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1. ABSTRACT
Accumulating neurophysiological evidence suggests that even widely separated

neuronal groups can interact with each other through synchronised oscillatory activity.
Previous studies have shown that magnetoencephalographic (MEG) signals arising
from the motor cortex are coupled with the electromyographic (EMG) signals at the
frequency range of 15–35 Hz during isometric muscle contraction. The strength of this
communication can be studied by means of MEG–EMG coherence, which reflects the
linear dependence of two signals. So far, coherence calculations have been applied to
studies of several movement disorders (e.g. tremor, myoclonus, and Parkinson’s
disease) as well as to pre-surgical functional mapping. The exact functional meaning of
the cortex–muscle coherence is still under debate, but it has been associated with
(re)calibration of the motor system after changes in motor parameters.

Clinical intervention and follow-up studies necessitate good reproducibility of
the tools to be applied. We therefore studied the reproducibility of the MEG–EMG
coherence both within one session consisting of two identical measurements and
between two sessions one year apart (Study I). Although the frequency of the
cortex–muscle coherence was robust both within and between the sessions, the strength
of the coherence varied substantially between the sessions. One fifth of the subjects
showed no systematic coherence. The method seems suitable for comparing different
conditions at group level within a session. However, for introducing possible new
clinical indications, the reproducibility of the method needs to be improved.

In Studies II and III, interactions between the motor and sensory systems, as
well as between the motor and pain-mediating systems were studied. Deafferentation of
peripheral sensory input resulted in decreased strength of coherence but did not alter
the frequency of coherence, thereby suggesting that sensory input modulates the
strength of cortex–muscle communication but that the feedback loop is not essential for
the generation of the coherence. Study III indicated that both non-painful tactile stimuli
and selectively noxious laser stimuli increase corticomuscular oscillatory
communication. This finding also adds to the evidence of the involvement of the
primary motor cortex M1 in response to pain.

In Studies IV and V, we investigated the motor cortex–muscle interactions in
two pathological states: in mirror movements as a part of the Kallmann’s syndome and
in the cerebellar infarct. We could show that the same (either right or left) hemisphere
interacted with hand muscles on both hands during mirror movements of the subject
with clinically suggestive Kallmann’s syndrome. This finding suggests that an
abnormal ipsilateral corticospinal tract is responsible for the mirror movements. Our
findings in 14 cerebellar infarct patients suggest that cerebellar lesions may influence
the motor cortex–muscle oscillatory interaction, possibly depending on the anatomical
site and extent of the lesion.

Finally, in Study VI, we studied the generation site and mechanisms of the ~20-
Hz spontaneous sensorimotor cortical activity by administering GABAergic
benzodiazepine. Our findings support the generation of the ~20-Hz activity in the
human primary motor cortex. We also showed that one important effector site of the
benzodiazepine is the primary motor cortex where it increased the power and slightly
decreased the frequency of the ~20-Hz activity.



6

2. INTRODUCTION
Both human sensorimotor cortex and muscles display rhythmic oscillatory

activity. However, not until the mid-1990s, their close temporal relationship was
observed with magnetoencephalography (MEG) (Conway et al. 1995; Salenius et al.
1996; 1997a). During isometric muscle contraction, the cortical signals are coupled
with the electromyographic (EMG) muscle activity in the 15–35 Hz frequency range
(Salenius et al. 1997a; Kilner et al. 1999; 2000; Mima et al. 2000). Coherence, which
measures the linear dependence of two signals, can be used to reflect this oscillatory
communication. Although precise neurophysiological mechanisms underlying the
cortex–muscle coherence are still debated (Hari and Salenius 1999; Mima and Hallett
1999; Gross et al. 2002; Salenius and Hari 2003), the somatotopical organisation of the
MEG–EMG coherence (Salenius et al. 1997a; Murayama et al. 2001) and  the time lag
between the  primary motor cortex (M1) and muscle oscillations (Salenius et al. 1997a;
Brown et al. 1998; Gross et al. 2000; Marsden et al. 2000b) suggest that the
MEG–EMG coherence provides a unique view into dynamic oscillatory interaction
between the M1 and muscles.

Cortex–muscle coherence has been increasingly applied to study movement
disorders, including tremor (Hellwig et al. 2001), Parkinson’s disease (Marsden et al.
2001; Salenius et al. 2002), and cortical myoclonus (Brown et al. 1999; Timmermann
et al. 2002). Clinically, the cortex–muscle coherence has been successfully used for
functional mapping of the M1 before brain surgery (Mäkelä et al. 2001). However, the
quantitative use of coherence in clinical populations is complicated by the rather large
variation in normal subjects. Furthermore, knowledge about the reproducibility of
coherence is needed for applying this method in routine clinical studies or in the
follow-up of patients e.g. during rehabilitation or during different therapies.

In the present work, the interaction between the motor cortex and muscles was
studied both in healthy volunteers and in patients. In healthy subjects, the
reproducibility of coherence (Study I) and the interactions between the M1 cortex and
sensory systems (Studies II and III) as well as between the M1 cortex and pain-
mediating systems (Study III) were investigated. We applied this method to study a
subject with clinically suggestive Kallmann’s syndrome. The subject had typical mirror
movements in the hands, and we observed abnormal functional connections between
the motor cortices and hand muscles (Study IV). Fourteen patients with acute,
unilateral, first-ever cerebellar stroke were studied in an attempt to clarify the possible
impact of a cerebellar lesion on the oscillatory communication between the M1 and
muscles (Study V). We also investigated the mechanisms generating the ~20-Hz
oscillations in the human sensorimotor cortex (Study VI).

3. REVIEW OF LITERATURE
3.1 Anatomy and physiology of the motor system

Body movements are controlled by a complex serial and parallel activation of
the motor system which includes the motor cortex, the basal ganglia, the cerebellum
and the descending tracts in the brain stem and the spinal cord. While the spinal cord
controls reflex movements and rhythmic motor patterns (such as walking), the motor
cortex is involved in higher functions such as planning, preparation, and execution of
skilful motor actions.
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The motor system can be modulated at several levels. Basic motor programs
controlling reflexes and rhythmic motor patterns, such as protective reflexes and
locomotion, are realized by the neuronal circuits of the spinal cord, whereas the brain
stem is required for breathing, eye movements, and swallowing. These basic neuronal
networks, referred to as central pattern generators, can generate rhythmic motor activity
even in the absence of phasic sensory input from peripheral receptors. Normally, the
neuronal networks of central pattern generators are modified by sensory feedback from
muscle and joints (Pearson and Gordon 2000). Central pattern gerator studies with
lamprey (Grillner et al. 2005) have shown that locomotion is initiated by increased
activity in reticulospinal neurons which are controlled by brainstem locomotor centres
(the diencephalic locomotor region and mesencephalic locomotor region). Grillner et
al . (2005) suggested that these centres are under tonic inhibition by GABAergic
pallidal output nuclei (substantia nigra, ventral pallidum, and  pars interna of globus
pallidus). These output neurons target a large number of brainstem nuclei, in addition
to their thalamocortical targets. The motor programs can be released from pallidal
inhibition through the activation of striatal neurons that have high activation thresholds.
A feedback mechanism through the pars externa of the globus pallidus to subthalamic
nuclei can brake movements (Grillner et al. 2005).

In contrast to stereotyped reflex actions, voluntary movements are organised to
perform a purposeful task. The selection of muscles needed depends on the goal of the
movement, and the reaction to the same stimulus can vary. In addition, learning
improves performance. For fine-tuning of voluntary movements, the motor cortex is
essential. The primary motor cortex controls simple features of movements whereas the
premotor cortex is involved in motor planning and preparation of movements.
Interaction among several cortical as well as subcortical areas is needed for more
complex motor tasks. The motor cortex exerts its actions via the  corticospinal tract. In
addition, the cerebellum controls discrete movements by regulating the timing and
intensity of descending signals (Pearson and Gordon 2000).

3.1.1 Motor cortices
Classically, the human motor cortex is thought to consist of the primary motor

cortex (M1), the premotor cortex (PMC) and the supplementary motor areas (SMA),
each of which has its own topographical representation of all muscle groups and
movements. However, recent findings in primates suggest that the structure of the
motor cortex is more complex (Rizzolatti et al. 2001).

The following introduction to the anatomy and physiology of the motor system
is mainly based on the reviews by Guyton (1991), Ghez and Thach (2000), Ghez and
Krakauer (2000), Loeb et al. (2000), Pearson and Gordon (2000), Rizzolatti and
Luppino (2001), and Grillner et al. 2005.

Recent studies on the cortical motor system of primates have shown that the
motor cortex is not cytoarchitectonically homogeneous, but rather constitutes of several
distinct motor areas (Rizzolatti et al. 1998). In the monkey, five of these areas lie on
the lateral cortical surface of the motor cortex, while two of these areas lie on its’
mesial surface, as illustrated in Fig. 3.1.1.

.
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Figure 3.1.1 Mesial and lateral view of the monkey brain showing parcellation of the motor
cortex, posterior parietal and cingulate cortices. The parieto-dependent and parietal areas are indicated
with warm colours and the prefronto-dependent is indicated with blue color. Adapted from Rizzolatti and
Luppino (2001).

Comparison of these areas with the classical cytoarchitectonic map of
Brodmann shows that F1 corresponds to Brodmann area (BA) 4—the human primary
motor cortex (M1)—while the other motor areas (F2–F7) lie inside BA 6 (Rizzolatti et
al. 2001). Recent neurophysiological data,  reviewed by Rizzolatti and Luppino (2001),
suggest that besides being involved in motor action these areas play a role in sensory-
motor transformation (e.g. transforming visual information on objects and object
locations into the appropriate goal-directed actions), action understanding (mirror
mechanism), and decisional processes leading to action initiation.

The posterior motor areas (F1–F5) receive their main cortical input from the
parietal lobe, thereby the name “parieto-dependent” motor areas (see Fig. 3.1.1),
whereas the anterior motor areas (F6 and F7) receive their main cortical connections
from the prefontal cortex (“prefronto-dependent” motor areas; (Luppino et al. 2000).
Their connections with other motor areas differ as well: the prefronto-dependent areas
do not send fibres to the primary motor cortex, but (particularly F6) have diffuse
connections with the other motor areas. In contrast, the parieto-dependent areas are
connected with the primary motor area in a precise somatotopic manner and they send
direct projections to the spinal cord. Specifically, areas F1, F2, F3, a part of F4 and a
part of F5 give origin to the corticospinal tract, whereas F6 (pre-SMA) and F7 project
to the brainstem. Parieto-dependent and prefronto-dependent areas have different roles
in motor control: parieto-dependent areas receive rich sensory information from the
parietal lobe, whereas prefronto-dependent areas receive higher-order cognitive
information, related to long-term motor plans and motivation. Thus, the prefronto-
dependent areas may determine when and in which circumstances potential actions
generated in the parieto-dependent areas become actual motor acts (Rizzolatti et al.
2001).

In humans, the primary motor cortex (M1) lies anterior to the central sulcus (see
Fig. 3.1.2). It spreads laterally into the Sylvian fissure and extends to the uppermost
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portion of the brain, then convoluting to the longitudinal fissure. Similarly to the
monkey primary motor cortex, the M1 in human is somatotopically arranged: the
representation of the face and mouth are located laterally, the hand and trunk area in the
middle, and the representation of the leg most medially, mainly dipping into the
longitudinal fissure. The more refined muscle control is needed, the larger is the
cortical representative area: more than half of the entire M1 is concerned with
controlling the hands and articulation muscles. In monkeys, the removal of a portion of
the M1 without damage to the adjacent premotor areas or caudate nucleus causes
variable degrees of paralysis of the represented muscle groups, but gross postural and
limb fixation movements can still be performed. However, the voluntary control of
discrete movements of the distal parts of the limbs—especially of hands and
fingers—is lost. The M1 receives somatosensory information directly from the primary
somatosensory cortex (S1) and the thalamus, as well as indirectly from the posterior
parietal cortex via premotor areas. A continuous stream of tactile, proprioseptive and
visual information modulates significantly the activation of the M1, thereby enabling
the performance of accurate movements (Guyton 1991; Ghez and Krakauer 2000; Loeb
et al. 2000).

The human premotor cortex (PMC) is located immediately anterior to the M1
(in the ventrolateral part of BA 6) and is roughly somatotopically organized. Principal
inputs come from the prefrontal association areas and the posterior parietal cortex. The
PMC is thought to be important for integrating sensory information during preparation
and performing of movements. The PMC projects to the M1 and the basal ganglia, and
indirectly to the cerebellum. In addition, it has direct connections to the region of the
spinal cord that controls proximal and axial muscles. The PMC is involved in
controlling different muscle groups during specific motor tasks, e.g. when positioning
shoulders and arms to enable hand movements.

The supplementary motor cortex (SMA) lies immediately superior and anterior
to the PMC, extending over the edge of the uppermost portion of the exposed cortex
but being mostly buried in the mesial wall of the longitudinal fissure. Electrical
stimulation of the SMA elicits often bilateral contractions, in contrast to the unilateral
movements elicited by M1 stimulation. In addition to coordinating bilateral
movements, the SMA is important for planning and programming complex sequences
of movements. The area just anterior to the SMA—the presupplementary motor area
(pre-SMA)—gives origin to the main input to the SMA and is active during learning of
motor sequences (Ghez and Krakauer 2000).

Figure 3.1.2 Organisation of the human motor cortices and the somatosensory cortex. Modified
from Guyton (1991).



10

3.1.2 Corticospinal tract
Motor signals are transmitted from the cortex to the spinal cord via the

corticospinal (pyramidal) tract. Approximately 30% of the fibres originate from the
M1, another 30% from the non-primary motor areas (PMC, SMA), and about 40%
from the somatosensory area located posterior to the central sulcus (Guyton 1991).
Corticospinal projections may arise from even more distributed areas. A monkey work
(Galea and Darian-Smith 1994) suggests that the cortex sends at least nine discrete,
somatotopically organised projections to the intermediate zone of the spinal cord. In
addition, the primary motor cortex and the cingulate cortex project directly to the
anterior horn of the spinal cord.

