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Chapter 1

General Introduction

1.1 Corticospinal System in VVoluntary Movements

Human brains contain several distinct cortical motor circuits that contribute to voluntary
movements. These circuits converge to the primary motor cortex (M1), which executes
motor commands by transmitting them to the spinal cord and muscles. Thus, M1 is
considered to be a ‘final common path determiner of movement’ (Goldring and Ratcheson,
1972). One key input reaches to M1 from the ventral premotor area (PMv) and dorsal
premotor area (PMd), which in turn receive input from the parietal association cortex (Fig.
1-1). This parietal-premotor circuit guides object-oriented voluntary actions, such as grasping,
using current sensory input that is served from the primary somatosensory cortex (S1).
However, recent studies suggest that the parietal-premotor circuit contributes to not only
object-oriented actions but also self-paced actions (Gold and Shadlen, 2007; Shadlen and
Newsome, 2001).

To produce movement, motor commands originated from cortical motor circuits must
reach the spinal motoneurons. The corticospinal system is therefore involved in the control of
all aspects of body movement. In humans, the corticospinal tract consists of approximately
one million axons, of which 30% to 40% originate from neurons in the M1. M1 is the only
area of motor cortex that monosynaptically connects with spinal motoneurons. These
monosynaptically projecting cortical neurons are called corticomotoneurons. The rest of the

axons have their origins mainly in the parietal association cortex and in the premotor cortex



(Fig. 1-2), which consists of several functionally distinct areas, such as PMv, PMd, and the
supplementary motor area (SMA). The premotor cortex sends fibers to interneurons in the
intermediate zone of the spinal cord (Dum and Strick, 1991). The parietal association cortex
sends fibers to the dorsal horn that contains the sensory neurons of the spinal cord. All of
corticospinal axons from these various areas descend through the subcortical white matter,
internal capsule, and the pyramidal decussation, and terminate in the spinal cord of the

opposite side.

Parietgl )
association cortex

Figure 1-1. A brain circuit for voluntary actions

Information from the S1 is relayed to the parietal association cortex, and from there to the
PMv and PMd, which project in turn to the M1. This parietal-premotor circuit not only
guides object-oriented actions, such as grasping, using current sensory input, but also

contributes to some aspects of self-paced actions (Modified from Haggard, 2008).
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Figure 1-2. Cortical origins of the corticospinal tract
Neurons that modulate the activity in the contralateral arm and hand muscles originate in the
M1, S1, parietal association cortex, and many subdivisions of the premotor cortex, such as

the PMv, PMd, and SMA (Modified from Rizzolatti and Strick, 2013).

The terminal of a single corticomotoneuronal axon often branches and terminates on
spinal motoneurons for several different agonist muscles. A single corticomotoneuron can
also influence the contractile activity of still more muscles through synapses on spinal
interneurons (Fig. 1-3). This termination pattern is functionally organized to produce
coordinated patterns of activity in a muscle field of agonist and antagonist muscles. Most
frequently, a single corticomotoneuron excites the spinal motoneurons for several agonist
muscles and indirectly suppresses the activity of some antagonist muscles through local

inhibitory interneurons. Comparing corticomotoneurons projecting to wrist flexor and



extensor muscles in primates, the extensor corticomotoneurons have a larger muscle field
than the flexor corticomotoneurons (Fetz and Cheney, 1980; Kasser and Cheney, 1985). The
flexor corticomotoneurons have the ability to inhibit as well as to facilitate their target spinal
motoneurons, whereas the extensor corticomotoneurons appear only to have descending
facilitatory control (Cheney et al., 1985). This anatomical finding suggests that an ability to
modulate the corticospinal excitability of flexor muscles and extensor muscles induced by

preparation or imagery of agonist muscle contraction might not be equivalent.

Spinal cord

Extensor
motoneurons

Inhibitory
interneurons

Flexor
motoneurons

Figure 1-3. Divergent corticomotoneuronal connections that innervate different arm
muscles

Corticomotoneurons in the M1 project their fibers monosynaptically to the spinal

motoneurons. Different colonies of corticomotoneurons in the M1 terminate on different

combinations of spinal interneurons and motoneurons, thus activating different combinations

of flexor and extensor muscles (Modified from Kalaska and Rizzolatti, 2013).



1.2 Technique to Assess Corticospinal Excitability

1.2.1 Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is a noninvasive brain stimulation technique,
which uses a rapidly changing magnetic field to elicit electric currents that excites cortical
neurons running parallel to the cortical surface via electromagnetic induction (Fig. 1-4). TMS
causes to fire layer V pyramidal neurons indirectly via interneurons (I-waves) that originate
in cortical layer Il and Il (Di Lazzaro et al., 2012). The stimulus-induced muscle activity,
called motor evoked potential (MEP), is recorded by surface electromyogram (EMG).
Depends on a number of stimulus pulses and its intensity, TMS enables to assess various

phenomena related to the cortical or corticospinal excitability.

7— Magnetic field

TMS coil and electric current in the coil

Electric current in brain

Skull and the layers of tissue

Figure 1-4. Principles of TMS

A Drief strong electric current travels through the coil held over the scalp, setting up a
perpendicularly directed magnetic field. A rapidly changing magnetic field is passed through
the skull and layers of tissue, and produces an electric current in the cortex running parallel

to the cortical surface (Modified from Ridding and Rothwell, 2007).



Single pulse TMS provides information about corticospinal excitability by measuring
variables such as motor threshold (the threshold stimulation intensity at which an MEP can
be elicited) and MEP amplitudes (Day et al., 1989). In this technique, TMS coil is generally
held over the M1 in the optimal position for eliciting a response in the muscle of interest.
Additionally, the recruitment curve (the slope of the increase in MEP amplitude with
increasing stimulation intensity) and the motor map area (Size of the scalp area over which an
MEP can be elicited) convey information of corticospinal excitability (Cohen et al., 1991).

Paired pulse TMS is delivered through one or two separate magnetic coils at varying
inter-stimulus intervals (I1SIs) to elicit measurable inhibition or facilitation (Fig. 1-5). For
paired pulses delivered to the same hemisphere at short ISIs (1-4 ms), the MEP produced by
a suprathreshold test stimulus preceded by a subthreshold conditioning stimulus is smaller
than that produced by an test stimulus alone (Kujirai et al., 1993). This phenomenon is
referred to as short interval intracortical inhibition (SICI). SICI is quantified as the MEP
amplitude produced by the conditioned test stimulus expressed as a percentage of that
produced by the test stimulus alone. Pharmacological study provided more detailed
information about the mechanisms of SICI. y-aminobutyric acid (GABA)a agonists enhance
SICI (Ziemann et al., 1996). The magnitude of SICI is considered to represents the activity
of GABA, interneurons in M1.

Paired pulses delivered to the same hemisphere at 1SIs of 8-20 ms, using a subthreshold
conditioning stimulus to influence the response to a subsequent suprathreshold test stimulus,
induces larger MEP compared to the MEP produced by the test stimulus alone (Kujirai et al.,
1993). This phenomenon is termed intracortical facilitation (ICF). Since Dextromethorphan,

which is N-methyl-D-aspartate antagonists, abolishes ICF (Ziemann et al., 1998), the



magnitude of ICF appears to reflect the activity of excitatory glutamatergic interneurons

within M1 and N-methyl-D-aspartate receptors.
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Figure 1-5. MEP size changes in response to the paired pulse TMS paradigm

(@) Hlustrated MEP traces were recorded from the first dorsal interosseus muscle. (b) The
MEP sizes are expressed as a percentage of the control (unconditioned) MEPs, and plotted
against the 1SI. The conditioning stimulus inhibits the test MEP at short 1SIs (1-4 ms) but
facilitates it at longer intervals (8-20 ms) (Modified from Kobayashi and Pascual-Leone,

2003).

1.2.2 F-wave and H-reflex
F-wave and H-reflex are methods for testing the excitability of human spinal motoneurons
induced by the peripheral nerve stimulation. Both responses can be recorded using surface
EMG, but the technique to elicit response and its physiological mechanism are different.

The F-wave reflects backfiring of a small number of motoneurons, which are
reactivated by antidromic impulses following supramaximal stimulation of a peripheral nerve

(Fig. 1-6a). When applying to the supramaximal stimulation, large orthodromically evoked



compound muscle action potential (CMAP), called the maximal M-wave, is firstly observed,
and then small antidromically evoked CMAP (F-wave) is observed. The latency of a F-wave
therefore includes the time required for the action potential to travel antidromically from the
site of electrical stimulation to the anterior horn cells (spinal motoneurons) and the time to
travel orthodromically from the anterior horn cells to the muscle. Because F-waves are small
(often less than 0.5 mV) and varied in size and shape, large number of responses is collected
for averaging its amplitude and calculating the percentage of stimuli evoking a response (Lin
and Floeter, 2004).

Typical F-wave measurement in excitability experiments is mean amplitude and
persistence. Mean F-wave amplitude is obtained by averaging the unrectified amplitude of
each F-wave measured either ignoring instances when no F-wave is seen or recording them
as zero. An increase in mean F-wave amplitude that ignores trials where no F-waves are
recorded would indicate a shift in motor units recruited from smaller ones to larger ones. If
trials where no responses are included, this measure would be influenced by the excitability
of total spinal motoneurons. F-wave persistence is the percentage of times an apparent
F-wave is recorded relative to the number of stimuli presented. This measure probably best
reflects an increase in motoneuron excitability. F-wave latency, the most sensitive measures
of diffuse nerve disorder, is unlikely to be influenced by cortical activity (Rivner 2008).

H-reflex is evoked by the submaximal stimulation and reflects the response of the
motoneurons to a volley from la afferent fibers (Fig 1-6b). Comparison of H-reflex size to
the maximal M-wave enables to estimate the motoneurons involved in the H-reflex. Similar
to the descending input during voluntary contractions, the synaptic la input will recruit
motoneurons in an orderly fashion from smallest to largest according to the Henneman size

principle (McNeil et al., 2013), though F-wave occurs preferentially in large motoneurons



because the antidromic volley collides with the H-reflex impulse in small motoneurons. The
sensitivity of the H-reflex to the changes in motoneuronal excitability is better than that of
the F-wave (Hultborn and Nielsen, 1995). However, the H-reflex size is altered by spinal
motoneuron excitability as well as mechanisms acting on the afferent volley (e.g.,
presynaptic inhibition), whereas occurrence of the F-wave solely depends on the excitability

of spinal motoneurons (Pierrot-Deseilligny and Burke, 2005).

1.3 Effects of Motor Imagery on the Corticospinal Excitability

Motor imagery, defined as internal rehearsal of a movement without any overt physical
movement (Decety, 1996), has been demonstrated beneficial in sports training (Lotze and
Halsband, 2006) and motor rehabilitation in patients with movement disorders (Jackson et al.,
2001; Riccio et al., 2010). The neuronal representations of motor imagery have been studied
intensively for years using brain imaging techniques, such as functional magnetic resonance
imaging (fMRI), electroencephalogram (EEG), and positron emission tomography (Dechent
et al., 2004; Gao et al., 2011; Halder et al., 2011; Naito et al., 2002; Neuper et al., 2005;
Porro et al., 1996; Yuan et al., 2010). These studies demonstrated that the brain activation
pattern was similar to the brain regions activated during actual movement, such as M1, S1,
SMA, PMv, PMd, and inferior parietal lobule that is a part of parietal association cortex,
when a participant follows the instruction ‘imagine yourself performing a specific action’
(termed kinesthetic motor imagery). If the instruction is ‘imagine observing yourself
performing an action as in a picture’ (termed visual motor imagery), the motor system is
weakly activated. Thus, kinesthetic motor imagery corresponds to a subliminal activation of

the motor system, with similar mechanism underlying movement execution.
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Figure 1-6. Pathways involved in the production of the F-wave and H-reflex

(&) A small number of motoneurons discharge to produce F-waves after antidromic impulses
reach their soma. The orthodromic response (M-wave) precedes the antidromic response of
the spina motoneurons (F-wave). F-wave occurs preferentialy in large motoneurons because
the antidromic volley collides with the H-reflex impulse in small motoneurons. (b)
Submaximal stimulus evokes a single afferent volley that recruits motoneurons for the

H-reflex according to the size principle.
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fMRI and positron emission tomography measure hemodynamic cortical activity but not
necessarily electric cortical excitability. EEG reflects electric neural activity but is inferior in
spatial resolution. Therefore, excitability in a specific cerebral area is generally examined by
single and paired pulse TMS. It is well known that MEPs following single pulse TMS to the
M1 are enhanced in the muscles during imagination of their movements (Abbruzzese et al.,
1996; Facchini et al., 2002; Hashimoto and Rothwell, 1999; Kasai et al., 1997; Kier et al.,
1997; Rossini et al., 1999; Sohn et al., 2003; Yahagi and Kasai, 1998). Stinear et al. (2006)
demonstrated that kinesthetic, but not visual, motor imagery increased corticospinal
excitability. Paired pulse TMS paradigm clarified SICI was significantly reduced during
motor imagery but not ICF (Patuzzo et al., 2003). All of them show that increase in the M1
excitability during motor imagery is evident.

