
neural processing mediating intentional object handling.  
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Shifting from simple intentional performance to movements guided by 
visuospatial reasoning, a markedly wider pattern of coherent connectivity was 
detected. The left-lateralized connections extended to bilateral, and cross-hem-
isphere, connectivity, which agrees with bimanuality of the task. Furthermore, 
the right-hemispheric frontoparietal connections align with the neural basis of 
visuospatial reasoning as described in activation studies (Hampshire et al., 
2012; Watson & Chatterjee, 2012). The connectivity related to the more de-
manding movement task involved also the object-related processing stream of 
the visual cortical system (Mishkin et al., 1983) and the posteromedial regions 
of the so-called default-mode system (Raichle, 2015) that, speculatively, link 
here with the difficult mental process of problem solving (cf. Hearne et al., 2015; 
Hugdahl et al., 2015). However, while there was an expansion of connectivity 
for the demanding Rubik’s task, a direct comparison between the easy and de-
manding variant of object manipulation revealed only scarce differences. Thus, 
the similar tasks were statistically linked with a similar pattern of coherent con-
nectivity. Interestingly, the demanding variants of visual comparison and 
speech comprehension also did not show more numerous connections in com-
parison to the easier variants, a finding that warrants further investigation but 
may be viewed to reflect less consistent coherent interaction during the de-
manding performance. Out of all tasks, the hand motor task with reasoning was 
most effective in elevating corticocortical coherence.  

5.3.2 Individual connections: From simple motor patterning to hand-
writing task  

In PIV, the primary goal was to study the functional sensitivity of the connec-
tions in a cognitive-motor network related to sequential production of hand 
movements. The task-sensitivity of corticocortical elements was tested for the 
cognitive and motor variants of a handwriting task (Fig. 8A). These variants dif-
fered in their complexity of motor patterning as well as in their memory require-
ments and linguistic content. The cortical system supporting handwriting in 
which the testing was conducted was hypothesized to have a modular architec-
ture comprised of the pericentral (hand coordination), frontoparietal (core 
working memory) and perisylvian-occipital (audiovisual language) subsystems 
(Fig. 8A). Modulation of phase-synchrony revealed corticocortical interactions 
within and between the pericentral and frontoparietal subsystems, reflecting es-
sential and temporally adjusted involvement of cortical resources for sen-
sorimotor coordination and working memory function during unfolding se-
quence production. Separate and functionally distinct synchronization was also 
found within the perisylvian-occipital subsystem of audiovisual language pro-
cessing, with no indication of this subsystem interacting with the other subsys-
tems in a writing-sensitive manner.  

The observed task-sensitive elements were divided into those that were phase-
synchronized more for the simple motor variants and those that favored the 
complex handwriting or non-linguistic pattern production. Positive modulation 
of phase synchrony for the simple task was found in the alpha-band that has 
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been prominently linked with sequential motor production in the previous char-
acterizations of corticocortical interaction (Butz et al., 2006; Gross et al., 2002; 
Pollok et al., 2005). Rather surprisingly, simple loop production was the most 
effective task in eliciting synchrony between the ventral and dorsal premotor 
regions (Fig. 8C; connection b), typically linked with complex motor production. 
However, the nature of the interaction between these regions is not that well 
understood (Van Polanen & Davare, 2015), and the present effect may indicate 
synchrony for conspicuously rhythmic movements but also relative independ-
ence of these regions in complex motor production (cf. Davare et al., 2006). 
Furthermore, the analysis revealed also posterior mediolateral synchrony (con-
nection d) for the simple monotonous production that likely reflects default-
mode-type function in a rather undemanding task (Capotosto et al., 2014; 
Raichle, 2015). For the writing task with loop output, temporo-occipital syn-
chrony (connection c) was highlighted. This outcome can be understood as a 
compensatory effect related to audiovisual language processing (Dehaene et al., 
2015) in the atypical condition of simplified motor production.  