The pyramidal tract passes through the posterior limb of the internal capsule
between the basal ganglia (ncl. caudatus and putamen) downwards through the brain
stem to form the pyramids of the medulla (hence the name “pyramidal tract”).
Thereafter, the majority of the fibres cross to the opposite side and descend as the
lateral corticospinal tract in the spinal cord. Most of the fibres terminate on the
interneurons of the cord grey matter, whereas some of them synapse directly on
anterior motoneurons and a few on sensory relay neurons. The corticospinal neurons
synapsing with spinal anterior motoneurons mainly control distal limb muscles,
especially hands.

About 10% of the pyramidal tract fibres do not cross in the medulla but pass
downwards as an ipsilateral ventral corticospinal tract. However, many of these fibres
cross to the opposite side in the neck or upper thoracic region. These fibres may be
involved in the control of bilateral postural movements by the SMA.

In addition to the corticospinal tract, the cortical motor control includes other
pathways, involving basal ganglia, the brain stem and the cerebellum. For example, the
cortico-rubro-spinal pathway serves as an accessory route for controlling refined hand
movements.

3.1.3 Motor units and synchronous firing
The spinal motoneurons lie in the anterior horn of the spinal cord. The axon of

the motoneuron leaves the spine through the ventral root of the peripheral nerve, which
diverges progressively to smaller branches until it reaches the muscle it innervates. The
nerve ending forms a complex of branching nerve terminals, invaginating into the
muscle fibre near the fibre’s midpoint. The action potential of the motor neuron
releases acetylcholine from the nerve terminals into the synaptic cleft, and
acetylcholine in turn excites the muscle fibre to contract. Whereas each muscle fibre is
normally innervated by only one motorneuron, the axon of each motoneuron innervates
many different muscle fibres, the number depending on the type of the muscle. A single
motoneuron and all muscle fibres it innervates constitute a motor unit (MU). The size
of a MU may vary from two or three to several hundreds muscle fibres, with an average
of about 100. As a rule, there are fewer muscle fibres in each MU in the small muscles
that need rapid and refined control (e.g. extraocular and laryngeal muscles). The
muscle fibres of the motor units are not bundled together but are spread in the muscle,
bein intermingled with other motor units.

The MUs are activated in an all-or-none fashion. The contraction force of a
muscle can be increased by recruiting more MUs. The smallest MUs have the lowest
activation threshold, and thus they are recruited first. When larger MUs are recruited,
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the strength increases. The largest units can have about 50 times more contraction force
than the smaller ones, but they fatique rapidly; in contrast, the small MUs produce only
low force but are able to contract longer.

Alternatively, contraction force can be enhanced by increasing the firing rate of
the motoneurons. Normally, the firing of MUs is driven asynchronously by the spinal
cord. At low firing frequencies, the force of muscle contraction is stable because
different MUs contract at different times. However, when the frequency of firing
increases, a new contraction starts before the preceding one is over, building on top of
the first one. This accumulation results in progressively increasing contraction force
with increasing frequency, until successive contractions fuse together and the
contraction appears to be continuous.

The MUs of the same muscle tend to fire synchronously more often than would
be expected by chance. This observation has been attributed to branched common
presynaptic input to spinal motoneurons as well as to possible supraspinal influences
(Sears and Stagg 1976; Farmer et al. 1993a). In line with this interpretation, lesions in
the central nervous system that lead to reduced fine motor control reduce MU
synchronisation (Farmer et al. 1993b).

Surface EMG reflects the summation of oscillatory activity of a number of
MUs. Significant coherence among MUs has been observed within frequency ranges of
1–12 Hz and 16–32 Hz, suggesting common rhythmic input (Farmer et al. 1993a).
Already the earlier works with single motor unit recordings suggested that the higher
frequency input is central in its origin (Farmer et al. 1993a). Later, a number of
MEG–EMG and EEG–EMG coherence studies have confirmed this finding (Conway et
al. 1995; Salenius et al. 1996; Brown et al. 1998; Halliday et al. 1998; Gross et al.
2000; Mima et al. 2000; Murayama et al. 2001). Single MUs tend to discharge at about
10 Hz, but when several MUs discharge together, they form an EMG interference
pattern that is dominated by 10-Hz, 20-Hz or 40-Hz frequency, depending on the
contraction force. The 40-Hz frequency is seen usually only during submaximal or
maximal contraction. It is likely that the cortical rhythm modulates the firing of a
population of MUs rather than drives individual MUs: one argument supporting this
hypothesis is that the MEG (EEG) and EMG frequencies increase in discrete steps in
contrast to gradual changes seen in MU firing frequencies (Hari and Salenius 1999).

3.1.4 Cerebellum
The cerebellum contains more than half of all neurons in the brain, although it

constitutes only one tenth of the total brain volume. It participates in planning and
sequencing of motor activities, being essential for the control of rapidly alternating
motor actions, needed e.g. in piano playing or talking. The cerebellum receives
continuously updated information on the actual motor performance from the sensory
system (from muscle spindles, Golgi organs, skin tactile receptors, and joint receptors)
and compares it with the intended motor performance (information from other motor
areas of the brain conveyed via the corticospinal and rubrospinal tracts and information
from the central pattern generators in the spinal cord conveyed via the ventral
spinocerebellar tract) (Ghez and Thach 2000).

Figure 3.1.4 illustrates the cerebellar anatomy. The flocculonodular lobe, the
phylogenetically oldest portion of the cerebellum, controls the balance in close
connection with the vestibular system. The vermis, located in the middle of the
longitudinal axis of the cerebellum, controls the muscles of the axial body, the neck,
the shoulders, and the hips. The cerebellar hemispheres located on each side of the
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vermis can be divided into the intermediate and lateral zones. The intermediate zone
contributes to the control of distal portions of the limbs, especially of the hands,
fingers, feet, and toes, whereas the lateral zone is thought to operate in overall
planning, initiation and timing of sequential movements (Ghez and Thach 2000).

Figure 3.1.4 The gross anatomy of the cerebellum. Cerebellum can be divided in three lobes: the
flocculonodular lobe, the anterior lobe and the posterior lobe. Functionally, the anterior and the posterior
lobes are organised along longitudinal axis rather than by lobes. Modified from Ghez and Thach (2000).

The cerebellum has at least two different somatotopic representations of the
body. Axial parts of the body are represented in the vermis, whereas limbs and facial
areas are represented in the intermediate zone (Nitschke et al. 1996; Rijntjes et al.
1999). Connections from the cerebellum to the brain stem, basal ganglia, the sensory
cortex and the motor cortex are roughly somatotopic.

The cerebellum and the motor cortex are connected via the cortico-ponto-
cerebellar (afferent) and via the cerebello-thalamo-cortical (efferent) loops (Ghez and
Thach 2000); both connections are somatotopic (Hoover and Strick 1999). The cortico-
ponto-cerebellar pathway originates mainly in the motor and premotor cortices but also
in the sensory cortex and runs through the pontile nuclei to the contralateral hemisphere
of the cerebellum (Ghez and Thach 2000). Cerebellar efferents originate from the deep
cerebellar nuclei and reach a specific cortical cerebral zone via a disynaptic pathway
through the thalamus. The deep nuclei are under the control of large Purkinje cells of
the cerebellar cortex, which exhibit inhibitory control on the deep nuclei. The
cerebellar net output effect on the motor cortex is thought to be excitatory (Ugawa et
al. 1991, 1995; Meyer et al. 1994; Wessel et al. 1996; Liepert et al. 2000).

3.1.5 Connections between motor and somatosensory systems
The M1 receives somatotopically organised input from the primary

somatosensory cortex (SI), the secondary somatosensory cortex (SII), the posterior
parietal cortex (PPC), and the ascending tracts via thalamus.

The SI cortex is located just posterior to the M1 in the posterior bank of the
central sulcus and in the postcentral gyrus. Four different cytoarchitectonic and
functional areas can be defined within the SI, namely BAs 3a, 3b, 1, and 2. Areas 3a
and 2 receive information mainly from muscle spindels and joints, whereas areas 3b
and 1 receive tactile information from the skin. These different areas are closely
connected, enabling efficient parallel and serial processing of sensory information.
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Similarly to the M1, the SI is somatotopically organised (Penfield and Jasper 1954).
The body parts with the densest innervation (e.g . fingertips and lips) have
proportionally the largest cortical representations.

The SII cortex lies on the superior bank of the Sylvian fissure. Unilateral tactile
stimulation elicits bilateral SII activation, although the contralateral activation is
slightly earlier and stronger (Hari et al. 1983, 1984; Simoes and Hari 1999). The
functional role of the SII in human tactile processing remains unclear. During
simultaneous movements of fingers and during isometric contraction of hand muscles,
SII responses to electrical median nerve stimuli are enhanced, suggesting that the SII
integrates somatosensory and motor information (Huttunen et al. 1996; Forss et al.
1998). The SII may also have a role in the integration of information from bilateral
body parts (Simoes and Hari 1999; Simoes et al. 2001) and in maintaining the body
scheme (Hari et al. 1998b).

The posterior parietal cortex (BAs 5 and 7) is located in the parietal lobe, caudal
to the SI. It is considered to participate in higher order processing of somatosensory
information, such as integrating tactile and proprioceptive information, tactile and
visual information, and input from the two hands.

3.1.6 Cortical representation of pain
The following overview of the anatomy and physiology of the most important

parts of the pain-mediating system is mainly based on a recent review (Treede et al.
1999) and a meta-analysis (Peyron et al. 2000).

Free nerve endings reacting to painful stimuli are widely spread in the skin,
periosteum, peritoneum, meninges, and vascular walls. Myelinated Ad-fibres conduct
impulses from unimodal nociceptors activated by thermal or mechanical stimuli at
5–30 m/s, whereas unmyelinated C-fibres mediate impulses from polymodal
nociceptors activated by thermal, mechanical and chemical stimuli at 0.5–2 m/s. Both
fibre types project to the spinal cord or to the trigeminal ganglia in the brain stem. The
nociceptive tracts originating in the dorsal horn of the spinal cord further project to
brainstem nuclei, exerting autonomic responses to pain, and to higher-level areas,
contributing to sensory, emotional and cognitive aspects of pain. The lateral
nociceptive system, which projects through specific lateral thalamic nuclei, mediates
the sensory-discriminative component of pain whereas the medial nociceptive system
mediates affective-motivational aspects of pain (emotion, “suffering” from pain, and
arousal) (Treede et al. 1999).

Brain imaging studies have consistently shown activation to painful stimuli in
the SII cortex (Hari et al. 1983; Frot et al. 1999; Ploner et al. 1999), the insular region,
and the anterior cingulate cortex, in addition to the less frequently reported activation in
the thalamus and the SI (Ploner et al. 1999). A recent MEG study with selectively
noxious C-fibre stimulation showed, in addition to bilateral activation of the SII
cortices, activation in the posterior parietal cortex, probably related to sensorimotor
coordination targeted to produce precise motor acts to reduce pain (Forss et al. 2005).

The sensory-discriminative component of pain includes stimulus localisation,
intensity discrimination, and quality discrimination. Stimulus localisation is based on
the somatotopic organisation of the pain-mediating system from the dorsal horn up to
the cortex. The SI, but also the SII to some extent, is involved in stimulus localisation
and intensity coding (Schnitzler and Ploner 2000). The SI, as well as the insula, has
also sensory integrative function (Ploner et al. 1999).
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The cingulate gyrus is part of the limbic system related to the emotional
component of pain. A recent PET study showed that activity in the dorsal anterior
cingulate cortex (ACC) and the subjective unpleasantness of pain are correlated
(Rainville et al. 1997). Although the role of the ACC in cognitive processing has
recently been emphasised, the ACC also regulates autonomic arousal reactions to
externally or internally generated challenges (Critchley 2004). Moreover, the ACC has
been shown to participate in response selection (Devinsky et al. 1995; Turken and
Surick 1999), motor planning (Devinsky et al. 1995), and motor learning (Jueptner et
al. 1997).

Pain provokes motor reactions (preparation or inhibition of movements), which
are essential for protective behaviour. In addition, pain-induced activation of the
cerebellum, basal ganglia, supplementary motor cortex, and primary motor cortex has
been reported in many brain-imaging studies (for a review, see Peyron et al. 2000).

3.2 Mirror movements
3.2.1 Clinical symptoms and aetiologies

Mirror movements (MMs) can be defined as unintended movements that
accompany voluntary activity in homologous muscles on the opposite side of the body.
MMs are more common in hands and lower arms than in legs; even a weak voluntary
contraction of contralateral muscles triggers them easily, and their amplitude increases
along with increased contraction force and/or speed (Conrad et al. 1978; Schott and
Wyke 1981; Forget et al. 1986; Rasmussen 1993). Sometimes MMs can be triggered
even by passive movements and they can be partly suppressed voluntarily (Schott and
Wyke 1981). Characteristically, the MMs interfere with the subject’s ability to perform
precise hand skills, especially those requiring intermanual coordination.

Although MMs are common in young children (Connolly and Stratton 1968),
they normally disappear during maturation, and MMs persisting after the age of ten are
considered abnormal. However, mirrored electromyographic (EMG) activity can
occasionally be seen on extreme effort in healthy adults, although it does not normally
cause any visible movements (Schott and Wyke 1981; Rasmussen 1993; Mayston et al.
1999).