Both H-reflex and F-wave techniques, in combination with TMS over M1, have been
used to explore the changes in supraspinal and spinal excitabilities during motor imagery.
Some researchers have found no effect of motor imagery on H-reflex (Abbruzzese et al.,
1996; Hashimoto and Rothwell, 1999; Kasai et al., 1997; Patuzzo et al., 2003), whereas
others have found a facilitatory effect in half of their subjects, resulting in a statistically
significant difference (Kiers et al., 1997). Another study also found significant increase in
H-reflex amplitude during motor imagery, and they argued that it was vyielded in
subthreshold activation of spinal motoneurons elicited by the increased M1 excitability
accompanying motor imagery (Gandevia et al., 1997). Rossini et al. (1999) reported specific
facilitation of the F-waves recorded from intrinsic hand muscles during motor imagery. On
the other hand, there was no change in F-waves in some motor imagery studies, also
recorded from intrinsic hand muscles (Facchini et al., 2002; Sohn et al., 2003; Stinear et al.,

2006). Thus, in contrast to the effect of motor imagery on the M1 excitability, whether motor

-11-



imagery alters spinal excitability is still under debate.

1.4 Event-Related Desynchronization in Electroencephalogram

EEG is one of the oldest and most widely used methods for the investigation of the electric
activity of the brain. The scalp EEG, recorded by a single electrode on the scalp, is a
spatiotemporally smoothed version of the local field potential, integrated over an area of 10
cm? or more (Buzséki et al., 2012). In standard practice, the electrode position for EEG
recording is defined by the International 10-20 System (Fig. 1-7). This relies on taking
measurements between certain fixed points on the head. The electrodes are then placed at
points that are 10% and 20% of these distances. Each electrode site is labeled with letter and
number. Of note, EEG channel of C3 and C4 generally correspond to the hand area of S1 and
M1 and partially overlap with the premotor cortex.

Studies of oscillatory EEG signals in the sensorimotor and premotor cortices provide an
implication of how the information processing related to voluntary movements in multiple
motor areas is accomplished. Actual movement as well as motor imagery and movement
preparation produces an event-related desynchronization (ERD), which is a decrease in EEG
amplitude, over the sensorimotor area in the frequency range of alpha (7-13 Hz) and beta
(14-26 Hz) bands (Gerloff et al., 2006; Neuper et al., 2005; Pfurtscheller and Lopes da Silva,
1999). ERD is the most prominent over the contralateral sensorimotor area during motor
preparation and extends bilaterally with movement initiation. ERD during hand motor
imagery is very similar to the pre-movement ERD, i.e., it is mainly observed over the
contralateral sensorimotor area (Neuper and Pfurtscheller, 1999). A localized sensorimotor
ERD is interpreted as an electrophysiological correlate of an activated cortical area, and a

localized event-related synchronization (ERS), which is an amplitude increase, is typically
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viewed as a correlate of a deactivated cortical area and may represent idling or inhibitory

cortical activity (Pfurtscheller et al., 1996).
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Figure 1-7. International 10-20 System for EEG electrode placement

A system of EEG electrode placement on the scalp in which the adjacent electrodes are
placed in a line at either 10% or 20% of the total distance on the skull between the nasion
and inion in the sagittal plane and between the right and left preauricular points in the
coronal plane. Capital letters “Fp”, “F”, “T”, “C”, “P”, and “O” correspond to the prefrontal,
frontal, temporal, central, parietal, and occipital cortices, respectively. The small letter “z”
refers to an electrode on the midline. Even numbers refer to electrodes on the right
hemisphere, and odd numbers refer to those on the left hemisphere. The letter ‘A’ represents

the earlobes (Modified from Jasper, 1958).
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Several studies attempted to investigate the mechanism of changes in brain rhythmic
activity. In 1980s, it had been proposed that brain oscillations in neural populations might be
determined by neuronal pacemakers as in the heart. However, Steriade and Llinas (1988)
revealed the thalamo-cortical relay (TCR) nucleus could not generate spindle oscillations
after disconnection from the inhibitory thalamic reticular (ITR) nucleus. This finding
suggested the interplay between the TCR neurons and the ITR neurons plays an important
role in the control of the cortical dynamics of brain oscillations (Fig. 1-8). Further,
Pfurtscheller and Lopes da Silva (1999) depicted the generation model of ERD. This model
illustrated ERD results from changes in the functional connectivity within the
thalamo-cortical feedback loop. The changes can be due to a variety of factors. In particular,
they may depend on modulating influences arising from cholinergic input from the brain
stem afferents (Suffczynski et al., 1999).

Recently, Pfurtscheller (2006) proposed the Cortical Activation Model (Fig. 1-9),
which demonstrated the relationship between cortical activation and the amplitude of EEG
oscillations. He argued that the cortical activation results in phasic changes in synchrony of
cell population in the sensorimotor area due to externally or internally paced events. This
model attempted to demonstrate whether an internally or externally paced event explains an
ERD or ERS in a specific frequency band. The amplitude of network-specific oscillations
depends on, in addition to other factors, the number of neurons available for synchronization

and the excitability level of neurons.
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Figure 1-8. Thalamo-cortical connections involved in the generation of brain rhythmic
activity (ERD and ERS)

Each TCR neuron receives inputs from the ascending afferents and projects upon a localized
region of the sensorimotor area. The TCR neurons also send excitatory inputs to the
inhibitory ITR neurons. The ITR neurons are connected to each other and send back fibers to
the TCR neurons. The connection of the excitatory TCR neurons and inhibitory ITR neurons
creates a negative feedback loop and contributes to the generation of intrinsic cortical
oscillations. Both TCR and ITR neurons receive cholinergic modulatory input from the brain

stem afferents (Modified from Pfurtscheller and Lopes da Silva, 1999).
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Figure 1-9. Diagram of the relationship between cortical activation, excitability level of
neurons, and availability of neurons for synchronization

(@ The relationship between cortical activation (horizontal axis) and amplitude of EEG
oscillations in a specific frequency band. The right vertical axis represents the excitability level
of neurons, and the left vertical axis represents the availability of neurons for synchronization.
(b) ERD or ERS depends on the baseline level of the cortical activation at the time-point of an
externally or internally paced event. At a certain baseline level of the cortical activation (point
A), an increase in the cortical activation results in an ERD. (c) A decrease in the cortical

activation (inhibition) induces an ERS (Modified from Pfurtscheller, 2006).

Motor imagery-induced ERD and the blood oxygen level dependent (BOLD) signal by
fMRI co-localized at the sensorimotor area, and the magnitudes of ERD and BOLD
co-varied (Formaggio et al., 2010; Yuan et al., 2010). These results supported the Cortical
Activation Model in which ERD during motor imagery represents increase in the
sensorimotor cortical activation. Simultaneous TMS-EEG technique provided the evidence
of a concurrent increase of MEPs induced by single pulse TMS over the M1 and
sensorimotor ERD at 11-13 Hz during motor imagery (Hummel et al., 2002). More recently,
a positive correlation between the alpha or beta band ERD and the MEP amplitude was

shown (Maki and Ilmoniemi, 2010; Sauseng et al., 2009; Shultz et al., 2013). Nevertheless, it
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remains unclear whether ERD during motor imagery recorded over the sensorimotor area
actually represents either or both the excitability of M1 and spinal motoneurons, because
MEP induced by the single pulse TMS reflects the corticospinal excitability but not the
independent excitabilities of the M1 and spinal motoneurons. Concurrent use of EEG with
paired pulse TMS enables to identify what parts of the intracortical circuits involved in motor
output change their activity during motor imagery accompanied by ERD.

Addition to the sensorimotor area, ERD was observed over the SMA and the posterior
association cortex during voluntary hand movement (Babiloni et al., 1999). It has been
suggested that ERD over the SMA and the posterior association cortex reflects the regional
cortical activity (Chen et al., 2010; Ritter et al., 2009). Information from the parietal
association cortex is relayed to PMv and PMd and thence to the M1, which executes motor
commands by transmitting them to the spinal motoneurons for the initiation of voluntary
movements. SMA has efferent fibers to the spinal interneurons. Thus, the activity in these
higher motor cortices might influence on the excitability of spinal motoneurons. However,
there is no empirical evidence of the relationship between ERD over the higher motor

cortices and the excitability of spinal motoneurons.

1.5 Brain-Computer Interface for Neurorehabilitation

Recent advance in neurotechnology has led to an increased interest in the brain-computer
interface (BCI) that translates brain activity into control signals of computer or machines,
e.g., neuroprosthetics or robotic devices (Daly and Wolpaw, 2008), as a tool for
rehabilitation in stroke patients with severe hemiplegia. This type of BCI often exploits ERD
in scalp EEG recorded over the sensorimotor area, which is observed when patients attempt

to move the paretic hand, and provides immediate sensory and/or visual feedback contingent
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upon their ipsilesional ERD. Stroke rehabilitation using the ERD-based BCI demonstrated
significant recovery of motor function in the paretic limb (Ang et al., 2011, 2014; Buch et al.,
2008; Mukaino et al., 2014; Ono et al., 2014; Ramos-Murguialday et al., 2013; Shindo et al.,
2011; Varkuti et al., 2012; Young et al., 2014). Thus, the ERD-based BCI is believed to
somehow affect the neural plasticity that facilitates motor recovery. One possible mechanism
is that the visual and sensory feedback of whether the ERD has occurred serves as a reward
in the framework of reinforcement learning, and it enables to control the brain oscillatory
activity that is translated into a reaching and grasping movement of the paretic limb
(Ramos-Murguialday et al., 2013). Other hypothesized mechanism behind such plasticity
involves simultaneous activation of inputs and outputs to the motor cortices by immediate
sensory feedback contingent upon their ipsilesional ERD. This would trigger Hebbian-like
plasticity and strengthen the ipsilesional sensorimotor loop (Soekadar et al., 2014).

The above-mentioned mechanisms that lead to the motor recovery are built on the idea
that ERD reflects neural excitability. However, there is no empirical evidence of the
relationship between the ERD during motor imagery and the excitability of corticospinal
system, which is involved in the control of all aspects of limb movement. In the area of
rehabilitation engineering, clarifying a relationship between EEG features (such as ERD) and
the actual neural activity is an urgent issue for enhancing the efficacy of motor recovery by
the BCI. Thus, the goal of this dissertation was to empirically reveal an association of the
ERD during motor imagery with the excitabilities of the M1 and spinal motoneurons. This
provides fundamental knowledge for establishing the technical principle of BCI

rehabilitation.
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1.6 Purpose of The Dissertation

The purpose of this dissertation is to investigate whether ERD in scalp EEG is a proper
biomarker representing the excitability of the corticospinal system, which is involved in the
control of all aspects of body movement. To achieve this goal, the research presented in this
dissertation consists of two electrophysiological experiments.

In the first study (presented in Chapter 2), the association of sensorimotor EEG changes
reflected by an ERD with the M1 excitability during kinesthetic motor imagery of the agonist
muscle contraction was determined using single and paired pulse TMS. From the outcomes
of SICI and ICF, | examined what parts of the intracortical circuits involved in motor output
change their activity in conjunction with ERD during motor imagery. A relationship of the
M1 excitability with the ERD magnitude during motor imagery of wrist flexion and
extension was also compared, because the anatomical characteristics of the flexor
corticomotoneurons in the M1 were not equivalent to the extensor corticomotoneurons
(Cheney et al., 1985).

The second study (presented in Chapter 3) tested the relationship between ERD
magnitude during kinesthetic motor imagery of the agonist muscle contraction and the
excitability of spinal motoneurons, since the leaked cortical volley elicited by motor imagery
may facilitate spinal motoneurons without overt muscle contractions. | used F-wave as a
measure of spinal motoneuronal excitability in order to eliminate the effect of mechanisms
acting on the afferent fibers from the present result. In addition, the difference in the ERD
topography during motor imagery between the conditions of higher and lower spinal
excitability were compared because of the anatomical finding by Dum and Strick (1991). It
implied that the activity of both the M1 and higher motor cortices might influence spinal

excitability.
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Taken together, the research presented in this dissertation provides an evidence of the
physiological characteristics of ERD during motor imagery and fundamental knowledge for
establishing the technical principle of BCI rehabilitation. The ultimate goal of the studies is
to open up new possibilities for the use of EEG-guided BCI that contributes to the treatment

of various types of diseases, such as stroke and spinal cord injury.
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Chapter 2

Event-Related Desynchronization Reflects
Downregulation of Intracortical Inhibition in Human
Primary Motor Cortex

2.1 Introduction

There is increasing interest in the use of BCI that translate electric, magnetic, or metabolic
brain activity into control signals of computers or machines as a tool for rehabilitation of
upper limb motor functions in severe hemiplegic stroke patients (Ang et al., 2011, 2014,
Buch et al., 2008; Mukaino et al., 2014; Ono et al., 2014; Ramos-Murguialday et al., 2013;
Shindo et al., 2011; Varkuti et al., 2012; Young et al., 2014). This type of BCI often exploits
alpha and beta ERD in scalp EEG recorded over the sensorimotor area, which is observed
when patients attempt to move paretic hand.