For the complex handwriting task, there was elevated beta-band synchrony 
between the SMC and SMA (connection e) that fits with the key corticocortical 
element for producing movement sequences (Ashe et al., 2006; Planton et al., 
2013). The observed parieto-premotor interaction (connections f&g), also at the 
beta-band, can be interpreted to reflect cognitive-motor guidance for writing 
movements, as the higher-order parietal region couples with the dorsal premo-
tor/precentral cortex tightly linked with concrete realization of hand move-
ments (Fuster, 2004; Graziano, 2016). Notably, the parietal cortex seems to 
emerge when studying corticocortical coherence in writing (Butz et al., 2006) in 
contrast to the highly rudimentary finger movements (Gross et al., 2002). More-
over, the working memory processes related to both the maintained verbal code 
and complex sequence structure of handwriting may explain the enhanced 
phase-coupling between the intraparietal sulcus and inferofrontal cortex (con-
nection a) that occurred at the delta/theta frequencies [already previously 
linked to sustained neural processing in the frontoparietal cortex (Daitch et al., 
2013; Szczepanski et al., 2014)]. For the rudimentary analog of writing, in which 
varied sequences of patterns were produced, enhanced bilateral synchrony that 
involved the inferior parietal and opercular regions (connections h&i) was de-
tected. This pattern may reflect sensorimotor integration and feedback moni-
toring (cf. Eickhoff et al., 2007; Sepulcre et al., 2012) specifically in the newly 
acquired task.  

5.3.3 Coherence and phase synchrony as principles of interregional pro-
cessing 

The spatiospectral reconfiguration of corticocortical coherence and modula-
tion of interregional phase synchrony in PIII/IV are empirical, descriptive MEG 
findings during naturalistic continuous performance and skilled hand motor 
production. For their part, they extend the view from spatially restricted intra-
cortical recordings to the global cross-cortical patterns. In a theoretical context, 
they can be viewed to support the hypothesis of oscillatory coherence and phase-
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synchrony as significant operational principles of interregional processing 
(Fries, 2005; Varela et al., 2001; Siegel et al., 2013). Spatiospectral reconfigura-
tion of connectivity relates particularly to selective engagement of the cortical 
network elements (Bosman et al., 2012) and routing of interregional coupling 
(Akam & Kullmann, 2010). The modulation of synchronization in the individual 
connections highlights the role of phase-relationship in the coordinated, effi-
cient co-operation between connected regions (Bastos et al., 2015b; Fries, 2005; 
Maris et al., 2016; Roelfsema et al., 1997).   

Outside the scope of the present system-level examination, it may be noted 
that the general tenet of the communication-through-coherence hypothesis 
(Fries, 2005, 2015) may apply differently when interregional synchrony be-
tween cortical populations is examined at a detailed level. First, rhythmic cou-
pling may relate to different forms of synaptic and cellular mechanisms in the 
different regions that are involved (Cannon et al., 2014; Wang, 2010; Wom-
elsdorf et al., 2014), and the coupled activity may promote mutual communica-
tion but also indicate disconnectivity and inhibition (e.g., Buschman et al., 2012; 
Stetson & Andersen, 2014). Second, as spectral fingerprints (see Siegel et al., 
2013), different frequencies may relate to specific aspects of neural computa-
tions and layers of cortical microstructure (Bastos et al., 2012, 2015a; Buffalo et 
al., 2011). Yet, it should be noted that the same frequencies may also convey 
different neural functions (Womelsdorf et al., 2014). Third, anatomical connec-
tions may be direct or indirect for functional coupling to occur; for example, the 
subcortical nuclei may have an important role in mediating corticocortical in-
teraction (Saalmann et al., 2012).  

The present studies and a wealth of other evidence speak to the importance of 
oscillatory coherence and synchrony in distributed neural processing. However, 
critically, they exist as part of the wider cortical dynamics. The episodes of 
rhythmic coupling may be viewed as effective but weak and sparse phenomena 
(Wang, 2010) that are embedded in the scale-free component of complex neural 
signaling (He et al., 2014). In connected cortical systems, there are also transi-
ent sequences of events described by evoked responses and avalanches (e.g., 
Palva et al., 2013; Salmelin et al., 1994), and there are alternative ways to quan-
tify the functional contact between regions (see, e.g., Miri et al., 2017). Still, cy-
clic patterns seem to be characteristic of both the behavioral output (e.g., Allen, 
1975; MacDougall & Moore, 2005; MacNeilage, 1998; Tilsen, 2013) and the un-
derlying cognitive processes (e.g., Giraud & Poeppel, 2012; Madl et al., 2011; 
Verwey et al., 2015). To neurally mediate cognition and behavior, there is likely 
a dynamic interplay and balance between oscillatory and non-oscillatory neural 
processes.   