Pathological MMs may be familiar (Schott and Wyke 1981; Cohen et al. 1991),
sporadic (Schott and Wyke 1981) or associated with several developmental disorders,
such as Kallmann’s syndrome (Conrad et al. 1978; Shibasaki and Nagae 1984; Danek
et al. 1992; Mayston et al. 1997; Farmer et al. 2004), Klippel-Feil syndrome (Schott
and Wyke 1981; Farmer et al. 1990), Usher’s syndrome (Schott and Wyke 1981;
Forget et al. 1986), Chiari malformation (Schott and Wyke 1981; Cohen et al. 1991),
and agenesia of corpus callosum (Freiman 1949; Ettlinger et al. 1972; Schott and Wyke
1981). True mirror movements should be differentiated from associate movements that
are sometimes observed in hemiparetic stroke patients; these movements occur in the
spastic paralytic limb, with a delayed onset compared with the normal limb (Cohen et
al. 1991). In the congenital persistent MMs, EMG activity starts simultaneously in both
limbs (Forget et al. 1986; Cohen et al. 1991; Carr et al. 1993).

Various neurophysiological mechanisms underlying MMs have been proposed:
an abnormal ipsilateral corticospinal tract as a result of midline fusion defect (Conrad
et al. 1978; Mayston et al. 1997), bilateral activation of motoneurons by collaterals or
interneurons at the spinal level (Britton et al. 1991), and reduced inhibition of
transcallosal connections leading to bilateral activation of the motor cortices (Shibasaki
and Nagae 1984; Danek et al. 1992; Ferbert et al. 1992; Meyer et al. 1995). It is
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possible that different mechanisms are involved in different syndromes (for a review,
see Hoy et al. 2004).

3.2.2 X-linked Kallmann’s syndrome
Kallmann’s syndrome (KS), originally described by Kallman et al. (1944), is

characterised by MMs, hypogonadotropic hypogonadism and anosmia. Genetically, KS
is a heterogeneous condition with X-linked, autosomal dominant and autosomal
recessive forms of inheritance. Mirror movements are seen in approximately 85% of
patients with the X-linked form of this syndrome (X-KS) (Quinton et al. 2001). In
addition, urogenital defects, including renal agenesia (Kirk et al. 1994), are typical in
X-KS. Other defects, e.g. midline developmental defects (such as cleft lip and palate,
coloboma) and unilateral sensorineural deafness may occur in a minority of patients
with autosomal forms of KS (Oliveira et al. 2001; Quinton et al. 2001).

Anosmia and hypogonadism in KS result from a developmental failure of the
fascicles of the olfactory nerve to make synaptic contact with the forebrain. In
consequence, the neurons secreting gonadotropin-releasing hormone are unable to
migrate from their site of origin on the medial olfactory placode to the hypothalamus
(Schwanzel-Fukuda et al. 1989, 1996). However, although mechanisms of anosmia and
hypogonadism in the X-KS are relatively well known, the neuroanatomic basis of
mirror movements has not been sufficiently explained so far.

3.2.3 Neurophysiological and neuroradiological findings of Kallmann’s
syndrome

Anatomical magnetic resonance images (MRIs) of the pituitary region and
hypothalamus of subjects with Kallman’s syndrome have not revealed any
morphological abnormalities. However, rudimentary, hypoplastic or aplastic olfactory
sulci have been reported on axial imaging in 8 of the 12 KS patients studied (Bajaj et
al. 1993)

In KS, the onsets of EMG activity of the voluntary activated and the mirroring
(involuntarily activated) muscles differ by less than 20 ms (Conrad et al. 1978;
Mayston et al. 1997). The weaker the induced mirror contraction, the longer is the
latency to the voluntary contraction (Conrad et al. 1978). In addition, the firing of the
motor units in co-activated homologous muscles is correlated, as can be revealed by
cross-correlogram and coherence analysis (Mayston et al. 1997; Koster et al. 1998;
Farmer et al. 2004). In KS patients with MMs, stimulation of digital nerves of the index
finger of one hand can modulate the ongoing EMG activity in the opposite hand
(Mayston et al. 1997), suggesting an aberrant corticospinal projection or spinal
bifurcation. Theoretically, an abnormal afferent projection could also result in the
contralateral EMG response, but at least the early cortical (N20–P25) somatosensory
evoked potentials (SEPs) are normal in KS patients (Mayston et al. 1997). The stretch
reflexes of interosseous dorsalis and forearm flexors are also normal (Mayston et al.
1997), indicating normal spinal circuitry.

Shibasaki and Nagae (1984) recorded movement-related cortical potentials in a
KS patient during uni- and bilateral finger movements. The late premovement negative
slope, shown to reflect preparatory excitation of the motor cortex, was present
bilaterally during unilaterally intended movements, in contrast to its unilateral
appearance in normal subjects. The authors suggested that in this patient MMs are
generated by unintended excitation of the opposite motor cortex. In a similar way, PET
data (Britton et al. 1991) indicated bilateral cortical activity accompanying intended
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unilateral hand movements in a patient with isolated congenital MMs. Cortical (or
spinal) axon bifurcations can not be the sole correlates of mirror movements in
Kallmann’s syndrome. It has been suggested that in healthy subjects the commands
from the motor cortex that would excite the ipsilateral muscles via ipsilateral
corticospinal (uncrossed) pathways are suppressed by the opposite (not active) motor
cortex. This inhibition is thought to be exerted via cortico-cortical fibres travelling
through the corpus callosum (Shibasaki and Nagae 1984). However, although MMs
have been observed in the agenesis of the corpus callosum (Schott and Wyke 1981),
not all subjects with callosal agenesia suffer from MMs.

Strong evidence for abnormal anatomical connections in KS comes from
transcranial magnetic stimulation (TMS) studies. In KS patients, simultaneous bilateral
short-latency motor responses of hand muscles can be evoked by focal TMS of one
motor cortex (Danek et al. 1992; Mayston et al. 1997), thus revealing abnormal fast-
conducting corticospinal projections to spinal motoneurons. However, in asymptomatic
female gene carriers the responses are unilateral (Danek et al. 1992). The relative size
of cortically evoked muscle responses in contra- and ipsilateral sides varied
considerably from one subject to another (Danek et al. 1992; Mayston et al. 1997).
Cortical mapping has shown that both contra- and ipsilateral motor evoked potentials
(MEPs) decrease in size as the stimulator coil is moved further away from the point of
maximum response. This finding suggests that contra- and ipsilaterally projecting
axons are intermingled in all responsive areas (Mayston et al. 1997).

Taken TMS and other neurophysiological data together, the activity in the
aberrant corticospinal projections could be, at least in part, responsible for the MMs
(Mayston et al. 1997). This idea is further supported by a PET study (Krams et al.
1997) that showed stronger activation of the motor cortex contralateral than ipsilateral
to the voluntary hand movement; the ipsilateral activation was also seen during passive
hand movements. However, this relatively weaker ipsilateral than contralateral
activation could also result from sensory feedback from the mirroring hand.

3.3 Cerebellar ischemic stroke
3.3.1 Arterial supply of the cerebellum

The brain is supplied by four arteries: two internal carotic arteries and two
vertebral arteries, as illustrated in Fig. 3.3.1.  At the base of the brain, a complete
communicating arterial circle—the circle of Willis—is formed between the carotic and
vertebrobasilar vessels. The cerebellum receives its arterial supply via the vertebro-
basilar system. The two vertebral arteries, arising from the subclavian arteries, unite
into the basilar artery at the level of the upper margin of the medulla oblongata. The
basilar artery runs along the ventral surface of the pons until it divides into the two
posterior cerebral arteries, which form a part of the circle of Willis. The vertebral artery
on each side gives off the posterior inferior artery (PICA), which supplies the caudal
(lower) part of the cerebellar hemisphere and vermis as well as the dorsolateral region
of the medulla oblongata. The anterior inferior artery (AICA) arises from the caudal
third of the basilar artery and supplies the lower anterior part of the cerebellum and the
lateral part of the medulla oblongata and pons. The AICA also gives rise to the
labyrinthine artery running to the internal ear. The superior cerebellar artery (SCA)
passes along the upper parts of the pons and supplies the rostral half of the hemisphere
and vermis and cerebellar peduncles (Kahle 1976)
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Figure 3.3.1 Branches of vertebral arteries. Modified from Kandel et al. (2000).

3.3.2 Clinical symptoms
Symptoms of an infarct in the SCA territory include dysarthria, unsteady gait,

ataxia of the extremities and trunk, dysmetria, dysdiadochokinesia, dizziness, nausea
and—less frequently—headache (Barth et al. 1993; Terao et al. 1996). On the other
hand, symptoms of an infarct in the PICA territory include acute rotatory vertigo,
nausea, vomiting, truncal ataxia, limb dysmetria without dysarthria or—if only the
lateral branch is involved—axial lateropulsion and limb ataxia in the absence of
vertigo, trunchal ataxia, and dysarthria (Barth et al. 1993). Normally, the symptoms
subside within a few days or weeks.

3.4 Magnetoencephalography
Magnetoencephalography is based on detecting weak magnetic fields generated

by electrical currents in fissural cerebral cortical neurons. Signals are measured from
outside the head with superconducting sensors. The method is totally non-invasive and
allows a millisecond-scale temporal resolution. Compared with EEG—to which it is
closely related—MEG has the advantage that the skull and other extracerebral tissues
are transparent with respect to magnetic field, which consequently results in better
spatial resolution. During last decades, MEG instrumentation has gradually developed
from single-channel devices to multichannel systems enabling investigation of
simultaneously activated brain areas.

The following review of MEG is mainly based on reviews by Hämäläinen et al.
(Hämäläinen 1993) and Hari (Hari 2004).

3.4.1 Origin of neuromagnetic signals
The human cortex consists of about 1011 neurons interconnected to a

complicated network by about 1014 synapses (Kandel 2000). About 2/3 of the human
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cortex is buried in the fissural cortex, including the motor and the sensory cortices, thus
making these cortical sources accessible to MEG.

Neurons communicate via action potentials (APs). Branches of the presynaptic
neurons transmit the signal to another, postsynaptic neuron via synapses. When an AP
reaches the presynaptic terminal, neurotransmitter is released into a synaptic cleft. This
results in the  postsynaptic potential (PSP) and into an associated intracellular current
flow. In addition to this primary current, external volume currents flowing in the
surrounding medium to the opposite direction close the current loop, and thus no
charges accumulate. It is thought that MEG (as well as EEG) signals reflect mainly
postsynaptic currents in dendrites. Passive dendritic currents last longer than action
potentials, thereby allowing more effective temporal summation that results in clearly
stronger magnetic fields. Magnetic fields resulting from the opposite depolarization and
repolarization currents during action potentials cancel each other when viewed from
distance.

 Only currents tangential to the surface, or tangential components of tilted
currents, produce magnetic fields outside a spherical volume conductor. Instead, no
external magnetic fields are produced by radial primary currents or by volume currents
in the sphere.  Because the pyramidal cells, assumed to be the main source of MEG
signals, are oriented perpendicular to the cerebral cortex and because most of the
human cortex is buried into the fissural cortex, cortical sources (including the motor
and sensory cortices) are easily accessible to MEG. The deep sources are poorly
detected because signals decay rapidly with increasing distance from the source.

3.4.2 Instrumentation
Because the magnetic fields produced by brain activity are extremely weak

compared with the earth’s magnetic field (typically 1:10–8–10–9) and environmental
noise, the measurements are performed in a magnetically shielded room, using special
superconducting quantum interference device (SQUID) detectors. The magnetic signal
is first detected with a pick-up coil that converts the magnetic flux into an electric
current. The current is then led to a signal coil that is coupled magnetically to the
SQUID. For superconductivity, the sensors are kept immersed in liquid helium at the
temperature of –269oC.

The device’s sensitivity depends on the configuration of the pickup coil.
Magnetometers consist of only one pick-up loop and are sensitive to brain signals but
also to external noise. First-order gradiometers have an additional compensation coil
that is wound to the opposite direction; this leads to cancellation of fields from distant
sources, because these fields produce equal but opposite currents in the two coils. The
axial first-order gradiometers measure the difference between the field strength
recorded by the pickup and the compensation coil. The maximum signal—as with
magnetometers—is detected on both sides of a local current dipole source. In planar
gradiometers used by our multichannel MEG device, the pick-up coil and the
compensation coil are coupled in a figure-of-eight structure, and the device measures
the tangential derivative of the radial magnetic field. The planar gradiometers collect
the maximum signals right above the local source, thereby offering a relative good
spatial resolution even in quite noisy environments.

In the present work, we used a helmet-shaped whole-head neuromagnetometer
(Vectorview™, Neuromag Ltd.) comprising 204 first-order planar SQUIDs and 102
magnetometers.
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3.4.3 Source analysis
The major challenge in the analysis of neuromagnetic data is to define the

cerebral current sources underlying the magnetic fields measured. No unique solution
exists to this inverse problem; that is, innumerable current configurations could—in
principle—produce similar magnetic field distributions. For a feasible solution, a model
of the source current and a model of the volume conductor (the head) are needed.

In this work, we used a homogeneous sphere model which is suitable for
modelling our region of interest, the sensorimotor cortex. In those brain areas where the
shape of the brain most strongly deviates from a sphere (basal areas, most frontal areas)
a realistic head model can give more accurate information.

Currents in the brain can be approximated with equivalent current dipoles
(ECDs), provided that the activated cortical area is relatively small. The ECD model
has five parameters: three spatial coordinates, orientation in the tangential plane, and
strength. The ECD best explaining the measured magnetic field can be calculated by a
least-squares search. The goodness-of-fit (g) of the model indicates how much of the
measured field variance is accounted for by the ECD (Kaukoranta et al. 1986).

3.5 Sensorimotor cortical electromagnetic rhythms
Several regions of the cerebral cortex display rhythmic intrinsic oscillations

with characteristic frequencies and with modality-specific reactivity to certain tasks. It
is generally assumed that thalamocortical neurons —with some contribution of
intracortical networks—play an important role in the generation of cortical rhythms
(Lopes da Silva 1991). Depending on the membrane potential, thalamic relay neurons
are either in the oscillatory mode or in the transmission mode. During the oscillatory
mode, the neurons are hyperpolarised by inhibitory inputs and a short depolarisation
causes a burst of action potentials. During the transmission mode, the neurons are
depolarised and input volleys produce single action potentials that transmit sensory
information from the periphery to the cortex (Martin 1991). Inputs from reticular
thalamic nuclei and from the brain stem and the forebrain probably regulate the
changes between the two modes of the thalamic relay nuclei.