The generation mechanism of ERD was modeled by the phasic changes in the
synchrony of cell populations (Pfurtscheller, 2006). In this model, availability of neurons
for synchronization is decreased in conjunction with increase in the excitability level of
neurons, resulting amplitude attenuation of EEG oscillations. Simultaneous EEG-fMRI
measurements extended this model by showing that the changes in motor imagery- and
actual movement-induced ERD and the BOLD signal co-localized at the sensorimotor area,
and the magnitude of ERD and BOLD co-varied (Formaggio et al., 2008, 2010; Ritter et
al., 2009; Yuan et al., 2010). Hummel et al. (2002) also reported empirical evidence of a

concurrent increase of MEPs induced by the single pulse TMS over M1 and sensorimotor
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ERD at 11-13 Hz during motor imagery. More recently, a negative correlation between the
MEP amplitude and sensorimotor EEG amplitude in the alpha or beta band was shown by
using simultaneous TMS-EEG studies (Mé&ki and IImoniemi, 2010; Sauseng et al., 2009).
ERD during motor imagery is therefore believed to represent increased activation of the
sensorimotor area. However, it still remains unclear (1) whether the M1 excitability
co-varies with ERD recorded over the sensorimotor area, and (2) what parts of the
intracortical circuits involved in motor output change their activity in conjunction with
ERD during motor imagery.

There are several reasons why these two issues described above remain outstanding.
For example, the BOLD signal is inferior in time resolution (2-3 s (Poldrack et al., 2011))
compared with the alpha and beta bands in EEG (in the order of 100 ms). Further, the
BOLD signal indicates hemodynamic cortical activity, but not necessarily electric cortical
excitability. MEP amplitude induced by the single pulse TMS indicates the corticospinal
excitability, although it cannot document the independent excitabilities of the M1 and
spinal motoneurons.

The present study used the paired pulse TMS technique to assess changes in SICI and
ICF within M1 related to ERD during motor imagery. In the previous studies, a negative
correlation between MEP amplitude and amplitude of the sensorimotor EEG oscillation
was demonstrated using at least 60 times of single pulse TMS (Maki and lImoniemi, 2010;
Sauseng et al., 2009). This implies the difficulty in using the same protocol for the present
study because of the large number of magnetic stimuli. Thus, I examined the relationship
between ERD magnitude (calculated from online EEG) and M1 excitability using single
and paired pulse TMS, which was triggered by the instantaneous ERD magnitude, in three

different predetermined ERD magnitudes. ERD-triggered TMS may require fewer stimuli
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than the non-triggered TMS.

The purpose of the study presented in Chapter 2 was to assess the association of
sensorimotor EEG changes reflected by an ERD with M1 excitability during motor
imagery of wrist movements using single and paired pulse TMS, and to determine what
parts of the intracortical circuits involved in motor output change their activity following
ERD during wrist motor imagery from the outcomes of SICI and ICF. The difference in
the association of ERD during motor imagery of agonist muscle contraction with the
corticospinal excitability modulation to the wrist flexor and extensor was also examined. It
is because contrasting results have been shown on the corticospinal excitability modulation
to the wrist flexor and extensor muscles induced by the agonist contraction (Chye et al.
2010; Izumi et al. 2000; McMillan et al., 2004) and the motor imagery of agonist

contraction (Levin et al., 2004).

2.2 Materials and Methods

2.2.1 Participants

Twenty healthy participants (aged 21.8 £ 1.2 years; 15 males, 5 females) joined this study.
All were right-handed, without any medical or psychological disorders, and had normal
vision (according to self-reports). All participants were initially naive to the experiment.
The purpose and experimental procedure were explained to the participants, and written
informed consent was obtained. The study was approved by the institutional ethics review

board (#23-16) and performed in accordance with the Declaration of Helsinki.
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2.2.2 Data Acquisition

EEG was recorded from five Ag/AgCl electrodes of 10 mm in diameter placed at C3 and 2
cm anterior (C3a), posterior (C3p), medial (C3m) and lateral (C3l) to C3 to cover the
contralateral hand sensorimotor area (Fig. 2-1a). In two randomly selected participants, an
additional 18 electrodes were placed over the whole head for verification of spatial
configuration of ERD during wrist motor imagery, and which confirmed the observed ERD
during wrist motor imagery (Fig. 2-1b). Impedance for all channels was maintained below
10 kQ throughout the experiment. EEG signals were band-pass filtered (0.1-256 Hz with
2nd order Butterworth) with a notch (50 Hz for avoiding power line contamination), and
digitized at 512 Hz using a biosignal amplifier (g.USBamp; Gouger Technologies, Graz,
Austria).

Surface EMG activity was recorded from the right flexor carpi radialis (FCR) or
extensor carpi radialis (ECR) muscle by using bipolar Ag/AgCI electrodes of 10 mm in
diameter. The cathode electrode was placed over the belly of the FCR or ECR muscle and
the anode electrode was placed 20 mm distal from the cathode electrode. Impedance for all
channels was maintained below 20 kQ throughout the experiment. EMG signals were
band-pass filtered (5-1000 Hz with 2nd order Butterworth) with a notch (50 Hz for
avoiding power line contamination), digitized at 2 kHz using a biosignal amplifier
(Neuropack MEB-9200; Nihon Kohden, Tokyo, Japan), and monitored throughout the
experiment. Recording of each trial started 50 ms prior to the TMS pulse and finished after
150 ms.

TMS was applied using a figure-of-eight shaped coil (outer diameter of each coil: 7
cm) connected to the Magstim 200 magnetic stimulator (Magstim; Whiteland, UK). To

apply paired pulse, two stimulators connected by the Bistim module (Magstim) were used.
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The optimal coil position where MEPs in FCR or ECR muscle could be evoked with the
lowest stimulus intensity was marked with ink to ensure an exact repositioning of the coil
throughout the experiment. Identification of the optimal coil position was performed prior to
each experimental condition. At this coil position, the motor threshold intensity was defined
as the lowest stimulator output intensity capable of inducing an MEP of at least 50-puV
peak-to-peak amplitude in relaxed muscles in at least half of the 10 trials (Rossini et al.,
1994). Stimulus intensities are expressed as a percentage of the maximum stimulator
output. Single pulse TMS was applied with an intensity of 120% of the individual motor
threshold. Paired pulse TMS was used to investigate SICI and ICF. A subthreshold
conditioning stimulus was set at 80% of the motor threshold, and was delivered through
the same magnetic coil at 2 or 3 and 10 or 15 ms prior to the suprathreshold test stimulus
adjusted to 120% of the motor threshold. The stimulus intensity remained constant

throughout the whole experiment for each subject.

2.2.3 Experimental Protocol
The participants were randomly assigned one of two conditions: kinesthetic motor imagery
of sustained wrist extension and kinesthetic motor imagery of sustained wrist flexion.
Surface EMG was recorded from the agonist muscle of imagined movement. Each
participant participated in a series of four experimental sessions in the following order:
Screening session, TMS Conditions 1, 2 and 3. The screening session and TMS Conditions
1, 2 and 3 were performed on the same day.

In the screening session, the participant sat in a comfortable armchair, put their hand
with palm side down on the table and performed kinesthetic motor imagery of sustained

wrist extension or wrist flexion in the fixed repetitive time scheme (Fig. 2-1c¢). A 20-inch
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computer monitor was placed 60 cm in front of the participants’ eyes. Each trial started
with the presentation of the word ‘Rest’ at the upper left of the monitor. Six seconds later,
the word ‘Ready’ was presented for 1 s. The participant was then asked to perform motor
imagery of wrist extension or wrist flexion for 5 s. The monitor showed the word ‘Image’
during motor imagery. After a short pause, the monitor shows the word ‘Rest’, and the
next trial started. Screening session consisted of 20 trials.

TMS Condition 1 was conducted as a control for TMS Conditions 2 and 3. | applied
single and paired pulse TMS (ISls; 2 or 3 and 10 or 15 ms) to the contralateral hand M1
during the rest condition. The background EMG activity was monitored during the
experiment, and trials contaminated by more than 20 pV in background EMG activity
were discarded. Each stimulus was applied at least ten times in random order at intervals of
6 s = 500 ms, and fifty MEPs were collected in this session. In TMS Conditions 2 and 3, |
used the ISIs obtained during TMS Condition 1 that showed a strong effect on SICI and
ICF, respectively.

TMS Condition 2 was performed using the same time scheme as the screening session
(Fig. 2-1c). A continuously moving feedback bar was displayed on the center of the screen
during motor imagery. This feedback bar appeared after the task cue, and was presented
for a 5 s period. According to the ERD or ERS magnitude (band power decrease or
increase) caused by the required motor imagery, the feedback bar in the screen was
continuously moving. The feedback bar changed its length in a linear fashion from the
center to the right and left edge of the monitor, corresponding to 0% to 30% of the ERD
and ERS, respectively. The participants’ task was to extend the bar horizontally toward the
right edge of the monitor at maximal voluntary effort. The participants were informed that

a successful wrist motor imagery would shift the bar to the right, and an unsuccessful wrist
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motor imagery would shift the bar to the left. The methods to calculate ERD and the online
algorithm for controlling the length of bar extension in the screen are described below
(2.2.4 Electroencephalogram Analysis). | applied either single or paired pulse TMS, with
an ISI of 2 or 3 ms or an ISI of 10 or 15 ms, to the contralateral hand M1 on the first
instance the ERD exceeded 5% during motor imagery (Fig. 2-1d). The background EMG
activity was monitored during the experiment, and trials contaminated by more than £20
UV in background EMG activity were discarded. Each stimulus was applied ten times in a
random order, and MEPSs were collected.

To minimize the effect of slow intrinsic oscillations around 0.1 Hz (Mayer waves) in
blood pressure, heart rate and (de)oxyhemoglobin on the excitability level in the brains’
motor areas (Pfurtscheller et al., 2012), TMS Condition 3 was performed using the same
conditions as in TMS Condition 2, except that TMS was applied immediately after ERD

exceeded 15% during motor imagery.
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Figure 2-1. Experimental setup and paradigm

(@) In 18 participants, five EEG electrodes were placed to cover around the right hand
sensorimotor area, as designated according to the International 10-20 System, and 2 cm
anterior, posterior, medial and lateral to C3 (termed C3a, C3p, C3m and C3l, respectively).
(b) In two participants, 23 EEG electrodes were placed over the whole head, as designated
according to the International 10-20 System, and 2 cm anterior, posterior, medial and
lateral to C3. The ground electrode (GND) was placed over the forehead, and the reference
electrodes (Ref) were located at the left earlobe. (c) Timing of the paradigm used in the
screening session and TMS Conditions 2 and 3. (d) Experimental system of the TMS

Conditions 2 and 3.
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2.2.4 Electroencephalogram Analysis

EEG data were segmented into successive 512-point (1,000 ms) windows with 480-point
overlapping. A fast Fourier transformation with a Hanning window was applied to each
segment. Power spectrum density was estimated from the square of the absolute value of
the fast Fourier transformation, and ERD was defined as a decrease in the power spectrum
compared with a reference period, defined as the interval from -3 s to the time ‘Ready’ was
displayed on the monitor. Thus, ERD was calculated with a time resolution of 62.5 ms and
a frequency resolution of 1 Hz during each 5-s task period, according to the following

equation.