5.4 General limitations and future perspectives  

Motor paradigms have their inherent challenges in that they largely depend 
on individual performance, separating them from stimulus-centered research. 
There is an unavoidable, general trade-off between the naturalness and behav-
ioral relevance of the movement and experimental controllability. In PI and PIV, 
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this limitation manifested as a difficulty in finding control tasks for the over-
learned speech production and handwriting that would be matched in complex-
ity but would not share their linguistic content. Reasonable compromises were 
made to address the issue, and the level of practice as a contributing factor was 
acknowledged.  

Motor performance may be tracked with different measures but, here, the fo-
cus was on the most essential measures of muscle activity related to the motor 
tasks. As such, movement and muscle activity are likely to cause different de-
grees of artifacts to neurophysiological measurements. Particularly severe arti-
facts may relate to mouth and eye movements at the low and high frequencies 
(not as much at the 20-Hz range; Hipp & Siegel, 2013; Salmelin et al., 2000; 
Woestenburg et al., 1983). Fine-motor hand movements are less problematic as 
they are relatively distant from the MEG sensors of brain activity and proper 
arm support can be provided in experimental settings (as in PIII/IV). In PI that 
examined speech and non-speech movements, the analysis focused on the 
movement-related suppression of the 20-Hz activity which is unlikely to be ex-
plained by the artifactual oromotor signals. In PII, only small-amplitude syllabic 
movements were produced to reduce artifacts at the movement frequency and, 
in the analysis of PIII, the predominant artifact frequencies were explicitly 
avoided (focus on the 6–20 Hz range). In both PII and PIII, the results of source 
estimation with the DICS method using preprocessed data indicated successful 
separation of cortical signal components from artifactual ones (such as concen-
trated coherent activity along the lower borders of the cortical space). Still, in 
future, it may be advisable to apply signal analytical methods to specifically ex-
tract artifactual components from the data and to evaluate the influence of their 
inclusion and exclusion in the data analysis.  

The local and distributed cortical activity were estimated from samples of 9–
11 subjects in accordance with previous studies (see e.g., Butz et al., 2006; Gross 
et al, 2002; Pollok et al., 2005; Salmelin & Sams, 2002); hereon, larger samples 
may be favored to increase statistical power and better ensure generalizability. 
Moreover, the validity and choice of optimal source estimation methods and 
electrophysiological connectivity metrics may be debated (Bastos & Schoffelen, 
2016; Palva et al., 2018). In general, source analysis and quantification of MEG 
data is less problematic for the generators of salient and localized sensor-level 
effects (as in PI and PII) than for the low signal-to-noise-ratio connectivity, 
which may be seriously confounded by spurious connectivity due to field spread 
(Schoffelen & Gross, 2009). Suggestions have been made on how to tackle the 
field spread issue, such as using imaginary coherence values to suppress the ef-
fect of zero-lag interactions (whether physiological or due to field spread), but 
there does not yet seem to be a perfect solution to the problem (Palva et al., 
2018). Here, the mapping was based on contrasting coherence values between 
conditions, on suppressing any potentially distorting background pattern, and 
on a distance criterion that was used to focus on the more reliable long-range 
connections. Moreover, to alleviate the problem of field spread, differences in 
the MEG power levels were also tested to guarantee a close-enough match be-
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tween the experimental conditions. Using these rather straightforward ap-
proaches, the extracted patterns of connectivity were neurophysiologically rea-
sonable. In PIII, where coherence mapping was analyzed at the level of interre-
gional averages (with multiple comparison correction), alternative templates of 
regions might be applied. In PIV, a more accurate set of spatial nodes was gained 
using coherence mapping and spatial clustering but with a more lenient statis-
tical approach to provide connections-of-interest for the characterization of 
task-sensitive phase synchrony with permutation testing. Notably, the present 
methodology can only highlight differences in interregional coherence between 
tasks or conditions and it does not reveal the entire large-scale network that 
would include the elements shared between them. 