The best-known cortical rhythms are the posterior 8–13 Hz alpha rhythm and
the rolandic mu rhythm, which can be easily recorded over the central sulcus with
MEG.

3.5.1 Mu rhythm
The sensorimotor mu rhythm was first described in detail by Gastaut (Gastaut

1952) with scalp EEG recordings.  The mu rhythm consists of nearly harmonic 10-Hz
and 20-Hz components, resulting in typical arch-shaped wave morphology (Tiihonen et
al. 1989; Salmelin and Hari 1994). Electrocorticographic recordings have picked up
~20-Hz (Jasper and Penfield 1949) activity from the motor cortex. Similarly, in MEG
recordings, the sources of the ~20-Hz activity are clustered anterior to the central
sulcus over the motor cortex, whereas the sources of the ~10-Hz component are located
more posteriorily in the somatosensory area (Salmelin and Hari 1994). In addition, the
~20-Hz rhythm is coherent with EMG activity of the isometrically contracting limb
muscle  (Conway et al. 1995; Salenius et al. 1997a), further supporting the idea of the
motor cortex as the origin of the ~20-Hz component.

The reactivity of the mu rhythm suggests that it has close relations to the
sensorimotor system. Rhythmic mu oscillations are abolished by movements (Chatrian



20

et al. 1959; Tiihonen et al. 1989; Salmelin and Hari 1994) and by tactile stimuli
(Chatrian et al. 1959), and they are significantly suppressed even during action
observation (Hari et al. 1998a) and motor imaging (Jasper and Penfield 1949). The
blocking effect is bilateral but it is more pronounced contralateral to the movements
and to tactile stimuli (Chatrian et al. 1959; Salmelin and Hari 1994; Salenius et al.
1997b). The suppression of the mu rhythm starts already 1–2 s before the execution of
voluntary movements. However, the mu rhythm increases again substantially 1–2 s
after the movement (“rebound”) (Salmelin and Hari 1994). Both MEG and TMS
studies (Salmelin and Hari 1994; Chen et al. 1999) suggest that the suppression likely
reflects increased excitability or disinhibition in the motor cortex, whereas the rebound
is associated with increased inhibition in the motor cortex.  Although both frequency
components of the mu rhythm react with a transient rebound, the rebound is about 300
ms faster and clearly stronger for the ~20-Hz component than for the ~10-Hz
component (Salmelin and Hari 1994; Salenius et al. 1997b). Differences in the
location, timing and strength of the rebounds suggest that the two frequency
components of the mu rhythm are generated by different neuronal networks: the ~20
Hz activity is associated with the functions of the motor system, whereas the ~10-Hz
component is more related to the functions of the somatosensory system (Salmelin and
Hari 1994).

3.5.2 Cortex–muscle coherence
 A common central input to spinal motoneurons was already suggested by

synchronization studies of single motor units (Farmer et al. 1993a; 1993b). However,
not until 1995, the first direct demonstration of oscillatory cortex–muscle interaction
(coherence) was provided by MEG (Conway et al. 1995). Since then, a number of
studies have been published using MEG, EEG and local field potential (LFP)
recordings to detect  motor cortex–muscle communication both in humans and
monkeys (Salenius et al. 1996; 1997a; 2003; Baker et al. 1997; 1998; 2001; 2003;
Halliday et al. 1998; Kilner et al. 1999; 2000; 2003; 2004;  Mima et al. 1999; 2000;
Gross et al. 2000; Marsden et al. 2000a; 2000b; Ohara et al. 2000; 2001; Murayama et
al. 2001; Kristeva-Feige et al. 2002).

In most cortex–muscle coherence studies, distal limb muscles—mainly hand
muscles—have been investigated, probably because of their large cortical
representation in the M1 cortex and the high number of direct cortico-motoneuronal
connections. However, cortex–muscle oscillatory interaction also occurs for more
proximal muscles (Salenius et al. 1997a), including trunk muscles (Murayama et al.
2001). Although coherence is normally found between the contralateral motor cortex
and muscles, it can be bilateral at least for abdominal muscles even in normal healthy
subjects (Murayama et al. 2001).

3.5.2.1 Modulation of corticomuscular coherence
The motor cortex–muscle interaction shows task-dependent variation (Conway

et al. 1995; Salenius et al. 1996, 1997a; Brown et al. 1998; Kilner et al. 1999, 2000,
2003; Mima et al. 1999; Feige et al. 2000; Kristeva-Feigeet al. 2002), which may
reflect its importance in (re)calibration of the motor system (Kilner et al. 2000, 2003;
Baker and Baker 2003; Riddle et al. 2004). In the beginning of the movement, the
coherence is reduced or abolished. It is most prominent during static phases of motor
tasks, particularly if a static phase follows a phasic movement (Kilner et al. 2000,
2003). Coherence is maintained during sustained contraction. During bimanual tasks,



21

the movement of one (dominant) hand may modulate coherence for the other hand
(Kilner et al. 2003). Coherence is increased when the task needs high precision or when
attention is directed towards motor performance, suggesting that the ~20 Hz cortical
oscillations are related to attention as well (Kristeva-Feige et al. 2002).

The frequency of cortex–muscle coherence depends on the contraction force:
the coherence peaks at 20 Hz during weak or moderate muscle contraction, whereas
frequency is shifted towards 40 Hz during strong contraction (Salenius et al. 1996,
1997a; Brown et al. 1998; Hari and Salenius 1999; Mima and Hallett 1999).

3.5.2.2 Generation site of coherent MEG signals
According to human MEG and EEG recordings, the cortical oscillatory activity

interacting with motoneuronal activity predominantly arises from the primary motor
cortex (Salenius et al. 1996,  1997a; Hari and Salenius 1999; Mima and Hallett 1999;
Murayama et al. 2001). These findings have been confirmed by intraoperative
stimulations both in monkeys and human subjects (Baker et al. 1997; Marsden et al.
2000b; Ohara et al. 2000; Mäkelä et al. 2001). However, the premotor cortex, the
SMA, the thalamus and the subthalamic nucleus also display activity which is coherent
with EMG (Marsden et al. 2000a; Ohara et al. 2001; Gross et al. 2002). In addition,
parkinsonian patients withdrawn from dopaminergic medication showed less
cortex–muscle coherence than during on-medication, suggesting that basal ganglia may
modulate rhythmic oscillatory communication between the motor cortex and muscle
(Salenius et al. 2002). The site of maximum coherent activity in the motor cortex
shows somatotopical organisation for upper and lower limb muscle contractions
(Salenius et al. 1997a). However, somatotopy is rather coarse, and the sites of
maximum coherent activities do not differ among different upper limb muscles at the
population level (Salenius et al. 1997a). The overlap of different muscle
representations in the motor cortex and multiple representations for one muscle may aid
muscle coordination in different types of movements (Salenius et al. 1997a; Ghez and
Krakauer et al. 2000) .

3.5.2.3 Temporal relationships between cortical and muscle signals
Time lags between cortical and muscle signals increase with the conduction

distance, suggesting that rhythmic oscillations are mediated via fast corticospinal axons
(Salenius et al. 1997a; Gross et al. 2000). An alternative explanation to the conduction
delay could be feedback from the muscles influencing the cortical oscillatory activity.
However, a single nerve recording study confirmed that afferents from muscle spindles
do not effect the Piper (~ 40-Hz) rhythm (Hagbarth et al. (1983). Local anaesthesia,
which significantly modifies peripheral feedback, or extra loading, which increases
feedback delays, did not alter 10-, 20- and 40-Hz oscillatory EMG or tremor records
(McAuley et al. 1997). Thus, peripheral feedback seems to have little role in the
control of the oscillation frequency of the muscle activity or the frequency of
sensorimotor cortical rhythms.

3.5.2.4 Interaction with pyramidal tract neurons and with sensory afferent input
Baker et al. (Baker et al. 1997) showed that the firing pattern of pyramidal tract

neurons (PTNs) in  macaque monkeys followed the rhythmic activity of the motor
cortex. The  PTNs were syncronized at 15–30 Hz frequency range. The coherence  was
strongest during the hold phase of the precision grip task, when the PTN firing rate was
lowest (Baker et al. 2001). Although coherence was low both for the motor
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cortex–PTN and PTN–PTN pairs studied, computer simulations have shown that even
small neuronal populations can efficiently transmit information, if they fire
syncronously (Baker et al. 2003). In addition, PTNs and the cortical oscillatory
network have mutual interaction: the induction of brief suppression in the firing of
PTNs, by electrical stimulation, may reset the phase of the 15–30 Hz activity in the
motor cortex (Jackson et al. 2002).

The effect of peripheral sensory input on cortex–muscle oscillatory interaction
has been largely unknown. Coherence has been reported to increase after non-painful
median nerve (MN) stimulation (Hari and Salenius 1999), whereas vibratory (100 Hz)
muscle–tendon stimulation did not  affect the motor cortex–muscle coherence (Mima et
al. 2000). In a patient with total loss of touch, vibration, pressure and kinaesthetic
sensation below the neck, the cortex–muscle coherence was reduced when compared
with healthy control subjects (Kilner et al. 2004).

3.5.2.5 Functional significance of cortex–muscle coherence
The functional role of cortical oscillations and their coherence with the

periphery is still under debate. It has been suggested that cortical oscillation depends on
inhibitory neurons (Wang et al. 1996; Pauluis et al. 1999). Baker and Baker (2003)
tested this hypothesis by using benzodiazepine (g-amino butyric acid-A receptor
agonist), which increases inhibitory postsynaptic potentials (IPSPs), and GABA-A
antagonist flumazenil. Administering an intravenous dose of benzodiazepine doubled
the ~20-Hz power, which was reversed by administering flumazenil. However, the
increase in cortical ~20-Hz activity did not result in concomitant increase of the
cortex–muscle coherence, demonstrating dissociation between the power of cortical
oscillations and the cortex–muscle coherence. In another work (Riddle et al. 2004),
carbamazepine increased coherence without any effect on the cortical ~20-Hz power.
These findings suggest that coherence itself may have an important functional role in
motor control, rather than being a consequence of a primarily cortical phenomenon.
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4. AIMS OF THE STUDY
The aim of this thesis was to investigate rhythmic oscillatory cortex–muscle

communication in healthy human subjects and in patients with neurological symptoms.
The specific aims of these magnetoencephalographic studies were:

1) To investigate reproducibility of the cortex–muscle coherence within and
between measurements (Study I).

2) To study the impact of the sensory feedback loop on the cortex–muscle
oscillatory communication (Study II).

3) To investigate the connections between pain and tactile activation and the
motor cortex–muscle coherence (Study III).

4) To illuminate the cortex–muscle coherence in a subject with a suggestive
Kallmann’s syndome with mirror movements (Study IV).

5) To study the impact of unilateral cerebellar lesions on the cortex–muscle
oscillatory communication (Study V).

6) To investigate the mechanisms and sources generating ~20-Hz oscillations in
the motor cortex (Study VI).
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5. METHODS
5.1 Subjects

In Studies I–III and VI, altogether 29 healthy adult volunteers (11 females, 18
males, aged 28–62 years) were studied. Some of the subjects participated in several
studies. In Study IV, one 15-year old male subject with clinically suggestive
Kallmann’s syndrome with mirror movements was studied. In Study V, 14 patients (1
female, 13 males; 30–69 years) with their first-ever, acute, unilateral cerebellar infarct
were studied in an acute phase and later in a clinically stable phase. In addition, some
of these patients were measured several times during the convalescence period. The
patients were recruited in co-operation with the neurological clinics of the Helsinki
University Central Hospital and of the Tampere University Hospital. The clinical
diagnosis of a cerebellar infarct was verified with computerized tomography (CT)
and/or MRI scans in all patients. Afterwards, an experienced neuroradiologist reviewed
and confirmed the radiological diagnoses. In addition, single positron emission
tomography (SPECT) and magnetic resonance angiography were performed in some
patients. Table 5.1 summarises the information of all six studies.

Informed consent was obtained from all individuals participating in these
studies. The experimental protocols were accepted by the Ethics Committee of the
Hospital District of Helsinki and Uusimaa and Study V also by the Ethics Committee
of the Hospital District of Pirkanmaa.

Study N of subjects N of measurements Special features

I 12 24 Reproducibility

II 6 18 Ischaemia, MNS

III 7 7 Laser and tactile stimuli

IV 1 1 MNS, TNS

V 24 46 MNS

VI 8 8 Benzodiazepine

Table 5.1 Number of subjects, number of measurements and special features in the six studies.
MNS = median nerve stimulation, TNS = tibial nerve stimulation.

5.2 Stimuli and tasks
In Study II, left and right median nerves (LMN, RMN) were alternately

stimulated at the wrist with 0.2-ms constant current pulses at interstimulus intervals
(ISIs) of 255 ms. In Studies IV and V, 0.3-ms constant current pulses were delivered at
ISIs of 1505 ms. The intensities of the pulses were adjusted to exceed the motor
threshold. In addition to median nerves, posterior tibial nerves were stimulated in Study
IV using a similar protocol.

In Study III, tactile and noxious stimuli were applied at random ISIs ranging
from 4.5 to 5.5 s. Laser stimuli (1-ms pulse duration, 2000-nm wavelength) were
produced with a thulium-YAG stimulator (Tm: YAG-laser, Baasel Lasertech,
Starnberg, Germany). Stimulus intensities, adjusted to 1.5 times the individual pain
thresholds, produced sharp local pain. The experimenter manually oriented the laser
beam of about 10 mm2 to the radial dorsum of the left hand. To avoid skin burns and
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local adaptation, the stimulus site was continuously changed in a random direction
within a skin area about 5 cm2. Tactile stimuli were delivered to the same skin area via
a balloon diaphragm driven by compressed air. The air pressure pulse of 300 kPa
buldged out the thin diaphragm for about 170 ms, causing a sensation of light touch.