R(f)—A(f, 1)
R(f)

ERD(f,t) = x 100%,

where A(f,t) is the power spectrum density of the EEG at time t with the onset of motor
imagery and frequency f, and R(f) is the mean power spectrum of the reference intervals.
This equation expresses a large ERD as a large positive value. ERD was typically found
over the sensorimotor area contralateral to the imagery hand, but the most reactive
frequency band displaying ERD and its spatial characteristics are slightly different for each
participant (Pfurtscheller et al., 2006). | determined the best electrode setup and frequency
band within alpha and beta bands in the screening session with each participant. Pairs of
C3 and 2 cm anterior, posterior, medial and lateral to C3 bipolar EEG signals were used to
check existence of ERD during wrist motor imagery, and to define the electrode pair and
the 3 Hz width frequency band displaying the largest ERD. Herein, this frequency band is
referred to as ‘the most reactive frequency band displaying ERD (Pfurtscheller et al.
2006)’. The electrode pair and the frequency band that displayed the strongest ERD were

used for online ERD calculations in TMS Conditions 2 and 3. To avoid sudden movements
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of the feedback bar, the moving bar feedback was updated every segment (62.5 ms) by an

averaged ERD of the last 16 segments (1,000 ms).
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Figure 2-2. Method for ERD analysis

(a) EEG was segmented into successive 512-point (1,000 ms) windows with 480-point
overlapping. (b) The fast Fourier transform with the Hanning window was applied in each
segment to calculate the time course of power spectrum of EEG. (c) The power was
normalized with reference to the period from 3 to 6 s, referred to as R. The ERD magnitude
was calculated every 62.5 ms with 3 Hz width frequency band (which is illustrated by the

red box of Fig. 2-2b), showing the strongest ERD.
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In the offline analysis, two participants whose EEG signals were obtained from 23
electrodes were used to reconstruct the topographical brain images of ERD magnitude.
Nineteen channels of the EEG signals (excluding the 2 cm anterior, posterior, medial and
lateral to C3) were re-referenced using a four neighbors Laplacian spatial filter (Hjorth,
1975). All EEG trials were visually controlled for artifacts and were discarded in cases of
artifact-contaminated trials. ERD was then calculated from a 1-s EEG epoch prior to the
magnetic stimulation compared with the baseline period. Since TMS Condition 1 was a
resting condition, | used the interval from 1.5 to 4.5 s of each trial as the baseline period of
TMS Condition 1. Baseline period of TMS Conditions 2 and 3 were the same interval as
the online analysis. Spatially interpolated topographic ERD maps were plotted in
accordance with their channel locations over the scalp using trial average of ERD
magnitudes just prior to the magnetic stimulation. Both moving bar feedback and all

off-line analysis were performed by MATLAB 2010a (MathWorks, Natick, MA).

2.2.5 Motor Evoked Potential Analysis

Each single sweep was inspected visually, and the trials with artifacts (pre-stimulus EMG
activity more than +20 pV) were rejected. The artifact-free MEP amplitudes were then
measured peak-to-peak. Paired pulse TMS was performed to investigate SICI and ICF,
which were expressed as a percentage of the ratio between the conditioned MEPs and the
unconditioned MEPs (mean conditioned MEP / mean unconditioned MEP x 100). Herein,
this value is referred to as %unconditioned MEP, where 100 in %unconditioned MEP
indicates absence of facilitation or inhibition, while values more than 100 and less than 100
in %unconditioned MEP indicate facilitation and inhibition, respectively. The peak-to-peak

amplitudes and %unconditioned MEP were analyzed with Bistim Tracer (Medical Try
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System, Tokyo, Japan).

2.2.6 Statistical Tests

One-way analysis of variance (ANOVA) with repeated measures was used to determine
the effect of experimental conditions (TMS Conditions 1, 2, and 3) on MEP amplitudes
induced by single pulse TMS and %unconditioned MEP of SICI and ICF and averaged
EEG power values for the reference period, which was calculated with the bipolar channel
and the frequency band displaying largest ERD as shown in Table 1. If ANOVA yielded a

significant F value, Tukey’s post-hoc test was performed. Type | error was set to 0.05.

2.3 Results

2.3.1 Spectral Power of Electroencephalogram

In the screening session, all participants showed the ERD during right wrist motor imagery
around C3 (Fig. 2-3a: an example obtained from participant 1A). The characteristics of
ERD such as the most reactive frequency band and bipolar channels in the screening
session are summarized in Table 2-1. The frequency band displaying the largest ERD was
not different between participants who performed motor imagery of wrist flexion and
extension (t;g = 0.31, P > .05).

One-way ANOVA was performed in the most reactive frequency band displaying ERD
of each participant with regard to power values during the reference period in TMS
Conditions 2 and 3 and during 1.5-4.5 s of each trial in TMS Condition 1, which correspond
to the reference period in TMS Conditions 2 and 3. There was no significant difference in the
reference power values between TMS Conditions 1, 2 and 3 in both the experimental group

of EMG recording from the FCR muscle (F2 15 = 0.20, P > .05) and the ECR muscle (F», 15
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= 0.10, P > .05). This indicated similar means of reference power values for the resting and
motor imagery conditions.

Figure 2-4a represents the ERD topographic maps in the TMS Conditions 1 (at rest), 2
(at ERD 5% during right wrist motor imagery) and 3 (at ERD 15% during right wrist
motor imagery) from the 19-channel EEG signals of participant 1A. The colors on the
topographic maps indicate ERD magnitudes calculated from the four neighbors Laplacian
deviation of the EEG signals. The ERD magnitudes of the maps were constructed from the
most reactive frequency band displaying ERD in the screening session, as shown in Table
1. Results showed that ERD magnitude at C3 in the experimental condition of ERD 15%
was stronger than that of ERD 5% (27.2% and 6.9%, respectively). In addition, ERD
magnitude at Cz was the second largest in the experimental condition of ERD 15%, while
the ERD magnitude at P3 was the second largest in the experimental condition of ERD 5%
(16.9% and 4.8%, respectively). Participant 1B also showed that ERD magnitudes at C3
were the largest in the both experimental conditions of ERD 5% and 15% (25.6% and 8.4%,
respectively). These data indicate that the observed ERD during right wrist imagery was
likely to localize at the contralateral sensorimotor area in this experimental procedure. The
other 18 participants were recorded EEG from 5 channels over the contralateral

sensorimotor area for the convenience of the experimental duration using TMS.
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ERD, %

Figure 2-3. ERD time-frequency map in the screening session
Data was obtained from participant 1A. Black bar at the upper right of each map indicates
the time period of motor imagery. The most reactive frequency band and bipolar channels

displaying ERD were 9-11 Hz and C3-C3m, respectively.
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Table 2-1. Frequency band and bipolar channel displaying the largest ERD during

right wrist motor imagery in the screening session

Participant | Imagery task i Channel iFrequency [Hz]
1A | wrist extension : C3-C3m : 9-11
1B | wrist extension i C3-C3m E 810
IC | wristflexion | C3-C31 |  13-15
ID | wristflexion | C3-C3a ! 10-12
1E | wrist extension : C3-C3a : 16-18
1F | wrist extension i C3-C31 E 10-12
IG | wrist extension | C3-C3a | 8-10
IH | wristflexion | C3-C3p |  10-12
IT | wrist extension 1 C3-C3m | 12-14
1J | wrist extension i C3-C3p i 10-12
1K wrist flexion : C3-C3p : 17-20
IL [ wrist flexion i C3-C3a E 10-12
IM | wrist flexion 1 C3-C3p | 8-10
IN | wrist flexion i C3-C31 E 7-9
10| wrist flexion 1 C3-C3p | 9-11
1P | wrist flexion i C3-C3p i 20-22
1Q | wrist extension : C3-C3p : 16-18
IR | wrist extension i C3-C3p E 12-14
1S | wrist extension | C3-C3p : 8-10
IT| wristflexion ! C3-C3p !  10-12

2.3.2 Changes of the Intracortical Excitability

Figure 2-4b shows MEP responses of the agonist muscle of motor imagery in all
experimental conditions from participant 1A. MEP amplitudes evoked by the single pulse
TMS were facilitated during motor imagery (Rest = 0.556 mV, motor imagery at ERD 5%

= 1.035 mV, motor imagery at ERD 15% = 1.417 mV). As an increase in

-35-



the %unconditioned MEP reflects both ‘reduced SICI’ and “increased ICF’, both SICI and
ICF were reduced in accordance with the ERD magnitude (SICI: Rest = 16.1%, motor
imagery at ERD 5% = 36.7%, motor imagery at ERD 15% = 59.9%; ICF: Rest = 231%,
motor imagery at ERD 5% = 185%, motor imagery at ERD 15% = 158%). Furthermore,
the increase of MEP amplitudes induced by the single pulse TMS and SICI was related to
ERD magnitude.

Figure 2-5a represents MEP amplitudes induced by the single pulse TMS, SICI and
ICF from the FCR muscle in the resting condition during motor imagery of right wrist
flexion at ERD 5% and ERD 15%. One-way ANOVA showed that the effect of ERD for
MEP amplitudes (F 2 15 = 14.5, P <.001) and SICI (F», 15 = 4.01, P < .05) were statistically
significant, but not for ICF (F, 15 = 0.06, P > .05). Post-hoc test revealed that MEP
amplitudes were significantly larger at ERD 5% (P < .01) and ERD 15% (P < .001)
compared with the resting condition. SICI was significantly reduced at ERD 15%
compared with the resting condition (P < .01), and tended to reduce at ERD 15% compared
with ERD 5% (P = .068).

Figure 2-5b represents the MEP amplitudes induced by the single pulse TMS, SICI
and ICF from the ECR muscle in the resting condition during motor imagery of right wrist
extension at ERD 5% and ERD 15%. One-way ANOV A showed that the effect of ERD for
MEP amplitudes (F, 5 = 6.44, P < .01) and SICI (F, 5 = 11.8, P < .001) were stetistically
significant, but not for ICF (F, ;s = 0.90, P > .05). Post-hoc test revealed that MEP
amplitudes were significantly larger a¢ ERD 5% (P < .05) and ERD 15% (P < .01)
compared with the resting condition. SICI was significantly reduced at ERD 15%
compared with both conditions of rest (P <.001) and ERD 5% (P < .05). The results of

TMS measurements were summarized into Table 2-2.
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Figure 2-4. ERD topographies and MEP traces in one representative participant
(Participant 1A)

(a) ERD topographies were constructed from the 19-channel EEG data in the resting
condition, and during motor imagery of the right wrist extension at ERD 5% and 15%.
Topographic maps are illustrated in the frequency range of 9-11 Hz, which was the most
reactive frequency band displaying ERD of participant 1A. Electrode positions are shown
by dots. Positive values (blue colors) indicate strong ERD. (b) MEP traces induced by the
single and paired pulse TMS in the resting condition, and during motor imagery of the
right wrist extension at ERD 5% and ERD 15%. MEPs were recorded from the ECR
muscle. Ten MEP traces were overlaid per condition. The red triangles and vertical lines
indicate the timing of stimulus. Single-pulse MEP amplitude was markedly increased

during motor imagery, and SICI and ICF were markedly reduced as the ERD increased.
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a. Imagery of wrist flexion
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Figure 2-5. MEP amplitude, SICI, and ICF in the resting condition and during wrist
motor imagery at ERD 5% and 15%

(a) MEP amplitudes induced by the single pulse TMS, SICI, and ICF recorded from FCR

muscle in the resting condition, and during motor imagery of wrist flexion at ERD 5% and

15%, and (b) those of recorded from ECR muscle in the resting condition, and during

motor imagery of wrist extension at ERD 5% and 15%. Each line shows the result obtained

from each participant. * P < .05, ** P < .01, *** P <.001.
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Table 2-2. TMS measurements in the resting condition, and wrist motor imagery at

ERD 5% and 15%

Agonist muscle of the motor imagery task
FCR : ECR
Rest|  0.533+0.293 : 0.869 + 0.252
Single pulse MEP [mV]| ERD5%| 1.191+0.488 | 1.327+0.383
ERD 15%|  1.566 + 0.492 . 1.449 + 0.476
Rest 445 + 16.2 l 42.4+17.7
SICI, % ERD5%| 498+223 |  566+17.2
ERD15%| 68.7+213 1  77.7+138
Rest 136 + 17.5 : 141 + 34.8
ICF, % ERD 5% 136 + 42.7 . 126 +24.1
ERD 15% 132 +33.8 : 141 +30.2

Values represent mean + SD.

| further investigated whether the intracortical excitability is correlated with the ERD
magnitude in different frequency bands. According to the previous studies, specific ERD
frequency band, such as alpha (7-13 Hz) and beta (14-26 Hz), is likely to exhibit stronger
association with the intracortical excitability. Figure 2-6 illustrated correlations between SICI
and ERD values in different frequency ranges (i.e., alpha, beta, and the most reactive
frequency band displaying ERD in the screening session). ERD was calculated with 1-s
EEG data prior to the nerve stimulation derived from the electrode pair displaying the
largest ERD in the screening session. Participants who performed motor imagery of wrist
flexion (Fig. 2-6a) showed significant correlation in the most reactive frequency band
displaying ERD (ris = 0.45, P < .05), but not with alpha or beta band. On the other hand,
participants who performed motor imagery of wrist extension (Fig. 2-6b) showed that SICI

was significantly correlated with the ERD magnitude in not only the most reactive
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frequency band displaying ERD (ris = 0.76, P < .001), but also alpha (rig = 0.47, P < .05)

and beta bands (ris = 0.59, P < .01).