The research on local and distributed cortical dynamics supporting sequence 
should be continued. The present finding that modulation of the 20-Hz motor 
rhythm was sensitive to the overlearned real words, not just any speech move-
ments, warrants investigation where decoding is applied to attempt to separate 
the individual sequence items from the modulation time series of 20-Hz activity 
(cf. Bouchard et al., 2013; Park et al., 2013; Korik et al., 2018). As a prominent 
index of cortical state, the 20-Hz activity has been used as a tool in brain-com-
puter interfaces (Pfurtscheller & Solis-Escalante, 2009; Yuan & He, 2014), and 
its better understanding has very practical value. The role of the primary sen-
sorimotor cortex and its representation of sequence-level information should be 
further explored, and this understanding should be integrated into theoretical 
models, such as those concerning speech production. Moreover, the behavioral 
tuning of corticomuscular coherence in articulation was a novel, interesting 
finding. In future studies, it should be examined in relation to self-pacing and 
externally provided timing, to multiple attractor frequencies in behavior and 
complex performance (such as natural speech), and to different motor disorders 
that affect rate of production. Transcranial stimulation (see Michaelis et al., 
2014) and MEG coherence setup to find rate-dependent tuning of cortex-muscle 
communication should be tested in the same individuals. As for interregional 
connectivity, methodological issues remain topics of interest, such as use and 
comparison of different functional metrics, individual imaging of connectivity 
or consistency of functional connections across sessions. The present experi-
ence showed that task-related coherent activity is rather subtly modulated 
which is important to note when comparing similar tasks in the same modality. 
It would be interesting to better understand how data-driven findings of elec-
trophysiological coupling and task-sensitivity should be viewed in the context of 
dynamic whole-brain models (e.g., Atasoy et al., 2018; Deco et al., 2015). The 
present data showed sensitivity patterns of oscillatory coupling to task variables 
of sequence production, and this work could be extended to more parametric 
studies that potentially focus on specific connections. For instance, the en-
hanced synchrony between the dorsal and ventral premotor regions for simple 
rather than complex motor task in PIV should be further studied. Also, contin-
uous task performance might be divided into subsegments on data-driven or 
theoretical grounds. For example, self-generated writing may include execution, 
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planning and revision periods (Chenoweth & Hayes, 2003). Evolution of elec-
trophysiological connectivity through such different intervals of sequential per-
formance would be an intriguing future path of investigation. 
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6. Concluding summary 

There is a long history of research related to rhythmic neural phenomena, but 
the topic still remains current. The present Thesis work contributes to the un-
derstanding of how neural rhythmicity, as an operational principle, relates to 
movement sequences and cognitive-motor task performance in characteristic 
human behaviors.  

The MEG results provided the following view of sequential motor production: 
In the primary sensorimotor cortex, the inherent 20-Hz activity was suppressed 
for movements, and the signaling was phase-locked to the movement frequency, 
optimally at the preferred motor rate. The modulation from the 20-Hz suppres-
sion to rebound after the movement demonstrated sensitivity to movement se-
quencing, particularly in the form of lower reactivity to overlearned patterns. 
Moreover, the 20-Hz range electrophysiological connectivity in the large-scale 
cortical networks was linked with complex sequence production and engaged a 
wide range of functional regions when a naturalistic hand motor task required 
visuospatial reasoning. Sequences of object handling were associated with an 
elevated coherence between the left ventral frontal and parietal cortices. More-
over, modulation of phase-coupling across cognitive-motor variants of a hand-
writing task occurred in the SMC-SMA, parieto-premotor and frontoparietal 
connections that are linked with hand coordination, cognitive-motor guidance 
of movements and underlying working memory operations, respectively. To-
gether, local and interregional processes in the human cortex were shown to be 
sensitive to the motor and cognitive aspects of the movement sequences, as part 
of the cortical dynamics mediating behavior. 
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