In Study VI, benzodiazepine about 80 µg/kg, (Diapam® 4–7.5 mg) was
administered orally after baseline measurement.

In Study I, a 10-cm long visual analogue scale was used for vigilance
estimation. The scale ranged from “about to fall in sleep” (0) to “maximum alertness”
(10). In Study III, the subjects evaluated the subjective intensity of the stimuli on a 15-
point scale ranging from “no sensation at all” (0) to “intolerable pain” (14), with “just
painful” (7) in the middle of the scale.

5.3 Recordings
All recordings were carried out in the magnetically shielded room of the Low

Temperature Laboratory, Helsinki University of Technology. Cortical magnetic signals
were recorded with a whole-scalp 306-channel neuromagnetometer (Vectorview™;
Neuromag Ltd, Finland), which houses 204 planar gradiometers and 102
magnetometers placed at 102 recording sites. The subjects were seated under the
helmet-shaped sensor array and were instructed to avoid head movements. The exact
head position with respect to the sensor array was determined by measuring magnetic
signals from four indicator coils placed on the scalp. The coil locations, with respect to
three anatomical landmarks on the skull, were identified with a 3D digitizer to align the
MEG and MRI coordinate systems. The MRI images of three cerebellar patients were
acquired in the Department of Radiology of the Helsinki University Central Hospital
with a 1.5-T Siemens Magnetom™ device.

Spontaneous cortical activity with eyes open and closed was measured at rest.
In Study VI, spontaneous activity was measured before and 1 h after administering
bentsodiazepine orally. Bipolar surface EMGs were recorded simultaneously with
MEG from the first dorsal interosseus (FDI) muscle: during unilateral isometric
contraction in Studies II, III and V and during both uni- and bilateral contractions in
Studies I and IV. Furthermore, EMGs were additionally recorded from the left
opponens pollicis muscle in Study III, bilaterally from the tibialis anterior muscles in
Study IV, and from the extensor digitorum communis muscles of upper extremities
unilaterally in one patient in Study V. Isometric contractions were upheld for 4.5–5 min
with a short break after every 1.5 min to avoid muscle fatigue; as an exception, fifteen
1-min recordings were separated by 1-min rest periods in Study III. The level of
contraction force was 10–15% of maximum voluntary contraction in all measurements.
In Study I, visual analogue feedback system was used to help to adjust the right
strength level.

In Study II, deafferentation was induced by ischaemia of either upper extremity.
After baseline measurements, the subjects were asked to hold the upper limb straight up
for 2 min to drain the venous blood. Thereafter a pneumatic tourniquet (blood pressure
cuff) was inflated to 200–220 mmHg, a value exceeding the systolic pressure in all
subjects. The duration of ischaemia was about 20 min (range 17–23 min) and resulted
in the numbness of the limb. The subjects upheld isometric contraction for 4.5 min (3 x
1.5 min) before ischaemia, during ischaemia and for 15–20 min after ischaemia, at the
time point of sensory recovery.

The recording passbands of the MEG and EMG signals were 0.1–175 Hz in
Studies I and V; 0.1–200 Hz in Study II, 0.03–175 Hz in Studies III and IV, and
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0.1–100 Hz in Study VI. Signals were digitised at 600 Hz in Studies I–V (except for
one patient in Study V at 1000 Hz) and at 300 Hz in Study VI. The data were stored on
magneto-optical discs for off-line analysis. At least 80 single responses were averaged
on-line separately for each MN stimulus (Studies II, IV, and V).

5.4 Data analysis
5.4.1 Coherence

To locate the cortical sites of maximum coherence, cross-correlograms between
MEG and EMG signals were calculated. Cross-correlograms were obtained by
applying an inverse fast Fourier transform to the normalised cross spectra. The sources
of the MEG signals were modelled as ECDs, found by a least-squares search on the
basis of the spatial distribution of the cross-correlogram peaks. The 3D-locations,
orientations, and strengths of the ECDs were determined at the strongest cross-
correlogram peaks. Coherence was then calculated between this cortical source and the
rectified EMG signal. To avoid problems with multi-spiked coherence spectra, we also
calculated the 50% cumulative frequencies and integrated the area of coherent activity
(Studies I, II, V).

MEG–EMG coherence spectra were calculated using a fast Fourier transform.
Coherence values (Cohxy) were calculated for each frequency bin l as follows:

Cohxy(l) =| Rxy(l) |2 =
| fxy(l) |2

fxx (l) fyy (l)

where  fxy is the cross-spectrum for MEG signal x and EMG signal y at a given
frequency bin (l) and fxx and fyy are the respective auto-spectra for x (fxx) and y (fyy) at
the same frequency. Disjoint sections of the original data were averaged.

The spectra were calculated from at least 285 non-overlapping epochs. We used
512-sample Hanning windows and averaged over the whole 4.5–5 min isometric
contraction time in Studies I, II, IV, and V. In Study III, 50 non-overlapping epochs of
0.85-s duration each (512 samples), aligned to the identical time instants of the 4.5-s
interval (1 s preceding and 3.5 s following the stimuli) were used. The analysis window
was then shifted at 0.1-s steps (60 samples) over the 5-s data segment. The coherence
values were transformed to normally distributed Z-values (Kilner et al. 1999, 2000,
2003), and the Z-values related to the two muscles measured were pooled into a single
measure (Kilner et al. 2000).

In Study IV, partial coherence was calculated as well (Rosenberg et al. 1998).
Two oscillatory sources (A and B) may appear coherent, without any causal connection
between the two, because they are both coherent with (linearly dependent on) a third
source (C). Partial coherence (between A and B) "subtracts" the influence
(mathematically taking into account the mutual phase-differences) of the third source
(C) from the coherence between A and B. The remaining (partial) coherence cannot be
explained by the third source. If the sources are totally independent, the value of the
partial coherence is thus zero. We used partial coherence to study if the two
hemispheres showing coherence with the EMG of the same hand muscle were
independently coherent or driven by a common source.

The frequency resolution was at least 1.2 Hz in Studies I–V.
The level of statistically significant coherence was tested according to

Rosenberg (Rosenberg et al. 1989)
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1– (a 1/L-1),

where a is the confidence level and L the amount of disjoint sections. The
probability level of P < 0.01 was used in Studies I, II, IV, and V, and the level for
statistically significant coherence was 0.016 in  Study I, 0.015 in Studies II and V, and
0.013 in Study IV. In Study III, P < 0.05 probability level was used and the level for
statistically significant coherence was 0.06.

5.4.2 MEG signal analysis
Power- and amplitude-spectra of MEG signals were calculated. In Study I, we

used information derived from the source site of coherence to spatially filter the resting
activity. For those two subjects who did not show significant coherence, we identified
the sources of the ~20-Hz activity using information from real and imaginary
components of power spectra at the frequency of maximum amplitude (Salmelin and
Hämäläinen 1995).

In Study II, we compared MEG signal levels before, during and after ischaemia-
induced deafferentation by averaging MEG spectra both from the 8–12 Hz frequency
range and from a 6-Hz wide band centred at the peak coherence (e.g. 20–26 Hz when
peak coherence is at 23 Hz).

In Study V, the reactivity of ~20-Hz sensorimotor cortex activity to MN stimuli
was quantified from the spontaneous MEG activity by computing the temporal-
spectral-evolution (TSE) of the signals (Salmelin and Hari 1994). The MEG signals
were filtered through a passband of 16–24 Hz. Thereafter, the data were rectified and
epochs averaged time-locked to the MN stimulation.

In Study VI, power spectra of MEG were calculated before and 1 h after
administering benzodiazepine. The dominant oscillatory signals were identified from
the spectra. For source determination, the peak frequency of the beta band was first
identified for each subject and minimum current estimates were calculated at these
frequencies. Applying sliding time window, the current distribution in the frequency
domain could be calculated. For each time window, the minimum current estimate was
calculated for the frequency of interest. Subsequently, the absolute contributions of the
real and imaginery parts of the current estimates were averaged. To explore the
mechanisms underlying the changes in the ~20-Hz oscillatory activity observed after
benzodiazepine administration, we simulated a conductance-based neuronal network
model comprising 80 excitatory and inhibitory neurons.

5.4.3 Sensory evoked fields
In Studies II, IV and V, sources of the sensory evoked fields (SEFs) were first

identified visually in 2-ms steps to estimate the magnetic field pattern measured by
gradiometers. Thereafter, the ECD that best described the local source current at the
peak of the response was found by a least-square search using a subset of 16–24
channels over the source area. The goodness-of-fit of the model was calculated to
ascertain how much of the measured signal variance was accounted for by the dipole.
Only ECDs with a goodness-of-fit over 85% were accepted.

5.4.4 Statistical analysis
Prior to statistical analyses, coherence values were transformed to Gaussian-

distributed values, by applying Fisher’s transformation on the square root of coherence
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(Rosenberg et al. 1989). In Study III, we used Z-transformation and pooling of data
from two muscles (Kilner et al. 1999, 2000,  2003). In Study I, reduced major axis
regression was used to reveal correlation between the two sessions (Sokal 1995). For
calculations of vigilance–coherence correlation, normalised change for vigilance
(change in vigilance divided by the initial value) and Spearman’s ranking test were
used. In Study I, a non-parametric Wilcoxon test for pair tests was used. In all other
statistical analyses, Student’s two-tailed t-test was used (Studies II, III, and V). In
addition,  the analysis of variance (ANOVA) for repeated measurements was applied in
Study III.

6. EXPERIMENTS
6.1 Reproducibility of cortex–muscle coherence is better within than
between the measurements (Study I)

Reproducibility of the strength and frequency of cortex–muscle coherence was
studied in 12 healthy subjects during unilateral isometric contraction of the first dorsal
interosseous muscle of each hand. One recording session consisted of two identical
measurements (intra-session reproducibility) and the session was once repeated after
about one year (inter-session reproducibility). In addition, one of the subjects was
measured in 8 sessions. To assess possible association with the resting MEG activity in
the sensorimotor cortex, MEG power spectra were calculated. Vigilance level was
estimated before each measurement and in the end of the session by using visual
analogue scale (0 = sleepy, 10 = totally alert)

6.1.1 Results
Statistically significant MEG–EMG coherence was observed between the

contralateral hemisphere and hand in 10 out of 12 subjects (83%). The strength of
coherence varied from noise level to 0.32 and peak frequency from 15 to 34 Hz.

Both the frequency and strength of coherence were well reproducible within
sessions. Correlation coefficients for left- and right-sided contractions were r =
0.77–0.93, P < 0.01 for frequency and r = 0.78–0.91, P < 0.01 for strength.

Figure 6.1.1 shows the mean ± SEM coherence strengths and frequencies for
the first and second sessions, and for the first and second measurements. The mean of
the measurements was used for statistical comparisons between the sessions, but no
statistically significant differences were found either between or within sessions.
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Figure 6.1.1. The mean ± SEM strengths (left column) and frequencies (right column) of
cortex–muscle coherence during unilateral contractions. Data are shown separately for the first session
(circles) and for the second session (squares). The first measurement in each session is marked with a
white and the second measurement with grey colour.

Reduced major axis regression was performed to reveal whether the strength or
frequency of coherence differs between the two measurements and/or between the two
sessions. Fig. 6.1.2 illustrates these relationships for left-sided contraction between the
measurements in both sessions; Fig. 6.1.3 shows corresponding comparison between
the two sessions. The regression lines y = a + bx are shown; x refers to the value in the
first and y to the value in the second measurement (session), correspondingly.  The
within-session correlations were high (0.87, P < 0.001 and 0.85, P < 0.01), and the
RMA slope (b) did not show statistically significant deviation from b = 1 (that is from
identical results in both measurement). However, the between-sessions correlation was
not statistically significant for coherence strength and barely significant for frequency.

      Figure 6.1.2 Intra-session correlations between       Figure 6.1Inter- measurements
      I and II during both sessions.                 between sessions I and II.

Using the mean of 50-% cumulative frequencies of the two measurements,
instead of the mean of peak values, resulted in high correlation coefficients—from 0.90
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(P < 0.01) to 0.96 (P < 0.001)—even between the two sessions, and the regression
slopes did not differ statistically significantly from b = 1. However, using integrated
coherence instead of peak strength values did not improve the correlation coefficients
for the strength of coherence. The results for one subject studied in 8 sessions strongly
supported the results of the whole group: reproducibility was more robust for the
frequency than the strength of coherence. In addition, learning hardly explained the
changes in coherence among the sessions: the task used was very simple and it was
rehearsed prior measurement.

In all subjects, vigilance diminished towards the end of each session. The mean
± SEM vigilance score in the first session was 7.4 ± 0.5 for measurement I and 6.1 ±
0.7 for measurement 2; in the second session, the corresponding values were 7.3 ± 0.4
and 5.7 ± 0.5. However, individual changes in vigilance scores did not correlate with
changes in the strength or frequency of coherence. Neither was the resting level of
rolandic activity correlated with coherence values.

6.1.2 Discussion
The main result of this study was that both the strength and frequency of

coherence were well reproducible within a session for both left- and right-sided
unilateral isometric contractions, thus making studies comparing different conditions
within one session at the group level feasible. Between sessions, reproducibility was
high for the frequency of coherence when using the mean of cumulative values, but low
for the strength of coherence, regardless  of whether mean peak values or integrated
values were used. Thus, caution is needed when interpreting absolute levels or changes
in the strength of coherence in single subjects between sessions.

6.2 Sensory feedback modulates cortex–muscle coherence (Study II)
To study possible reciprocal rhythmic interaction between the motor cortex and

muscle, cortex–muscle coherence was studied in six healthy subjects before (PRE),
during (ISC) and after (POST) ischaemia-induced sensory deafferentation of the upper
extremity. SEFs elicited by electrical stimulation of the median nerve at the wrist were
recorded before ischaemia, 10–16 min after the induction of ischaemia, and 15–20 min
after the cessation of ischaemia (as soon as the subject reported sensory recovery to
confirm the effectiveness of the sensory block). The mean ischaemia time was about 20
min (range 17–23 min).