a. Imagery of wrist flexion

Reactive frequency band Alpha (7-13 Hz) Beta (14-26 Hz)

80 80 80
& r=045 . ° .
E bt L] °
o 40 . 40 ° 40 .
£ o co e goe
2 Q Oe® 00 O D o @
8 0 ’ 0 % ¢ 0 o) .O
s 8 . 8 ° %®
)
X
< o O O

-40 -40 -40
0 10 20 -5 0 5 10 15 -5 0 5 10
ERD, %
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Figure 2-6. Relationship between the ERD frequency band and SICI during motor
imagery of wrist flexion and wrist extension
X-axis represents the averaged ERD value calculated with the 1-s bipolar EEG data prior
to stimulation, in the frequency range of the most reactive frequency bands displaying
ERD, 7-13 Hz (alpha), and 14-26 Hz (beta). Positive values indicate strong ERD. Y-axis
represents subtraction of the percentage of SICI in TMS Conditions 2 and 3 from TMS

Condition 1. Open and filled circles reflect data from TMS Conditions 2 and 3, respectively.
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2.3.3 Effects of Task Compliance on Intracortical Excitability
The relationship between SICI, an index of the intracortical excitability, and the task success
rate, an index of task difficulty, was examined. Task success was defined as when the EEG
power in a certain frequency band decreased 5% or 15%, relative to the baseline period,
during the 5-s motor imagery period in TMS Conditions 2 and 3, respectively. The
percentage of task success in TMS Conditions 2 and 3 were 54.1 + 9.1% and 30.9 £ 5.4% in
the motor imagery task of wrist flexion (ty = 8.93, P < .001) and 51.3 + 14.1% and 29.1 +
4.0% in the motor imagery task of wrist extension (ty = 4.81, P <.001), respectively. | further
compared the correlation between SICI and percentage of task success (Fig. 2-7a), but these
were not statistically significant for both the wrist flexion imagery and the wrist extension
imagery (P > .05).

Time duration of the motor imagery before magnetic stimulation was also compared.
The results in TMS Conditions 2 and 3 were 1.54 + 0.21 s and 3.05 + 0.22 s in the motor
imagery task of wrist flexion (ty = 18.3, P <.001) and 1.63 £ 0.22 s and 3.07 = 0.13 s in the
motor imagery task of wrist flexion (ty = 23.3, P <.001). The correlation between SICI and
the time duration of the motor imagery was significant for the wrist extension imagery (ris =

0.78, P <.001) but not for the wrist flexion imagery (P > .05).
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a. Imagery of wrist flexion
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Figure 2-7. Correlation between SICI, percentage of task success, and duration of the

motor imagery before stimulation

Results obtained from participants who performed motor imagery of wrist flexion (a) and

wrist extension (b). In the left panels, X-axis represents the percentage of task success. In

the right panels, X-axis represents the time duration of motor imagery. Y-axis represents

subtraction of the percentage of SICI in TMS Conditions 2 and 3 from TMS Condition 1.

Open and filled circles reflect data from TMS Conditions 2 and 3, respectively.
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2.4 Discussion
2.4.1 Relationship between Sensorimotor Event-Related Desynchronization and Intracortical

Excitability
The purpose of this study was to examine the physiological relationship between motor
imagery-induced EEG changes (termed ERD) and cortical excitability using paired pulse
TMS, which was contingent on the instantaneous ERD magnitude. | found that the
magnitude of ERD during right wrist motor imagery was associated with a significant
increase in MEP amplitudes and a significant decrease in SICI, but no significant changes
were found in ICF.

Numerous studies have examined the changes of corticospinal excitability during
wrist or hand motor imagery by using single pulse TMS, and have reported that wrist/hand
motor imagery significantly increases corticospinal excitability (Kasai et al., 1997; Patuzzo
et al., 2003; Rossi et al., 1998; Rossini et al., 1999; Stinear et al., 2006; Yahagi and Kasai,
1998). Patuzzo et al. (2003) showed that SICI was significantly reduced during hand motor
imagery, but not ICF. The present results are in agreement with those studies. ERD during
right wrist motor imagery led to a significant increase in MEP amplitudes induced by
single pulse TMS and significant decrease in SICI, but not ICF. In addition, and most
importantly, | found that the increase of MEP amplitudes and the reduction of SICI were
positively related to the increase of ERD magnitude. While MEP amplitude induced by
single pulse TMS is thought to be related to the contralateral corticospinal excitability,
SICI and ICF seem to reflect the excitability of distinct inhibitory and excitatory
interneuronal circuits within M1 (Chen et al., 1998; Chen, 2004; Kujirai et al., 1993). As it
was reported that GABAa agonists enhance SICI (Ziemann et al., 1996) and

N-methyl-D-aspartame antagonists abolish ICF (Ziemann et al., 1998), | suggest that ERD
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magnitude during motor imagery is associated with an increase in the contralateral M1
excitability, which is mediated by a down-regulation of GABAergic activity.

| noted here that the MEP amplitude in response to the test stimulus was different
between the experimental conditions; i.e., the MEP amplitude in TMS Condition 3 (wrist
motor imagery at ERD 15%) was significantly larger than that of TMS Condition 1
(resting condition). One concern is that the decrease in the amount of SICI was influenced
by the increase of the test MEP amplitude rather than changes in the activity of
GABAergic neurons. However, whereas Sanger et al. (2001) reported a positive
correlation between the amount of SICI and MEP amplitude, the present results showed a
reduction of SICI with an increase of MEP amplitude. Therefore, reduction of SICI in the
present study likely reflects down-regulation of GABAergic activity in the M1.

In TMS Conditions 2 and 3, MEP was recorded in a largely different condition as
compared with rest (TMS Condition 1). The subjects were asked to perform motor imagery
and received online feedback of their own ERD modulation. According to this protocol, the
observed MEP increase and SICI change were likely to be related to the motor imagery task
and neurofeedback context. Ono et al. (2013) illustrated that motor cortical excitability was
significantly lesser in the no visual feedback condition than when the visual feedback of
ERD values were provided. Thus, the MEP increase and SICI decrease in TMS Conditions 2
and 3 compared to TMS Condition 1 could be modulated by both the motor imagery task and
feedback context. On the other hand, the difference between TMS Conditions 2 and 3 was
solely in the ERD magnitude at the time of magnetic stimulation. Overall, the present study
indicated that while the increase in the MEP amplitude (i.e., the corticospinal excitability)
could be related to both the motor imagery task and neurofeedback context, the decrease in

SICI (i.e., downregulation of inhibitory interneurons activity) was predominantly related to

-44-



the ERD magnitude during motor imagery.

Since SICI was not related to the percentage of task success, an increase in the
cortical excitability would not be associated with the task difficulty. In contrast, SICI of
ECR muscle was correlated with the duration of motor imagery of wrist extension. SICI of
FCR muscle also showed a moderate correlation with the duration of motor imagery of
wrist flexion. As shown in Fig. 2-8, a longer duration of motor imagery would be required
for generating a larger ERD. One limitation on investigating the relationship between ERD

and cortical excitability is the difficulty in eliminating the effect of motor imagery period.

| ®: Time of ERD exceeding 15%
® : Time of ERD exceeding 5%

40}

Figure 2-8. An example of an ERD time course during the motor imagery task

Data was obtained from participant 1R in the screening session. X-axis represents the time
from the onset of the motor imagery task. Red and blue circles reflect the time of ERD
exceeding 15% and 5%, respectively. The participant performed the motor imagery task 20
times, and ERD exceeded 15% 14 times and 5% 19 times. It can be seen that a longer

duration of motor imagery is required for generating a larger ERD.
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The present results are also comparable to previous reports investigating changes in
cortical excitability during human voluntary movement. MEPS in response to single pulse
TMS were strongly augmented in a period of 90-100 ms before the onset of voluntary
EMG activity (Nikolova et al., 2006). In addition, whereas ICF augmentation was small,
SICI decreased gradually and disappeared 60 ms before voluntary EMG (Nikolova et al.,
2006). Reynolds and Ashby (1999) reported that the increase of MEP in response to single
pulse TMS and the decrease of SICI were significant before the onset of voluntary
movement, while the decrease of SICI appeared in advance of the increase of MEP by
single pulse TMS. Alegre et al. (2003) also demonstrated that a decrease in beta band EEG
activity began contralaterally approximately 1.5 s prior to the onset of movement, and that
the decrease began in the alpha band at 1 s before the movement. These results suggest that
ERD during motor imagery may induce changes in cortical excitability, which is similar to

the changes accompanying actual movements and their anticipation.

2.4.2 Frequency Components of Event-Related Desynchronization Representing Cortical
Excitability

Many previous studies have demonstrated that a decrease in sensorimotor EEG power
reflects corticospinal excitability, but the effective frequency band representing corticospinal
excitability remains unclear. One study demonstrated a positive correlation between MEP
amplitude and alpha ERD induced by repetitive hand movement (Hummel et al., 2002),
though MEP amplitude was also correlated with beta ERD induced by brisk hand movement
(Schulz et al., 2013). Negative correlations between MEP amplitude and sensorimotor EEG
power in either alpha (Sauseng et al., 2009) or beta bands (Mé&ki and llmoniemi, 2010) were

also found at rest. Thus, such conflicting results were assumed to be attributed to movement
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type, experimental settings, and/or differences in data analysis (Schulz et al., 2013).

In the present study, SICI of FCR muscle was positively correlated with averaged ERD
in the frequency band displaying the largest ERD during motor imagery, but not in alpha or
beta band. SICI of ECR muscle was correlated with averaged ERD in the both frequency
band displaying the largest ERD and alpha and beta bands, and the correlation between
ERD and SICI of ECR muscle was tended to be higher in the frequency range displaying
the largest ERD compared to alpha and beta bands. The frequency band displaying the
largest ERD was different for each participant even though the motor type, experimental
settings, and analysis method were invariable between participants. This indicates the ERD
frequency band representing cortical excitability differs between individuals. Moreover, the
present results suggested that the discrepancy in previous findings might be caused by

inter-subject variability of the frequency band representing neural excitability.

2.4.3 Muscle Dependency and Motor Imagery Task
In the present study, the participants were asked to perform either motor imagery of wrist
flexion or extension, and EMG was recorded from the agonist (FCR or ECR) muscle of the
imagined movement. As a result, SICI of ECR muscle was correlated with not only ERD
in the frequency band displaying the largest ERD in the screening session but also the
alpha and beta ERD, whereas SICI of FCR muscle was solely correlated with ERD in the
frequency band displaying the largest ERD (Fig. 2-5). These results indicate that both
motor imagery of wrist flexion and extension accompanied by ERD can modulate the M1
excitability but their effects are not fully consistent.

The difference in the effect of the motor imagery task on the M1 excitability may lie

in the limb posture. In the present study, participants were asked to put their hand on the
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table with palm side down. This limb posture enables participants to extend their wrist, but
not to flex their wrist. Vargas et al. (2004) demonstrated that the limb posture compatible
with the motor imagery task induced a higher increase in the MEP amplitude during motor
imagery when compared with an incompatible posture. Therefore, it is highly possible that
the actual limb posture affects the process of motor imagery, resulting in a difference in the
M1 excitability level represented by an ERD.

The M1 excitability during motor imagery would be influenced by the anatomical
property of the agonist muscle of imagined movement. Histological research in non-human
primates found that corticomotoneuronal cells of the wrist extensor have a larger muscle
field than the flexor corticomotoneuronal cells (Fetz and Cheney, 1980; Kasser and
Cheney, 1985). In consistent with this finding, the degree of facilitation during agonist
muscle contraction was greater for the ECR muscle than for the FCR muscle in humans
(Chye et al., 2010). However, other evidence also from humans demonstrated the degree of
facilitation during agonist muscle contraction was greater for the FCR muscle than for the
ECR muscle (lzumi et al.,, 2000). Hashimoto and Rothwell (1999) reported that the
TMS-evoked descending volley to the FCR muscle was facilitated during the period of
imagined movement of wrist flexion, and that the size of the descending volley to the ECR
muscle was similarly facilitated during the period of imagined movement of wrist
extension. Although the differences in the characteristics of the FCR and ECR muscles
remain unclear, the present results extend previous work by showing that ERD during
motor imagery of wrist movement reflects the M1 excitability of agonist muscles

regardless of whether flexor or extensor.
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Chapter 3

Event-Related Desynchronization Represents the
Excitability of Human Spinal Motoneurons

3.1 Introduction

Several distinct cortical circuits, such as the basal ganglia-thalamocortical circuit and the
parietal-premotor circuit, contribute to voluntary movements (Haggard, 2008). These circuits
converge on the M1, which conveys motor commands to spinal motoneurons and muscles.
The cortical activity accompanying voluntary movements is often investigated by EEG, in
which waveforms reflect the electric activity of cortical neurons.