6.2.1 Results
In all subjects, latencies of the 20–ms cortical SEFs (N20m) were longer during

ISC than during the PRE (mean delay 2.2 ms, P < 0.001) or POST periods (1.7 ms, P <
0.002). Differences in latencies between the PRE and POST conditions were not
statistically significant.

The mean ± SEM motor latency from the cortex to the muscle, determined from
cross-correlograms, tended to increase from 10.8 ± 1.3 ms to 13.3 ± 2.0 ms during ISC
(P < 0.15) but returned to the base level (10.8 ± 1.6 ms) during the POST period (P <
0.03). Mean motor latencies did not change in the non-ischaemic side.

All subjects showed statistically significant (P < 0.01) MEG–EMG coherence
in all three conditions. The source of coherent activity was in the primary motor cortex,
with no systematic differences in locations among the conditions. Figure 6.2.1.
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illustrates coherence spectra for the ischaemic limb in all six subjects in the PRE
(dotted line), ISC (solid line) and POST (dashed line) conditions. The horizontal line
indicates the significance level (0.015).

Figure 6.2.1 Coherence spectra for the ischaemic limb in all six subjects in pre-ischaemia (PRE,
dotted lines), ischaemia (ISC, solid lines) and post-ischaemia (POST, dashed lines) conditions. The
horizontal line indicates the statistical significance level (0.015).

Figure 6.2.2 shows mean ± SEM peak and 50-% cumulative frequencies of
MEG–EMG coherence (upper part) and mean ± SEM strengths of peak and integrated
coherence (lower part) in the PRE, ISC and POST conditions for the ischaemic and
non-ischaemic limb. The mean peak or cumulative frequency of coherence did not
change significantly during ISC. However, the strength of mean peak coherence was
reduced during ISC (P < 0.03 in comparison with PRE and P < 0.04 in comparison
with POST), but it returned to the PRE level after ischaemia (during the POST period)
on the ischaemic side. Statistically significant reduction was also observed when
integrated strengths of coherence were used in comparisons (P < 0.04 for ISC vs. PRE,
P < 0.04 for ISC vs. POST). The PRE and POST conditions did not differ as concerns
the frequency or strength of MEG–EMG coherence.
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Figure 6.2.2 Mean ± SEM peak and cumulative frequencies (A–B) and mean ± SEM strengths
of peak and integrated coherences (C–D) in pre-ischaemia (PRE), ischaemia (ISC) and post-ischaemia
(POST), separately for the ischaemic (grey) and non-ischaemic (white) limbs.

The average amplitude of MEG spectra tended to be lower during ISC than
PRE for the deafferentated limb at 8–12 Hz (P  < 0.06) and at the peak ± 3 Hz
coherence frequency (P < 0.07). The MEG level returned to the PRE level or even
slightly above it during the POST condition.

The rectified EMG amplitude spectra were lower during ISC than PRE or POST
in 5 out of 6 subjects on the ischaemic side and in 4 out of 6 on the non-ischamic side.

6.2.2 Discussion
We expected that the existence of a possible reciprocal motor cortex–muscle

feedback loop should result in a change of the dominant frequency of MEG–EMG
coherence during sensory deafferentation. Although the sensory feedback was reduced
and both centrifugal and centripetal conduction times were prolonged during ischaemic
manipulation, the frequencies of the MEG–EMG coherence did not change. Instead, the
strength of coherence was reduced during deafferentation, with a similar trend on the
non-ischaemic side. Such a decrease in the strength of coherence may be attributed to a
change in the central state, especially because an acute unilateral ischaemic block has
previously been shown to induce a focal increase in excitability in hand motor
representation areas in both hemispheres (Werhahn et al. 2002). In this study, cortical
activation may have been increased also because the subjects had to strain to keep the
contraction steady in spite of defective sensory information about the position of the
hand and the strength of contraction force.These results indicate that a reciprocal
oscillatory feedback loop is not essential for the generation of corticomuscular
coherence, but that sensory information modulates the strength of this interaction.
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6.3 Painful laser and nonpainful tactile stimuli both increase motor
cortex–muscle coherence (Study III)

The effect of painful stimuli on ongoing oscillatory communication between the
motor cortex and hand muscles was studied in seven healthy subjects. The three
experimental conditions were: 1) isometric contraction of hand muscles (the first dorsal
interosseal muscle and the opponens pollicis muscle), 2) isometric contraction and
noxious laser stimulation of the same hand, and 3) isometric contraction and innocuous
tactile stimulation of the same hand. Each 1-min block was repeated five times. The
subjective intensity of the stimuli was evaluated after each recording on a 15-point
rating scale.

6.3.1 Results
Laser stimuli were rated as weak but indisputably painful (8.2 ± 0.4), whereas

tactile stimuli were evaluated as a mild touch (2.0 ± 0.1). These subjective ratings did
not show any systematic changes across the five measurement blocks.

Statistically significant MEG–EMG coherence at ~20 Hz was found in 6 out of
7 subjects. Figure 6.3.1. shows time-frequency plots of MEG–EMG coherence as well
as MEG and EMG power during all three conditions for subject S4 (upper part) and the
corresponding grand averages across six subjects (lower part). In all three conditions,
robust MEG–EMG coherence at ~20 Hz was observed. Both tactile and laser stimuli
were followed by an increase of coherence. In addition, tactile stimuli—and to lesser
extent laser stimuli—were followed by an increase of MEG power in a wide range of
frequencies (15–40 Hz).
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Figure 6.3.1. a: Time–frequency plots of MEG–EMG coherence, MEG power, and EMG power
from the FDI and OP muscles with no stimuli (left panel), during laser stimulation (middle panel) and
during tactile stimulation (right panel) in subject S4. b: Corresponding grand averages across all 6
subjects.
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Figure 6.3.2 MEG–EMG coherence, MEG power in ~20 Hz and the mean EMGs of FDI and
OP muscles during tactile (left) and laser (right) stimulations with their 95-% confidence intervals.

Figure 6.3.2 ilustrates changes seen in MEG–EMG coherence (Z-transformed
and combined from the first dorsal interosseal and opponens pollicis muscles), MEG
power in the 17–25 Hz band, and the mean EMG during tactile and laser stimulation as
a function of time. Both noxious and tactile stimuli were followed by an increase of the
17–25 Hz MEG–EMG coherence; the maximum coherence peak occurred on average
0.47 s earlier after tactile than laser stimuli (mean ± SEM 0.58 ± 0.06 s vs. 1.05 ± 0.12
s, P = 0.016). In contrast, maximum Z-coherence values were similar during both types
of stimulation. The coherence peak lasted longer during laser than tactile stimulation
(0.87 ± 0.09 s vs. 0.50 ± 0.06 s, t(5) = 2.86, P = 0.04).

The log-transformed MEG power in the prestimulus interval (from –1.0 to 0.0
s) in the 17–25 Hz band was similar for laser and tactile stimuli. The MEG power or
the EMG level did not change significantly after laser stimulation. However, during
tactile stimulation, the 17–25 Hz MEG power and the EMG level in the first
interosseus muscle increased significantly during the post-stimulus interval. The peak
of the 17–25 Hz MEG–EMG coherence (at 0.58 ± 0.06 s) preceded the peak in the
MEG power (0.70 ± 0.07 s) and overlapped the EMG peak in the first interosseus
muscle (0.54 ± 0.08 s).

6.3.2 Discussion
Our main finding was that both innocuous tactile stimuli and selectively

noxious laser stimuli were followed by an increase of ~ 20-Hz MEG–EMG coherence.
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Coherence started later and lasted longer after laser than tactile stimuli. Increased
cortical 20-Hz power was observed during tactile but not during laser stimulation.

The longer latency of coherence increase after laser than tactile stimuli could
be, at least in part, accounted for by the well-known slower conduction velocities of the
pain-transmitting Ad- and C-fibres than of the touch-transmitting Ab-fibres (Vallbo
and Wessberg 1979; Tran et al. 2001). The considerable jitter of conduction velocities
within pain-transmitting fibres may explain the prolonged duration of MEG–EMG
coherence after laser stimulation.

Although the functional roles and neuroanatomies of the tactile and pain
systems differ (Melzack and Wall 1965), our findings suggest that both tactile and
noxious laser stimuli result in enhanced corticomuscular coupling. As suggested earlier
by Kilner et al. (2000, 2003), the observed increase in coherence could be related to the
stabilisation of the motor cortex control over the muscles after sensory input.

In the absence of muscle contraction, painful laser stimuli result in a clear
suppression of the M1 ~20-Hz oscillations (Raij et al. 2004). During muscle
contraction, the reactivity of ~20-Hz activity is strongly diminished (Svoboda et al.
2004). Accordingly, the ~20-Hz oscillations were not dampened after noxious laser
stimuli in the present study. However, the ~20-Hz level was increased statistically
significantly after tactile stimulation. As the increase of the ~20-Hz activity likely
reflects inhibition of the M1 (Salmelin and Hari 1994; Pfurtscheller et al. 1996), the
reduced ~20-Hz increase after painful laser stimulation may indicate phasic, pain-
related M1 excitation (disinhibition).

6.4 Abnormal corticomuscular coupling in a subject with mirror movements
(Study IV)

Corticomuscular coupling was studied in a 15-year-old male who had mirror
movements (MMs) of hands as a part of his clinically suggestive Kallmann’s
syndrome.

6.4.1 Results
As shown in Fig. 6.4.1 (left), an intended unilateral hand-grip resulted in

unintended contraction of the contralateral hand. During both unilateral and bilateral
grips, EMGs of the left and right first dorsal interosseus (FDI) muscles showed
significant mutual (EMG–EMG) coherence at about 15–30 Hz (Fig. 6.4.1, right).
During unilateral contractions, this coherence could be explained totally by a common
cortical MEG source contralateral to the intended movement, while during bilateral
contractions, significant partial coherence was found, thereby suggesting an additional
mechanism for EMG–EMG coupling.
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Figure 6.4.1. Rectified EMGs and EMG–EMG coherence spectra (solid lines) and partial
coherence (dotted lines) with M1 as a reference during unilateral left (a), right (B) and bilateral isometric
hand grips (C). Horizontal dashed lines indicate the statistical (P = 0.01) significance level

Figure 6.4.2. illustrates MEG–EMG coherence spectra and the corresponding
cortical sources. During a unilateral left-hand grip, the MEG activity of the right M1
was coherent with both left- and right-sided electromyograms (EMGL and EMGR) at
about 22 Hz; the peak coherence was stronger for the left contralateral hand (0.101)
than for the right ipsilateral hand (0.035). Similarly, during a unilateral right-hand grip,
the left M1 activity was coherent with EMGs of both hands (peak coherences 0.086 for
contralateral and 0.045 for ipsilateral contraction). During bilateral contractions, the
motor cortices of both hemispheres were coupled with both EMGL and EMGR. Partial
coherence calculations showed that the motor cortex sources in both hemispheres were
independently coherent with the EMG signals of each hand. Thus, the MEG–EMG
coherences could not be explained by oscillatory communication between the two
motor cortices.
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Figure 6.4.2 Sources of coherent cortical activities superimposed on a standard reference brain,
the corresponding MEG–EMG coherence spectra during unilateral left (A) and right (B) hand and during
bilateral isometric contractions (C, D). Dashed lines indicate the statistical significance level (P = 0.01).
Partial coherences are shown with dotted lines for bilateral contractions.

During a voluntary unilateral dorsiflexon of an ankle, no EMG activity was
observed in the contralateral side. The contralateral M1 showed significant MEG–EMG
coherence at 16–32 Hz during both uni- and bilateral contractions. The presence of
additional weak ipsilateral activation could not be ruled out because of the anatomical
proximity of feet representations in the M1s of the two hemispheres. During bilateral
contractions, weak EMG–EMG coherence at 22–25 Hz was observed (0.016–0.018)
and the EMGs were in the same phase.

6.4.2 Discussion
In Study IV, the EMG activity of the unintentionally contracted hand was

coherent with the motor cortex of the same side (ipsilateral M1), although this
coherence was weaker than coherence with the same M1 and the intentionally
contracted contralateral hand. Coherence between the ipsilateral M1 and hand muscles
has not been shown in healthy subjects earlier, and this is also the first demonstration of
such coherence associated with mirror movements.

Our findings suggest the existence of an ipsilateral corticospinal projection,
which is synchronous with the voluntarily activated contralateral tract, at least in this
subject with mirror movements. This ipsilateral projection could result either from
defective decussation of corticospinal fibres at the brain stem or from axonal
bifurcation into both sides of spinal motor neuron pools. The cortical sources of the
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MEG–EMG coherence were the same for both contra- and ipsilateral activations,
favouring the idea of identical or intermingled origins of contra- and ipsilateral
corticospinal tracts.

The EMG–EMG coherence observed during bilateral contractions both in hand
and foot muscles suggests a common input. Partial coherence calculations showed that
this coupling cannot be explained by the common drive from the M1 cortex, in contrast
to unilateral contractions. An additional synchronizing mechanism at the subcortical,
brainstem or spinal level is therefore suggested.

6.5 Cerebellar infarct may modulate rhythmic outflow from the motor
cortex (Study V)

To explore the generality of possible changes in cortico-muscular
communication after an acute, unilateral cerebellar infarct, we studied 14 cerebellar
stroke patients in an acute and in a stable phase. Seven patients had an infarct in the
territory of the PICA and seven in the territory of the SCA. Ten healthy subjects served
as the control group.

.
 6.5.1 Results

Our index patient (P1) was a previously healthy male with a small infarct in the
territory of the right SCA resulting in vertigo, right upper extremity clumsiness and
ataxia as well as slurred speech. As shown in Fig. 6.5.1, in the acute phase (thick solid
lines), his MEG–EMG coherence was absent for the affected (right) side, whereas the
corresponding left-sided contractions were associated with robust MEG–EMG
coherence in the normal frequency range (peak at about 25 Hz). The strength of
coherence was 0.135 for the left FDI and 0.175 for the left EDC. In the follow-up
measurements, indisputable coherence peaks (0.081–0.225 in strength) emerged also in
the affected side, although they were weaker than in the non-affected side. The current
sources of MEG signals showing the maximum MEG–EMG coherence were located in
the M1 hand area.
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Figure 6.5.1. Left: MEG–EMG coherence spectra for the affected (upper panel) and the non-
affected (lower panel) sides for patient P1. The first measurement is indicated by thick lines, the second
by thin lines, the third by dashed lines and the last measurement by dotted lines. Horizontal lines indicate
the level of statistical significance. Right: MRI scans of patient P1 in the acute phase (9 days post stroke)
and in the stable phase (1 year post stroke). Right, bottom: The site of maximum coherence (white
circles) agrees with the site of M1 and the generator of SEF (black circles) agrees with the site of S1.

In all subjects, MEG–EMG coherence was seen only in the hemisphere
contralateral to the contracting hand. Figure 6.5.2 shows coherence spectra for all
patients. In the acute phase, statistically significant coherence was observed in nine out
of fourteen (64%) patients in the affected side and in thirteen (93%) patients in the non-
affected side; in the stable phase, the corresponding values were nine (64%) for the
affected side and ten (71%) for the non-affected side.  In several patients, the coherence
was close to the significance level. Seven out of 10 control subjects showed significant
MEG–EMG coherence (frequency ranges 15–26 Hz, strength varying from noise level
to 0.266).

In PICA patients (right panels), the strength of coherence was quite symmetric
in both sides, similarly to control subjects.  The strength of coherence did not correlate
with the size of the infarct.

In the SCA group, patients P1 and P2 showed prominent asymmetry between
affected and non-affected sides. Similarly to our index patient (P1), P2 suffered from
clumsiness of the right (dominant) hand, but he also had dysarthria. However, in
contrast to P1, his coherence never emerged into the affected side despite strong
(0.196–0.202) coherence in the non-affected side and despite complete clinical
recovery. Both P1 and P2 had infarcts in the same area, although the stroke was more
extensive in P2. All other SCA patients had either no statistically significant coherence
or they did not show marked asymmetry in the acute phase.
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Figure 6.5.2 MEG–EMG coherence spectra for all 14 patients during isometric contraction of
the hand muscles for the affected and the non-affected sides. Thick lines indicate measurements in the
acute phase and thin lines in measurements in the stable phase. Horizontal dotted lines show the
statistical significance level at 0.015 (P < 0.01). The box indicates SCA patients with absent coherence in
the affected side and with pronounced asymmetry in the acute phase.

Figure 6.5.3 summarises values of the strength and frequency of coherence for
both patients and controls. The upper panel shows individual values separately for
PICA and SCA patients on their affected and non-affected sides, pair-wise in the acute
and stable phases; for control subjects, the values of the two hands have been averaged.
The lower panel illustrates the mean ± SEM values, plotted separately for PICA and
SCA patients as well as collapsed across the whole patient group; as a reference,
dashed horizontal lines surrounded by the grey band illustrate mean ± SEM values of
the control group (the average of left and right hand values). Value 0 was used to
indicate the strength of a statistically non-significant coherence.
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Figure 6.5.3 Top: Summary of strengths and frequencies of coherences for both affected and
non-affected hands in the patient groups; the mean of the two hands is used for control subjects. Bottom:
Mean ± SEM values, separately for PICA and SCA patients as well as collapsed across the whole patient
group; dashed horizontal lines surrounded by the grey band illustrate mean ± SEM values of the controls.

Patient P5 showed abnormal coherence location in the affected side, seen from
2 days post-stroke onwards as illustrated in Fig. 6.5.4. This patient suffered from
clumsiness and dysdiadochokinesia in his right (non-dominant) hand. The time lag
from the cortex to the muscle, determined from the strongest cross-correlogram peak,
was exceptionally long for the affected side (–25 ms, compared with –12 ± 1 ms in
control subjects). Furthermore, the direction of the source current was reversed and it
was abnormally located in the premotor cortex (see Fig. 6.5.4, left). An additional
normally located source, with a normal direction of source current, was found with a
time lag of  –10 ms. Both sources were still present in the last measurement although
P5 was at that time clinically fully recovered.
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Figure 6.5.4 Left: The source of coherent MEG signals in patient P5. In the non-affected side
(triangle), the source is in the motor cortex, whereas an abnormally located and directed source (black
circle) was observed in the premotor cortex of the affected side in all measurements in addition to the
normally located and directed source (white circle). Right: Coherence spectra of the affected side shown
separately for each measurement both for the –25 ms source (thick lines) and for the –10 ms source (thin
lines). Horizontal lines indicate the level of statistical significance. Vertical lines are located at 20-Hz to
emphasise differences in the frequency contents of the two sources.

6.5.2 Discussion
The results of Study V suggest that cerebellar lesions may influence the

oscillatory communication between the M1 and hand muscles. Furthermore, different
anatomical sites of the cerebellar lesion may be responsible for the different effects on
the oscillatory cortex–muscle drive.

Lesions in the SCA territory cause dysarthria, unsteady gait, ataxia, dysmetria,
and clumsiness. Projections from the cerebellum to M1 pyramidal cells are
somatotopically organized (Hoover and Strick 1999), as is the M1 itself. Axial parts of
the body are represented in the vermis, while limbs and facial areas are represented in
the intermediate zone, where the tract controlling distal limb movements originates.
The lateral zone of the cerebellum is thought to participate in planning, initiation, and
timing of sequential movements (Ghez and Thach 2000). In contrast, the PICA supplies
caudal cerebellar areas that are mainly involved in controlling balance and eye
movements. Because of the somatotopy of the projections from the cerebellum to the
M1—and further from the M1 to hand muscles—one could expect to see changes in
cortex–muscle oscillatory interaction, if any, in patients with cerebellar lesions in the
intermediate zone in the SCA territory.

In two out of five SCA patients with hand symptoms, no cortex–muscle
coherence was observed in the acute phase in the affected side, whereas coherence was
robust in the non-affected side; no such phenomenon was seen in any of the control
subjects. In one patient, coherence emerged into the affected side during the follow-up.
It should be noted that in two out of the three remaining SCA patients who had hand
symptoms, coherence was near, if not below, the significance level in all
measurements.

Based on our study, the location and extent of the stroke, together with the
timing of the first measurement, may explain why not all patients with an infarct in the
SCA region showed hemispheric asymmetries or changes in corticomuscular
coherence.



44

MEG–EMG time lags were statistically significantly longer for the affected side
of the patients in the acute phase than for the control subjects. In addition, time lags
tended to be longer in the SCA than the PICA group, and the lags had a tendency to
shorten during the follow-up. In addition, one SCA patient showed a substantially
prolonged time lag between MEG and EMG signals, reversed source current direction,
and an abnormal localisation of the coherent source  (anterior to the M1), indicating an
abnormal route for cerebello-cortical oscillatory interaction.

6.6 Sources and modelling of sensorimotor ~20-Hz activity (Study VI)
Neuronal mechanisms underlying ~20-Hz oscillatory activity were studied by

administering GABAergic agonist benzodiazepine (diazepam) to 8 healthy subjects. A
conductance-based neuronal network simulation model was used to explain the
observed changes.

6.6.1 Results
Benzodiazepine increased the power and decreased the frequency of the ~20-Hz

activity over rolandic areas, while the ~10-Hz rolandic activity did not change
significantly. Fig. 6.6.1. illustrates the ~20-Hz changes in one subject and Fig. 6.6.2. in
all subjects.

Figure 6.6.1 Power spectra for Subject S2 calculated from the spontaneous brain activity before
(pre-BNZ, blue lines) and after (post-BNZ, red lines) the application of benzodiazepine. The spectra are
arranged according to the sensor locations on the helmet, spectra from planar gradiometers with the same
location but orthogonal orientations were averaged.
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Figure 6.6.2 Black dots in panel (a) mark the planar gradiometers over sensorimotor areas used
to calculate the averaged spectra in panel (b). Dotted and solid lines indicate the spectra for all 8 subjects
calculated for the conditions without (dashed lines) and with (solid lines) benzodizepines. Numerical
values refer to the identified peaks in the beta band.

Minimum current estimate (MCE) analysis suggested that the ~20-Hz activity
increased in about the hand area of the primary sensorimotor cortex. The ~20-Hz
activity was increased after the application of diazepam. The strongest sources
accounting for the ~10-Hz activity were in the left and right primary sensorimotor
cortex and in the parieto-occipital sulcus. The centres of the ~10-Hz and the ~20-Hz
activity were virtually identical before and after the application of benzodiazepine, as
shown in Fig. 6.6.3.
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Figure 6.6.3 Grand averages of minimum current estimates of spontaneous oscillatory activity
projected to the brain surface before (pre-BNZ) and after (post-BNZ) the application of benzodiazepine.
(a) Sources accounting for activity in the 8–12 Hz band. (b) Sources in the 13–35 Hz band. (c) A
representative example showing the co-registration of the centre of beta band sources on the MRI of
Subject S2.

Figure 6.6.4. shows the conductance-based neuronal network model that
comprises excitatory and inhibitory neurons. Simulations using different values for
inhibitory conductance between the inhibitory i-cells showed that as the conductance is
increased, the power in the ~20-Hz range increases, the maximal power increases, and
the spectral peak widens. Furthermore, the peak frequency decreases.

Figure 6.6.4 Schematic diagram of the model constructed of 64 excitatory (e-cells) and 16
inhibitory (I-cells).
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6.6.2 Discussion
We observed a clear increase in the stregth of ~20-Hz activity in bilateral

primary sensorimotor hand regions after the application of benzodiazepine, together
with a small decrease in the frequency of ~20-Hz activity. Previous MEG studies in
humans (Hari and Salmelin 1997) and intracortical recordings in monkeys (Sanes et al.
1993; Murthy and Fetz 1996; Baker et al. 1997) have identified sources of ~20-Hz
activity in the motor cortex. Our findings suggest that exactly these ~20-Hz sources in
the motor cortex are modulated by benzodiazepines. Therefore, we conclude that the
primary motor cortex is the primary cortical effector site of benzodiazepines. This
interpretation is highly consistent with bentzodiazepines acting as muscle relaxants.

Previous scalp EEG recordings have suggested that ~20-Hz activity primarily
increases over frontal regions after the application of benzodiazepines (Wanquier
1998). This result may appear conflicting with our observations at the first sight.
However, tangential current dipoles in the wall of the central sulcus can produce strong
electrical potentials over frontal areas, while planar gradiometers measure the strongest
signal just above the source currents in the sensorimotor area.

.

7. GENERAL DISCUSSION
This thesis focused on studying oscillatory interaction between the motor cortex

and muscles. The aim was to increase knowledge of factors that affect normal motor
cortex–muscle communication and to learn about the interaction in some pathological
states, such as Kallmann’s syndrome and the cerebellar stroke.

7.1 Methodological considerations
Accumulating evidence from neurophysiological studies suggests that coupling

of oscillatory neural activities is an important mechanism to establish neural
interactions both at the single neuron and at the neuronal population level. We used
MEG–EMG coherence to study this oscillatory interaction between the motor cortex
and muscles. Both MEG and EEG can provide millisecond-scale time resolution, but
MEG excels EEG in being less distorted by extracranial structures (cerebrospinal fluid,
meninges, skull, skin). MEG is sensitive to tangential components of currents, while
radial sources are better observed using EEG. EMG indirectly measures the activity of
the corresponding spinal motoneuronal pool regulating muscle function.

 The maximum 15–40 Hz coherence between MEG (or scalp-EEG) signals and
rectified EMG signals from skeletal muscles has been consistently reported to be
localised in the M1 in humans (Conway et al. 1995; Salenius et al. 1996; 1997a; Brown
1998; Halliday 1998; Kilner 1999; 2000; 2003; Mima and Hallett 1999; Kristeva-Feige
2002) as well as in monkeys (Baker et al. 1997). When studying healthy humans, we
found consistently the maximum MEG–EMG coherence between the contralateral
motor cortex and muscles, in accordance with previous MEG recordings. However, a
study employing subdural electrocorticography (EcoG) in patients with medically
intractable epilepsy (Ohara et al. 2000) reports oscillations coherent with the rectified
EMG of the upper limb muscles not only in the M1 but also in the S1, the SMA proper,
the cingulate gyrus and the lateral premotor cortex over the contralateral hemisphere.
Anatomically, this finding seems meaningful: all these areas project to the corticospinal
tract (Rizzolatti et al. 1998) or are in close connection with the M1. Mainly based on
the time-lag analysis, Ohara et al. (2000) concluded that the coherence in the S1 and
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lateral premotor cortices may reflect functional connection between the S1 (or the
lateral premotor cortex) and the M1, rather than direct influence upon EMG
rhythmicity. The SMA proper may exert its influence on spinal motoneurons either
directly or it may drive them indirectly through the M1 (Ohara et al. 2000, 2001).

The differences between the electrocorticographic and MEG studies might be
related—in addition to differences in subject populations studied—to the preference of
MEG to tangential currents. Due to the close anatomical proximity of the left and right
SMAs—in the mesial walls of the two hemispheres—the tangential currents will cancel
each other and are thus invisible to MEG. Normally, the strongest MEG–EMG
coherence is localised to the M1, and this source explains the observed distribution of
signals sufficiently. However, it is possible that if another similarly (or almost
similarly) directed cortical source existed near the M1, the two sources could be
considered as one. Therefore, the MEG–EMG coherence findings do not necessarily
conflict with the electrocorticography findings. Interestingly, one of our cerebellar
infarct patients showed coherence between the premotor cortex and muscle rather than
between the M1 and muscle in the acute phase, suggesting that—at least in some
subjects—the premotor cortex may even be the main source of corticomuscular
coherence.