ERD is one of the motor-related EEG components and is observed over the contralateral
sensorimotor area as well as several higher motor cortices (such as the SMA and posterior
association cortex) during movement preparation (Babiloni et al., 1999). Movement
preparation corresponds to a subliminal activation of the motor cortical system, with a
similar mechanism underlying motor imagery (Sohn et al., 2003). The research presented in
Chapter 2 extended previous work by showing that ERD, during motor imagery, related to
the M1 excitability of the agonist muscles regardless of whether they are flexor or extensor.
This finding leads to a further question whether increased motor cortical excitability
associated with an ERD during motor imagery influences spinal excitability.

Voluntary relaxation depresses spinal motoneurons, whereas motor imagery without
overt muscle contraction counters this effect (Fujisawa et al., 2011; Hara et al., 2010;

Ichikawa et al., 2009; Taniguchi et al., 2008). Mercuri et al. (1996) demonstrated a transient
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facilitation of spinal motoneurons by subthreshold TMS to the M1. Long-term
potentiation-like plasticity in the M1, induced by subthreshold 5-Hz repetitive TMS,
increases spinal excitability (Quartarone et al., 2005). These studies inferred that the leaked
cortical volley elicited by the motor imagery involving ERD might facilitate spinal
motoneurons without overt muscle contractions. Nevertheless, no empirical evidence is
available concerning the correlation between motor-related EEG components and spinal
motoneuronal excitability.

The purpose of the present study was to assess the association between ERD in scalp
EEG and the excitability of spinal motoneurons during motor imagery. For testing spinal
motoneuronal excitability at a fixed ERD magnitude, the median nerve was stimulated on the
first instance the sensorimotor ERD exceeded the predetermined threshold during hand
motor imagery. F-wave was recorded from the intrinsic hand muscle, and F-wave
measurements for different ERD magnitudes were examined. The difference in the ERD
topography during motor imagery was also compared between trials in which the apparent
F-wave was either confirmed (the condition of higher spinal excitability) or not confirmed
(the condition of lower spinal excitability). It may clarify the contribution of the activity of

both the M1 and non-ML1 regions on the excitability of spinal motoneurons.

3.2 Materials and Methods

3.2.1 Participants

Fifteen healthy participants (aged 22.1 + 1.7 years; 12 males, 3 females) joined this study.
All were right-handed, without any medical or psychological disorders, and had normal
vision (according to self-reports). All participants were initially naive to the experiment.

The purpose and experimental procedure were explained to the participants and written
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informed consent was obtained. The study was approved by the local ethics committee of

Keio University (#24-23) and performed in accordance with the Declaration of Helsinki.

3.2.2 Data Acquisition

EEG was recorded with 23 g.LADYbird active electrodes in g.GAMMA cap® (g.tec
medical engineering GmbH, Graz, Austria). Electrodes were placed at Fpl, Fp2, F7, F3, Fz,
F4, F8, FC3, T3, C5, C3, C1, Cz, C4, T4, CP3, T5, P3, Pz, P4, T6, O1, and O2, as
designated according to the International 10-20 System. The ground electrode was located
on the forehead, and the reference electrodes mounted on both right and left earlobes. EEG
signals were band-pass filtered (0.1-100 Hz with 4th order Butterworth) with a notch (50
Hz for avoiding power line contamination) and digitized at 512 Hz using a biosignal
amplifier (g.USBamp; g.tec medical engineering GmbH).

The F-wave, which is an orthodromically evoked CMAP, was recorded from the right
abductor pollicis brevis (APB) muscle using bipolar Ag/AgCI electrodes of 10 mm in
diameter. The cathode was placed over the belly of the APB muscle, and the anode was
placed over the tendon near the metacarpophalangeal joint of the thumb. Impedance for all
channels was maintained below 20 kQ throughout the experiment. F-wave signals were
band-pass filtered (20 Hz-2 kHz with 2nd order Butterworth), digitized at 10 kHz using a
biosignal amplifier (Neuropack MEB-9200; Nihon Kohden, Tokyo, Japan), and monitored
throughout the experiment.

To elicit F-waves, the stimulating electrodes consisted of the cathode, which was placed
over the right median nerve 3 cm proximal to the palmar crease of the wrist joint, and the
anode, which was 2 cm proximal to the cathode (Fujisawa et al., 2011). The stimulus was

determined by delivering 0.2 ms square-wave pulses with increasing intensity to elicit the
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maximal M-wave. Supramaximal shocks, 20% higher than the stimulus intensity to elicit the
maximal M-wave, were delivered for acquiring F-waves with the fixed repetitive time
schema as described below (3.2.3 Experimental Protocol). The recording of each F-wave

began 50 ms prior to median nerve stimulation and ended after 100 ms.

3.2.3 Experimental Protocol

Each participant took part in a series of four experimental sessions: Screening session and
F-wave Conditions 1, 2, and 3. Initially, each participant engaged in the screening session.
Following this, participants performed F-wave Conditions 1, 2, and 3, which were
randomly determined so that the order was different for each participant. The screening
session and F-wave Conditions 1, 2, and 3 were performed on the same day.

In the screening session (Fig. 3-1a), the participant sat in a comfortable armchair and
placed their palm upward on the armrest. A 24-inch computer monitor was placed 1 m in
front of the participant’s eyes. The screening session consisted of 30 trials. Each trial
started with the presentation of the word ‘Rest’ at the center of the monitor. Six seconds
later, the word ‘Ready’ was presented for 1 s. The monitor then displayed the word
‘Execution’ and the participant performed sustained thumb abduction for 5 s. After a short
pause, the monitor displayed the word ‘Rest’, and the next trial began.

In F-wave Condition 1 (Fig. 3-1a), | applied suprathreshold electrical stimulation to
the right median nerve at the wrist level during the rest condition. Background EMG
activity was monitored during the experiment, and trials contaminated by more than £20
HV of background EMG activity were discarded. Electrical stimulation was applied at least
fifty times at intervals of 12.0 + 5.0 s, and fifty CMAPs without any background EMG

activity were collected.
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F-wave Condition 2 (Fig. 3-1a) was conducted using the same time scheme as the
screening session, but the participants performed kinesthetic motor imagery of sustained
thumb abduction for 5 s instead of performing the actual movement. In addition, the
monitor did not show any words during motor imagery. Participants received visual
feedback of ERD magnitude in the form of a continuously moving bar displayed on the
monitor during the 5-s motor imagery period. Participants were informed successful hand
motor imagery would shift the bar to the right edge of the monitor and unsuccessful hand
motor imagery would shift the bar to the left edge. | applied suprathreshold electrical
stimulation to the right median nerve at the wrist level on the first instance the ERD during
the hand motor imagery exceeded 5% (Fig. 3-1b). The background EMG activity was
monitored during the experiment and trials contaminated by more than +20 pV of
background EMG activity were discarded. Electrical stimulation was applied at least fifty
times and fifty CMAPs were collected. F-wave Condition 3 was performed using the same
conditions as F-wave Condition 2. However, in this condition, nerve electrical stimulation
was applied immediately after ERD during motor imagery exceeded 15%.

| applied median nerve stimulation 50 times with an inter-stimulus interval of 9.5 £
2.5 s in F-wave Condition 1, and at a certain ERD magnitude during hand motor imagery
in F-wave Conditions 2 and 3. My protocol requires placing the stimulating electrode on
the wrist for an extended period in comparison with the general median nerve stimulation
protocol (100 times at 1 Hz). The stimulating electrode was repositioned to the most stable
area for F-wave evocation at the beginning of each F-wave Condition to minimize the risk
of the stimulating electrode deviating from its best position. The experiment was halted if
any F-wave Condition exceeded 15 minutes. The stimulating electrode was then

repositioned to an optimal point for F-wave evocation and the rest of the trials were
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resumed. | confirmed the stimulus intensity to elicit the maximal M-wave did not change

before and after any rearrangement.

a. Experiment paradigm b. Experiment setup Trigger when ERD
: ; exceeded threshold
Screening session
Realtime
§ . ERD calculation
Rest o Execution Rest
=< A -
>
0 6 7 12s Visual feedback
Nerve stimulation [
E-wave Condition 1 (random timing)
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Figure 3-1. Experimental setup and paradigm
(a) Experimental paradigm of the screening session, and F-wave Conditions 1, 2, and 3. (b)

Experimental system for the F-wave Conditions 2 and 3.

3.2.4 F-wave Analysis

First, I visually classified CMAPs depending on whether F-wave responses were observed
or not. An average of the CMAPs with no F-wave responses was used for the baseline, and
baseline-subtracted peak-to-peak amplitude of CMAPs was measured between 21 and 40 ms
after median nerve stimulation. | defined a peak-to-peak amplitude larger than 50 pV as an
‘apparent F-wave response’ and that smaller than 50 pV as an ‘absent F-wave response’. It is
difficult to distinguish evoked EMG responses with a peak-to-peak amplitude of less than 50
KV from noise (Rossini et al., 1994). F-wave measurements consisted of persistence (defined

as the percentage number of apparent F-wave responses per 50 stimuli), onset latency, and
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peak-to-peak amplitude averaged in two ways: (1) counting all trials (50) including absent
F-wave responses as 0 puV (trial average) and (2) counting only those trials with apparent

F-wave responses (response average).

3.2.5 Electroencephalogram Analysis

Detailed methods of online ERD calculation and the visual feedback of ERD magnitude
are reported in the previous chapter (2.2.4 Electroencephalogram Analysis). Here | briefly
described the online and the offline algorithm for calculating ERD.

ERD was defined as a decrease in the EEG power spectrum compared with a baseline
period, defined as the interval from -3 s to the time ‘Ready’ was displayed on the monitor.
ERD was calculated with a time resolution of 62.5 ms and a frequency resolution of 1 Hz
during each 5-s task period. I then determined the best electrode setup and frequency band
within alpha and beta bands in the screening session with each participant. Pairs of C3 and
FC3, CP3, C5, and C1 bipolar EEG signals were used to define the electrode pair and the 3
Hz width frequency band displaying the largest ERD. The electrode pair and the frequency
band displaying the largest ERD were used for online ERD calculations in F-wave
Conditions 2 and 3.

| also performed offline ERD analysis using 19 channels of the EEG signals
(excluding FC3, C5, C1, and CP3), which were re-referenced by a four neighbors
Laplacian spatial filter (Hjorth, 1975). All EEG signals were visually controlled for
artifacts and discarded in cases of artifact-contaminated trials. ERD was then calculated
from a 1-s EEG epoch prior to the nerve stimulation compared with the baseline period.
Since F-wave Condition 1 was a resting condition, | used the interval from 3 to 6 s of each

trial as the baseline period of F-wave Condition 1. Baseline period of F-wave Conditions 2
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and 3 were the same interval as the online analysis. Spatially interpolated topographic
ERD maps were plotted in accordance with their channel locations over the scalp using
trial average of ERD magnitudes just prior to the nerve stimulation. Both ERD and F-wave

analysis were performed using MATLAB 2010b (MathWorks, Natick, MA).

3.2.6 Statistical Tests

One-way ANOVA with repeated measures was used to determine the effect of
experimental conditions on F-wave measurements (persistence, onset latency, trial average,
and response average of the F-wave amplitude), frequency of nerve stimulation, and
averaged EEG power values for the baseline period, which was calculated with the bipolar
channel and the frequency band displaying largest ERD as shown in Table 3-1. In addition,
to verify the spatial configuration of ERD during hand motor imagery, ERD magnitude in
the frequency band displaying largest ERD, which was calculated with 1-s Laplacian EEG
data prior to the nerve stimulation, was compared among experimental conditions and
brain regions (i.e., EEG channels) using two-way ANOVA with repeated measures. If
ANOVA vyielded a significant F value, Tukey’s post-hoc test was performed. Type | error
was set to 0.05. Statistical test was performed using SPSS ver. 21.0 (SPSS Inc., Chicago,

IL).
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3.3 Results

3.3.1 F-wave Measurements

Figure 3-2a illustrates a typical example of M- and F-wave traces recorded from APB
muscle in all experimental conditions. Figure 3-3 represents individual and mean values
for F-wave persistence, trial and response averages of F-wave amplitude in the resting
condition, and during motor imagery of right thumb abduction at ERD 5% and 15%.
F-wave persistence was 38 + 14% in the resting condition, 46 + 15% in the motor imagery
at ERD 5%, and 58 *+ 20% in the motor imagery at ERD 15% (F», s = 20.7, P < .001). The
persistence was significantly higher at ERD 5% (P < .05) and 15% (P < .001) when
compared with the resting condition, and higher at ERD 15% when compared with ERD
5% (P < .01). The trial amplitude average was 56.8 £ 39.5 pV in the resting condition, 81.6
+ 51.4 pV in the motor imagery at ERD 5%, and 101.2 £ 56.2 pV in the motor imagery at
ERD 15% (F2 28 = 8.17, P < .01). This was significantly larger at ERD 15% (P < .01)
when compared with the resting condition. The response amplitude average was not
different between experimental conditions [rest = 136.7 + 60.3 pV, motor imagery at ERD
5% = 163.8 + 66.6 KWV, motor imagery at ERD 15% = 163.1 £ 64.4 pV (F; 23 = 2.48, P

> .05)].
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Figure 3-2. M- and F-wave traces and ERD topographies in one representative
participant (Participant 1A)

(a) Upper traces were 20 consecutive M- and F-waves. Lower traces were 50 consecutive M-
and F-waves overlaid per condition. These CMAPs were recorded from APB muscles during
the resting condition and hand motor imagery at ERD 5% and 15%. As the ERD increased,
F-wave persistence was markedly increased. (b) ERD topographies were reconstructed
from 19-channel EEG data in the frequency range of 12-14 Hz, which was the most
reactive frequency band displaying ERD of participant 1A. Electrode positions are shown

by dots. Positive values (blue colors) indicate strong ERD.
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Figure 3-3. F-wave measurements in the resting condition and during hand motor
imagery at ERD 5% and 15%

(a) F-wave persistence, (b) trial average, and (c) response average of F-wave amplitude.

Upper panels: each line shows the result obtained from each participant (N = 15). Lower

panels: mean values. Error bar indicates standard deviation. * P < .05, ** P < .01, *** P

<.001L.

The effect of ERD on onset latency was not significant [rest = 26.0 £ 1.02 ms, motor
imagery at ERD 5% = 26.3 + 1.29 ms, motor imagery at ERD 15% = 26.3 + 1.13 ms (F2, 23
= 0.95, P > .05)], though the mean interval of the nerve stimulation was significantly
different between the experimental conditions [rest = 12.0 £ 0.00 s, motor imagery at ERD
5% = 13.7 £ 1.25 s, motor imagery at ERD 15% = 15.1 + 4.74 s (F,, 25 = 19.8, P < .001)].
Post-hoc test revealed the mean stimulus interval was significantly lower at ERD 5% (P

< .001) and 15% (P < .001) compared with the resting condition. The results of F-wave
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measurements were summarized into Table 3-1.

Table 3-1. F-wave measurements in the resting condition, and during right hand

motor imagery at ERD 5% and ERD 15%

Rest 38+ 14
Persistence, % ERD 5% 46 + 15
ERD 15% 58 +£20

Rest 56.8 £39.5
Trial average [pV] ERD 5% 81.6+51.4
ERD 15% 101.2+56.2

Rest 136.7 £60.3
Response average [pV] ERD 5% 163.8 + 66.6
ERD 15% 163.1 £ 64.4

Rest 26.0+1.02
Latency [ms] ERD 5% 26.3+1.29
ERD 15% 263 +1.13

Rest 12.0 +0.00
Stimulus interval [s] ERD 5% 13.7+1.25
ERD 15% 15.1+4.74

Values represent mean = SD.

| tested whether the number of apparent F-wave responses was related to the trial
number for the motor imagery task. The number of apparent F-wave responses in the ERD
5% conditionwere5+2,4+2,5+2, 4+ 2 and5 £ 2 in trial numbers 1-10, 11-20, 21-30,
31-40, and 41-50, respectively. In the ERD 15% condition, the number of apparent
F-wave responses were 6 £ 2, 4 £ 2,6 £ 2,7 £ 2,5 % 2 in trial numbers 1-10, 11-20,

21-30, 31-40, and 41-50, respectively. One-way repeated measures ANOVA found no
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significant relationship between the number of apparent F-waves and trial number of motor

imagery task in the both ERD 5% (F4 s¢ = 0.48, P > .05) and ERD 15% conditions (F4, s6 =

2.29, P > .05).
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Figure 3-4. Relationship between ERD frequency band and F-wave persistence

X-axis represents averaged ERD value calculated with 1-s bipolar EEG data prior to the
nerve stimulation, in the frequency range of the most reactive frequency band displaying
ERD in the screening session (a), 7-13 Hz (b), and 14-26 Hz (c). Positive values indicate
strong ERD. Y-axis represents subtraction of F-wave persistence in F-wave Conditions 2
and 3 from F-wave Condition 1. Open and filled circles reflect data from F-wave Conditions

2 and 3, respectively.

Correlations between F-wave persistence and ERD values in different frequency ranges
(i.e., alpha, beta, and the most reactive frequency band displaying ERD in the screening
session) were also compared (Fig. 3-4). ERD was calculated with 1-s EEG data prior to the

nerve stimulation derived from the electrode pair displaying the largest ERD in the
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screening session. Results showed F-wave persistence was significantly correlated with
averaged ERD in the most reactive frequency band displaying ERD (Fig. 3-4a; rs = 0.37,

P <.05), but not with alpha (Fig. 3-4b) or beta (Fig. 3-4c) ERD.

3.3.2 Spectral Power of Electroencephalogram
In the screening session, all participants showed ERD around the C3 channel during right
thumb movement. The characteristics of the ERD, such as the most reactive frequency

band and bipolar channel in the screening session, are summarized in Table 3-2.

Table 3-2. Frequency band and bipolar channel displaying the largest ERD during

right thumb abduction in the screening session

Participant Channel E Frequency [Hz]
2A | C3-Cl : 12-14
2B | C3-CP3 12-14
| el 1 1113
2D | C3-FC3 | 11-13
2E| C3Cl 1 1618
2F | C3-FC3 | 13-15
26| el 1 1214
2H| C3-CP3 | 10-12

a el o1 1315
2] | C3-FC3 | 7-9
K| C3IFC3 1 10-12
2L | C3-FC3 | 11-13
M| et 1 1012
2N | C3-FC3 | 16-18
20| C3FC3 1 10-12
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I found no significant differences in the bipolar EEG power values during the baseline
period between F-wave Conditions 1, 2, or 3 (F, 23 = 0.53, P > .05). This indicates there are
similar mean baseline power values for the resting and motor imagery conditions.

Figure 3-2b represents a typical example of ERD topographic maps in F-wave
Conditions 1, 2, and 3 from the 19-channel EEG signals. The maps were constructed from
averaged ERD values calculated from 1-s Laplacian EEG data prior to nerve stimulation in
a frequency range of 12-14 Hz, which was the most reactive frequency band displaying
ERD in the screening session. For all participants, significant main effects for experimental
conditions (F 23 = 14.7, P <.001) and EEG channels (Fis 25, = 3.01, P <.001) were found.
Post-hoc tests revealed the ERD magnitude at C3 was significantly larger than the ERD
magnitude at channels FP1, FP2, F7, Fz, F4, F8, T7, Cz, C4, T8, and P7 in F-wave
Condition 2. It was also larger than the ERD magnitude at all EEG channels except P3 in
F-wave Condition 3 (P < .05). No significant differences were observed in F-wave
Condition 1. The strongest ERD was observed at C3 in F-wave Conditions 2 and 3. This
suggests the observed ERD during right hand motor imagery mainly localized to the
contralateral sensorimotor area in this experimental procedure.

To confirm the effect of cortical activity in non-M1 regions on spinal excitability during
hand motor imagery, the difference of the ERD topography between the apparent F-wave
trials and non F-wave trials was compared. ERD values were calculated from 1-s Laplacian
EEG data prior to nerve stimulation in F-wave Conditions 2 and 3. The ERD values were
then classified into two groups: trials with F-wave = 50 pV (apparent F-wave trials) and
trials with F-wave < 50 pV (non F-wave trials). The maps were constructed from the
averaged ERD values across the trials in the most reactive frequency band displaying ERD

of each participant (Fig. 3-5). The ERD value of each electrode in the apparent F-wave
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trials and non F-wave trials were statistically compared using the unpaired t-test with
Bonferroni correction. The results showed that ERD was significantly larger in the
apparent F-wave trials compared to the non F-wave trials at EEG channels of Cz (P < .05),

C3 (P <.05), and P3 (P < .05). The results are summarized in Table 3-3.

ERD, %

Apparent F-wave trials Non F-wave trials
20

10

Figure 3-5. ERD topographies on the apparent and non F-wave trials during hand
motor imagery

ERD values were calculated using 1-s Laplacian EEG data prior to nerve stimulation in the

most reactive frequency band displaying ERD of each participant. The left and right

topography maps represent the averaged ERD of the apparent and non F-wave trials,

respectively. Electrode positions are shown by dots. Positive values (blue colors) indicate

strong ERD.
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Table 3-3. EEG channels with significant difference in ERD values between apparent

and non F-wave trials

ERD, %
Cs Apparent F-wave trials 10.3+34.9
Non F-wave trials 16+331
C3 Apparent F-wave trials 153+12.3
Non F-wave trials 12.6 £10.9
P3 Apparent F-wave trials 13.3+34.0
Non F-wave trials 51+£324

Values represent mean = S.D.

3.3.3 Effects of Task Compliance on the Spinal Excitability

The relationship between F-wave persistence, an index of the spinal motoneuronal
excitability, and the task success rate, an index of task difficulty, was examined. Task
success was defined as when the EEG power in a certain frequency band decreased 5% or
15%, relative to the baseline period, during the 5-s motor imagery period in F-wave
Conditions 2 and 3, respectively. The percentage of task success in F-wave Conditions 2 and
3 were 83 = 10% and 75 + 12%, respectively. This difference was statistically significant (ti4
= 2.93, P < .05), but the correlation between F-wave persistence and percentage of task
success was not significant (Fig. 3-6a; P > .05). | also compared the duration of hand motor
imagery before nerve stimulation in F-wave Conditions 2 and 3. The result was 1.0 £ 0.2 s in
F-wave Condition 2 and 1.6 = 0.3 s in F-wave Condition 3, the difference being statistically
significant (t14 = 9.22, P < .001). However, there was no significant correlation between

F-wave persistence and the time duration of hand motor imagery (Fig. 3-6b; P > .05).
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Figure 3-6. Correlation between F-wave persistence, (a) percentage of task success,
and (b) duration of motor imagery before nerve stimulation
Y-axis represents subtraction of the F-wave persistence in F-wave Conditions 2 and 3 from

F-wave Condition 1. Open and filled circles reflect data from F-wave Conditions 2 and 3,

respectively.
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3.4 Discussion
3.4.1 Relationship between Sensorimotor Event-Related Desynchronization and the Spinal

Excitability
| found ERD magnitude during hand motor imagery was associated with a significant
increase in F-wave persistence and the trial average of F-wave amplitude, but no significant
changes were found in the response average of F-wave amplitude or F-wave latency. Rivner
(2008) suggested that the response average of F-wave amplitude, which regards only
apparent F-wave responses, relates to the type of motoneuron excited rather than the general
spinal excitability. This means an increase in the response average of F-wave amplitude
would indicate a shift in motor units recruited from smaller to larger ones. By contrast,
F-wave persistence, which is the percentage number of apparent F-wave responses for all
stimuli, is probably best considered a measure of increased spinal motoneuronal excitability.
The trial average of F-wave amplitude, which counts absent F-wave responses as 0 pV,
would be influenced by the excitability of total spinal motoneurons. F-wave latency is
influenced by the conduction velocity of recruited motoneurons, but is unlikely to be
influenced by corticospinal activity (Fujisawa et al., 2011; Hara et al., 2010; Ichikawa et al.,
2009; Taniguchi et al., 2008). The present study indicates ERD magnitude during hand
motor imagery represents an increase in the general excitability of the spinal motoneurons,
but does not reflect the type of excited motoneurons or the conduction velocity of the
recruited motoneurons.

The study presented in Chapter 2 demonstrated that intracortical excitability was
strongly correlated with ERD values in the frequency range displaying the largest ERD
during motor imagery compared to the alpha and beta bands. | argued that ERD frequency

band representing cortical excitability might differ between individuals. Herein, F-wave
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persistence positively correlated with the averaged ERD in the frequency band displaying the
largest ERD during the actual hand movement, but not in the alpha or beta bands. The
frequency band displaying the largest ERD was different for each participant even though
the motor type, experimental settings, and analysis method were invariable between
participants. Thus, the present results suggested that the ERD frequency band representing
the excitabilities of both the M1 and spinal motoneurons differs between individuals.