An alternative recent method to study MEG–EMG coherence, and also
MEG–MEG coherence, is the Dynamic Imaging of Coherent Sources (DICS) method,
developed and employed by Gross et al. (Gross et al. 2002; 2005). In the DICS
analysis, coherence is calculated in selected frequency bands. Then, using spatial
filters, topographic coherence maps can be created. Using DICS, Gross et al. (2002)
showed that 6- to 9-Hz pulsatile velocity changes of slow finger movements were
directly correlated with oscillatory activity in the motor cortex, which was sustained by
a cerebellar drive through the thalamus and the premotor cortex at this frequency. Data
were not reported about any other frequency bands. In previous MEG and EEG studies,
~10-Hz MEG–EMG (or EEG–EMG) coherence has been reported only as an
occasional finding in some subjects. These differences observed with different analysis
techniques are probably related to the motor task employed (slow dynamic vs.
isometric or hold–ramp–hold motor task). As Vallbo and Wessberg (1993) have
documented, slow finger movements show incontinueties at ~10-Hz frequency, and
thus the results cannot be generalised directly. Analyses of MEG–MEG coherence
between different cortical areas participating in the motor control can open new
insights to the dynamic control of movements in the future.

7.2 Spontaneous sensorimotor rhythms, their reactivity and association with
cortex–muscle coherence

Previously, the ~20-Hz component of the mu-rhythm has been associated with
the activity in the motor cortex, while the ~10-Hz component has been thought to arise
more from the somatosensory system (Salmelin and Hari 1994). Previous studies have
presented several lines of evidence to support this division: the rolandic ~20-Hz rhythm
originates predominantly in the precentral motor cortex. Oscillatory activity at this
frequency has been recorded intraoperatively from the anterior wall of the human
central sulcus (Jasper and Penfield 1949) and from the monkey M1 (Sanes et al. 1993;
Murthy and Fetz 1996; Baker et al. 1997). In addition, MEG recordings have shown
the ~20-Hz component of the rolandic mu-rhythm to arise slightly more anterior than
the ~10-Hz component in the postcentral somatosensory cortex and the time behaviour
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of the two components to be different (Salmelin and Hari 1994; Salmelin et al. 1995).
Furthermore, the origin of the cortex–muscle coherence at 15–35 Hz has been
localised, by means of source analysis, to the motor cortex. A recent
electrocorticographic study (Crone et al. 1998) reported event-related desyncronisation
of the 10-Hz and the 20-Hz frequency bands both anterior and posterior to the central
sulcus. Whereas their study monitored the event-related desyncronisation of 10-Hz and
20-Hz activities, previous MEG studies employed the rebound instead. Subdural
electrocorticographic electrodes are more sensitive to near-by radial sources, whereas
MEG is more sensitive to tangential components. In addition to methodological
differences, subject populations were different: preoperative patients vs. healthy
subjects.

Salenius et al. explored the relationship between the magnetic mu rhythm level
and the strength of coherence by delivering occasional median nerve stimuli at wrist
during isometric contraction to elicit poststimulus ~20 Hz rebound (see Hari and
Salenius 1999). The time courses of the rolandic 15–35 Hz rhythm and the strength of
the MEG–EMG coherence were highly similar, consistent with the hypothesis that
changes in MEG–EMG coherence are due to the rhythmic modulation of the output
from the M1. However, it should be noted that the base level of ~20-Hz activity is not
tightly one-to-one coupled with the strength of MEG–EMG coherence, in accordance
with our results (Study I). Baker and Baker (2003) showed that benzodiazepine-
induced increase in the cortical ~20-Hz activity did not increase cortex–muscle
coherence, thereby demonstrating a dissociation between the power of cortical
oscillations and the corticomuscular commnication. In another work (Riddle et al.
2004), carbamazepine increased the coherence without any effect on cortical ~20-Hz
power. These findings suggest that the cortex–muscle coherence may have an
independent role in stabilising motor control..

Cortex–muscle coherence has also reported on higher frequencies (> 30 Hz)
both in healthy subjects and in myoclonic patients (Salenius et al. 1996; Brown et al.
1998; 1999). Recently, Schoefflen et al. (2005) showed that subjects’ readiness to
respond in a simple reaction-time task was closely correlated with the strength of their
40–70 Hz coherence between the motor cortex and muscle, thus suggesting that
coherence in gamma-band frequencies might be associated with the selection of a
motor response.

7.3 Sensory modulation of cortex–muscle oscillatory communication
Tactile and proprioceptive inputs to the M1 cortex have an important and well-

known role in the adjustment of voluntary movements. Whether these inputs have
impact on the oscillatory interaction between the motor cortex and muscles has been
less studied.

Spontaneous motor cortex activity has been shown to be suppressed after
selectively noxious laser stimuli (Raij et al. 2004); such a suppression has been
interpreted to indicate excitation of the M1 cortex (Salmelin and Hari 1994; Salenius et
al. 1997b; Schnitzler et al. 1997; Hari et al. 1998a). Chronic pain is clinically often
associated with motor dysfunction. On the other hand, the motor cortex stimulation has
been shown to alleviate severe chronic pain (Tsubokawa et al. 1991; Turken and Surick
1999).

We addressed the question of sensory impact on M1–muscle interaction in two
studies: by reducing/abolishing sensory input from the periphery into the motor cortex
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(Study II) and by stimulating skin with non-painful tactile and painful laser stimuli
(Study III). We showed that the strength of cortex–muscle communication was reduced
by sensory deafferentation and transiently increased by both tactile and painful laser
stimulations. Our results suggest that sensory input—and pain to an even greater
extent—modulates the oscillatory drive from the motor cortex into the spinal
motoneuronal pool.

In accordance with findings of our deafferentation study, Kilner et al. (2003)
reported a single subject who has a total loss of touch, vibration, pressure and
kinesthetic sensations below the neck level. In this subject, cortex–muscle coherence
was weak, if existing. However, it should be kept in mind that corticomuscular
coherence can be very weak or even absent even in healthy subjects. In addition,
manipulation of peripheral feedback loops during isometric contraction by cooling the
arm recently showed decrease of corticomuscular coherence in six out of fifteen
subjects (Riddle and Baker 2005) suggesting the importance of peripheral feedback in
modulating coherence.

Kilner et al. (2003) suggested that increase in cortex–muscle coherence may
reflect the resetting of the descending motor commands needed for changes in motor
states, such as transition from phasic movement to steady grip. Probably the same kind
of resetting is needed after tactile or painful stimuli (reflecting changes in subjects’
environment) to stabilise the cortical control of ongoing motor activity.

7.4 Role of cerebellum in corticomuscular oscillatory communication
The cerebellum has an indisputable role in motor control. Patients with

cerebellar lesions may have problems in coordinating the direction and strength of their
movements and in performing sequential movements, in addition to possible problems
in balance, hearing or speech. The site of the lesion determines the clinical symptoms.
The connections from the cerebellum to the cerebrum are not direct but are mediated
through the thalamus. However, the somatotopy is preserved (Hoover and Strick 1999).

Our findings suggest that cerebellar lesions may influence the oscillatory 15–35
Hz communication between M1 and hand muscles, possibly depending on the
anatomical site and extent of the lesion. We did not observe changes in the
cortex–muscle communication in patients with PICA infarct. Conversely, some of the
SCA infarct patients displaying motor hand symptoms did show altered or missing
cortex–muscle interaction. To confirm these preliminary results, further studies with
larger and clinically homogeneous population are needed.

Interestingly, Gross et al. (2002) suggested that the cerebellum communicates
with the motor cortex (via thalamus and premotor cortex) at the 6–9 Hz during slow
finger movements. We did not observe cortex–muscle coherence at this frequency
range in healthy control subjects nor on the non-affected side of our cerebellar patients
at any stage of the follow-up. It is possible that slow dynamic finger movements are
regulated in a different frequency range than the static isometric contractions  we used
as a task in all our studies.

7.5 Reproducibility of cortex–muscle coherence
Hitherto, cortex–muscle coherence has mainly been a tool for basic research. It

is essential to know how well the results can be replicated before one can estimate the
usefulness of this method in clinical work or in follow-up studies.
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Study V confirmed our previous observations that not all healthy subjects show
coherence between the M1 and hand muscles. In our study, about 80% of all subjects
showed significant coherence. Those subjects with absent coherence did not differ from
the others in their gross motor performance but we did not test their dexterity in any
detail. Semmler et al. (Semmler et al. 2004) recently reported the motor unit coherence
between the hands was weaker, in both hands, in skill-trained than in control subjects.
Therefore, training might influence also cortex–muscle coherence.

We did not find correlation between vigilance level and coherence or between
the base level of rolandic ~20-Hz activity and coherence. In fact, one subject with
absent coherence had high ~20-Hz activity both during rest and during isometric
contraction. Thus, the reason for absent cortex–muscle coherence in some subjects
remains open.

The interindividual variation in the strength of coherence was pronounced and
the reproducibility, although acceptable within the session, was low between the
sessions. The reproducibility of the frequency of the cortex–muscle coherence was
more robust than the strength both within the measurement session and between two
sessions. To achieve best reproducibility of frequency, the 50% cumulative mean
values of the two measurements should be used. Thus, group level studies comparing
different conditions within one session are feasible, but results of single subjects or
different sessions should be interpreted with caution. Therefore, at the moment the
clinical use of this method is limited to the functional mapping of the M1.

7.6 Cortex–muscle coherence as an indicator of abnormal functional
connections

Corticomuscular coherence can be used as an indicator of abnormal functional
connections between the motor cortex and peripheral muscles. Normally, coherence at
15–35 Hz is observed only between the contralateral motor cortex and hand. However,
ipsilateral coherence has been reported in some pathological states such as the writer’s
cramp (Butz et al. 2005). We used MEG–EMG coherence to reveal an abnormal
ipsilateral functional connection: the same (either right or left) hemisphere interacted
with hand muscles on both hands in a subject with mirrored hand movements as a part
of his clinically suggestive Kallmann’s syndrome. Our findings are in accord with
previous TMS and PET studies (Britton et al. 1991; Cohen et al. 1991; Danek et al.
1992; Krams et al. 1997), suggesting an abnormal corticospinal tract to be responsible
for the mirror movements.

7.7 Effects of benzodiazepines on the motor cortex and its ~20-Hz rhythm
Benzodiazepines are commonly used in clinical work as muscle relaxants and

tranquilizers. We showed the motor cortex to be a principal effector site of
benzodiatzepines concerning motor functions. We also indicated that benzodiazepines
increase the ~20-Hz power and decrease the peak frequency of the rolandic oscillations.
A conductance-based neuronal network model explained these changes. An increase in
IPSCs onto the inhibitory neurons was more important for generating neuronal
synchronisation in the ~20-Hz band than an increase in IPSCs onto excitatory
pyramidal cells.
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7.8 Future aspects
Evolution of imaging techniques (such as MEG, TMS, fMRI, PET, and SPECT)

has enabled the study of human motor system in more detailed manner than it was
possible previously. These techniques can be used to determine how different brain
areas contribute to the motor control and to investigate dynamic changes occurring
within or between the brain areas. The MEG–EMG coherence method, which was used
in most studies of this thesis, gives a fresh view to the dynamic interaction and
functional connections between the motor cortex and muscles. However, possible new
clinical applications will require improvements of replicability of measures between
sessions. In the near future, the main clinical indication remains to be the preoperative
identification of the motor cortex in epileptic and brain tumour patients.

In addition to MEG–EMG coherence, the cortex–muscle communication can be
also studied with different kind of TMS techniques. TMS has also been established in
the clinical use. In the future, the most interesting results will be expected from the
studies providing information about plastic changes during learning processes or about
reorganisation of the motor control after lesions. In addition, more knowledge of the
interaction between different brain areas involved in motor control is needed. Probably,
the most fruitful approach will be achieved by combining methods with good temporal
and spatial resolution.

8. SUMMARY
Oscillatory activity of the human motor cortex and muscles is coupled at about

15–35 Hz. The strength of this communication is reflected icortex–muscle coherence,
which measures the linear dependence of the two signals; here, of MEG and EMG.

In Study I, reproducibility of coherence was studied both within one session
consisting of two identical measurements and between two sessions. The frequency of
coherence turned out to be robust from one measurement to another and between the
sessions. The reproducibility of the strength of coherence was satisfactory within
session but low between the sessions. In addition, the strength was variable across the
subjects and was missing in 20% of our subjects. We conclude that this method is
suitable for comparing different conditions at group level within a session. However,
caution is needed for interpreting data of single subjects or data between two different
sessions.

In Studies II and III, interactions between the motor and sensory as well as
between motor and pain-mediating systems were studied. Deafferentation of peripheral
sensory input resulted in decreased strength of coherence but did not alter the
frequency of coherence, thereby suggesting that sensory input modulates the strength of
cortex–muscle interaction but that the feedback loop is not essential for the generation
of coherence.  Study III indicated that both non-painful tactile stimuli and selectively
noxious laser-stimuli increased corticomuscular oscillatory communication. This
finding also adds to evidence of involvement of the M1 in response to pain.

In Study IV, coherence was used to investigate functional connections between
the motor cortex and hand/foot muscles in a subject with mirror movements as a part of
his clinically suggestive Kallmann’s syndrome. We could show that the same (either
right or left) hemisphere interacted with hand muscles of both hands during mirror
movements. This finding added to the knowledge of pathophysiological basis of mirror
movements.
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The cerebellum is an essential part of the motor system, and we therefore
studied the influence of the unilateral cerebellar lesion on the oscillatory
communication between the M1 and muscle. The obtained findings (Study V) suggest
that cerebellar lesions may influence this interaction, most lilely depending on the
anatomical site and extent of the lesion.

In Study VI, we demonstrated that the main cortical effector site of the
benzodiazepines is the motor cortex and that the bentsodiazepines increase the power
and slightly decrease the frequency of the ~20-Hz activity in the rolandic area. In
addition, our findings support the generation of ~20-Hz activity at M1.

In the future, combining different research methods will probably teach us more
about the communication between the motor cortex and muscles.
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