Why does ERD magnitude during hand motor imagery reflect the excitability of spinal
motoneurons? ERD magnitude is related to the MEP amplitude (Hummel et al., 2002; Maki
and llmoniemi, 2010; Sauseng et al., 2009; Shultz et al., 2013). This implies larger ERD
induces greater M1 activation at least. Thus, an increase in M1 excitability accompanying
motor imagery tasks involving ERD might enhance subthreshold activation of spinal
motoneurons because these motoneurons have monosynaptic corticomotoneuronal
connections, particularly to finger muscles (Lemon et al., 2004). Mercuri et al. (1996)
demonstrated facilitation of the F-wave by subthreshold TMS to the M1. They also
emphasized the very transient nature of spinal excitability changes, which return to baseline
values unless the corticospinal descending volley evoked by subthreshold TMS collides with
the antidromic volley induced by supramaximal median nerve stimulation. On the other hand,
the precise timing of the central drive would be unnecessary for increasing spinal excitability.
Quartarone et al. (2005) showed a sustained increase of spinal excitability after subthreshold
5-Hz repetitive TMS to the M1, which is a known method to increase corticospinal
excitability (Pascual-Leone et al., 1994). Thus, I still do not know whether a motor imagery
task increases the excitability of spinal motoneurons transiently or sustainably, even though
no significant relationship between the number of apparent F-waves and the trial number of

the motor imagery task would suggest that the ERD magnitude during hand motor imagery
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represents transient excitability of the spinal motoneurons.

| noted here that the averaged interval of the nerve stimulation was significantly lower
at ERD 5% and 15% conditions compared with the resting condition. One concern is that
F-wave persistence was influenced by the stimulus interval rather than an increase in spinal
excitability. However, whereas Fierro et al. (1991) reported that the interval of the nerve
stimulation was negatively correlated with both F-wave persistence and amplitude, the
present results showed a positive correlation between the F-wave persistence and the
stimulus interval. Additionally, F-wave persistence and amplitude in the present study seem
to be too small when compared with those in the literature generally. The persistence of APB
muscle typically ranges from 60-70% and the response amplitude ranges from 150-200 pV
with a stimulus frequency of 1 Hz (Fujisawa et al., 2011; Ichikawa et al., 2009; Taniguchi et
al., 2008). I considered that the low F-wave persistence and amplitude was caused by the
long stimulus interval. The present F-wave measurements therefore reflect the excitability of
spinal motoneurons per se. Moreover, F-wave persistence in the motor imagery task was not
correlated with time to exceed the predetermined threshold or task success percentage. These
results suggest an increase in spinal excitability was associated with ERD magnitude during

hand motor imagery, but not with the duration of motor imagery and task difficulty.

3.4.2 Association of the Topography of Event-Related Desynchronization with Spinal
Excitability

Comparing ERD topography of the apparent F-wave trials (a condition of higher spinal

excitability) with non F-wave trials (a condition of lower spinal excitability), ERD at EEG

channels of Cz, C3, and P3 was significantly larger in the apparent F-wave trials. The

position of C3 corresponds to the hand sensorimotor area, Cz partially overlaps with the
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SMA, and P3 is close to the inferior parietal lobe, a part of the parietal association cortex
(Herwig et al., 2003). The ERD topography of the apparent F-wave trials was similar to
the ERD topography during the voluntary hand movement shown by using high-density
scalp EEG (Babiloni et al., 1999) and electrocorticogram (Pfurtscheller et al., 2003). They
illustrated that ERD was observed over the contralateral sensorimotor area as well as the
SMA and parietal association cortex during the voluntary hand movement. Therefore, the
present result implied that the necessity to induce brain activity state is similar to the actual
movement for increasing spinal excitability accompanying motor imagery. One concern of
this discussion is that EEG signals of Cz and P3 can be influenced by the activity of both
the primary sensorimotor and higher motor cortices, because scalp EEG is a
spatiotemporally smoothed version of the local field potential. Future study, in which spinal
motoneuronal excitability is tested during hand motor imagery with suppressed activity of
the higher motor cortices, e.g., applying 1 Hz repetitive TMS to the SMA (Neubert et al.,
2010), will provide insight about the contribution of the activation of the higher motor

cortices to the increase in spinal excitability.

3.4.3 Comparison of F-wave and H-reflex Responses

The present results demonstrated a facilitatory effect of hand motor imagery on the F-wave,
as several authors have documented (Fujisawa et al., 2011; Hara et al., 2010; Ichikawa et al.,
2009; Rossini et al., 1999; Taniguchi et al., 2008). However, others have reported MEP
enhancement without significant changes in simultaneously recorded F-wave during hand
motor imagery (Facchini et al., 2002; Patuzzo et al., 2003; Sohn et al., 2003; Stinear et al.,
2006). These previous studies, which found no effect of hand motor imagery on F-wave,

applied less than 25 nerve stimuli, whereas =50 stimuli are needed to obtain accurate
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F-wave measurements reflecting spinal motoneuronal excitability (Lin and Floeter, 2004).
Because 50 stimuli were applied in the present study, the present F-wave measurements are
considered to reflect the actual excitability of spinal motoneurons.

The present results are also different from those obtained using the H-reflex technique
(Abbruzzese et al., 1996; Hashimoto and Rothwell, 1999; Kasai et al., 1997; Patuzzo et al.,
2003), which showed no facilitatory effect of hand motor imagery on spinal excitability. This
difference may be attributable to differences in how the H-reflex and F-wave are elicited.
The H-reflex is evoked by electrical stimulation of group la afferents and is thought to be
mainly monosynaptic in origin. The H-reflex size can be altered by spinal motoneuron
excitability as well as mechanisms acting on the afferent volley (Pierrot-Deseilligny and
Burke, 2005). On the other hand, the F-wave is caused by antidromic activation of the spinal
motoneurons (Mercuri et al., 1996) and solely depends on the excitability of spinal
motoneurons, though the sensitivity of the F-wave to changes in the spinal motoneuronal
excitability is much less than the H-reflex (Espiritu et al., 2003). While the effect of hand
motor imagery on spinal excitability is still under debate, the present results indicate that
hand motor imagery involving ERD has a potent effect on the excitability of a limited

portion of spinal motoneurons.

3.4.4 Physiological Interpretation of Event-Related Desynchronization during Motor
Imagery

The neural network that generates rhythmic EEG activity consists of four elements: ITR

neurons, TCR neurons, corticothalamic neurons, and inhibitory local circuit neurons in

thalamus (Klimesch et al., 2007). In particular, ITR neurons, which express GABAAa

receptors (Widen et al., 1992), play a key role in the control of rhythmic EEG activity in
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the mammalian brain (Steriade and Llinas, 1988). The alpha and beta bands EEG occur
over the sensorimotor areas, indicating motor quiescence and a functionally inhibitory
mode of the thalamocortical loops (Sterman and Clemente, 1962). Motor imagery or motor
action decreases the alpha and beta bands EEG recorded over the sensorimotor areas
(termed ERD). ERD is considered to reflect a decrease in synchrony of the underlying
neuronal populations (Pfurtscheller, 1992).

Based on these findings, Pfurtscheller and Lopes da Silva (1999) created a model of
ERD involving a relationship between ITR neurons, TCR neurons and cholinergic
excitatory modulatory input from the brain stem. Using a computational model of
thalamo-cortical networks, Suffczynski et al. (1999) reported that increased modulating
input from the brain stem induced ERD, with an increase of TCR cells excitability and a
decrease of ITR cells excitability (i.e., GABAAa transmission was inhibited). In addition to
these studies, the results presented in this dissertation suggested that hand motor imagery
accompanied by ERD lead to a down-regulation of GABAA transmission in the human M1,
and the ERD magnitude reflects the excitabilities of both the M1 and spinal motoneurons.

Changes in neural activity related to the generation of ERD during hand motor
imagery are depicted schematically in Figure 3-7. The TCR neurons send excitatory inputs
to the ITR neurons and M1, and receive cholinergic excitatory modulatory inputs from the
brain stem. The ITR neurons project GABAergic inhibitory fibers to the TCR neurons.
Therefore, the negative feedback loop formed by the TCR neurons and ITR neurons is
involved in controlling the basic rhythmic activities of EEG during a rest condition. When
a participant begins to perform a motor imagery or anticipate movement, the excitatory
modulatory inputs from the brain stem and ascending afferent are increased. Increased

excitatory input enhances TCR cell excitability, and this augmentation of the excitatory
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inputs to the M1 induces a change in the ongoing EEG in the form of an ERD. As TMS
stimulates the cortical pyramidal neurons indirectly via the cortical interneurons, which
produce the indirect corticospinal waves (I-waves) (Lemon, 2002), the present results
suggests that ERD during motor imagery induces a significant disinhibition of the I-wave
generating neurons and a significant increase in the excitability of pyramidal neurons in the
M1. Since the M1 neurons make monosynaptic connections on spinal motoneurons, an
increase of the M1 excitability induced by motor imagery tasks involving ERD might
enhance the subthreshold activation of spinal motoneurons. Moreover, ERD at Cz, C3, and
P3 channels were significantly larger in the apparent F-wave trials compared with the non
F-wave trials. This result suggested that not only the increase in the M1 excitability but
also the activation of the non-primary motor areas were crucial for increasing spinal
motoneuron excitability by hand motor imagery, though the physiological meaning of ERD

at the non-primary motor areas are still under debate.
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Figure 3-7. Schematic diagram of the neural activity changes related to the generation

of ERD during motor imagery
Motor imagery accompanied by ERD over the sensorimotor area induced a significant
inhibition of GABAAa transmission in both the thalamus and M1, and a significant
facilitation of the excitatory modulatory input, the TCR nucleus, and the I-wave generating
neurons (1), resulting in an increase in the excitability of the M1 pyramidal neurons and

spinal motoneurons.
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Chapter 4

Conclusions

The purpose of the research presented in this dissertation was to investigate whether ERD in
scalp EEG is a proper biomarker representing the excitability of the corticospinal system.
Previous studies generally utilized two types of experimental techniques for the examination
of the physiological characteristics of ERD. One is the simultaneous EEG-fMRI, which is
able to compare the suppression of EEG oscillation with hemodynamic cortical activity. The
other is the random timing TMS applied in conjunction with EEG recording, and examines
the correlation between the TMS measurements (e.g., MEP amplitude) and feature values
calculated from EEG signals (e.g., ERD). However, the hemodynamic activity may not
monotonically reflect the electric cortical excitability. Random timing TMS with EEG
recording requires large number of stimuli for assessing the correlation. In the present study,
TMS was triggered by the instantaneous ERD magnitude calculated from the ongoing EEG.
This method succeeded in finding a direct relationship between ERD and TMS
measurements by using one-third less stimuli than the methods in the previous studies. Since
EEG oscillation in specific frequency bands is believed to reflect a temporal framework for
learning (Miltner et al., 1999), cognition (Thut and Miniussi, 2009), and motor control
(Hummel et al., 2002), EEG-guided neurostimulation would be a powerful tool to investigate
the frequency-dependent effects of oscillations on information processing in the brain.

In the first study (presented in Chapter 2), the association of sensorimotor EEG changes

reflected by an ERD with the M1 excitability during kinesthetic motor imagery of the agonist
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muscle contraction was examined using single and paired pulse TMS. Results showed that
the ERD magnitude during motor imagery was associated with an increase of MEP
amplitude and a decrease of SICI in the M1. Although the corticospinal circuits controlling
wrist flexors would not be equivalent to those controlling wrist extensors, these tendencies
were similar to the results obtained from FCR and ECR muscles. Furthermore, a decrease of
SICI was prominently correlated with the ERD magnitude in the frequency range displaying
the largest ERD in the screening session than that of the alpha and beta bands. Overall, |
concluded that ERD magnitude in the frequency band displaying the largest ERD in the
initial motor imagery condition reflects the M1 excitability of agonist muscle during motor
imagery regardless of whether they are flexor or extensor.

The second study (presented in Chapter 3) tested the relationship between ERD
magnitude during kinesthetic motor imagery of agonist muscle contraction and the
excitability of spinal motoneurons, since increased M1 excitability associated with an ERD
during motor imagery may induce a leaked cortical volley. It is further possible to facilitate
spinal motoneurons without overt muscle contractions. | used F-wave as a measure of the
excitability of spinal motoneurons, and compared F-wave measurements among three
different ERD magnitudes. The main finding was that ERD during motor imagery was
associated with an increase of F-wave persistence. It leads to suggest that ERD is a
biomarker representing the increase in the excitability of both the M1 and spinal
motoneurons. Comparison of the difference in the ERD topography between the apparent
F-wave trials and non F-wave trials illustrated that ERD over both the primary sensorimotor
and higher motor cortices were significantly larger in the apparent F-wave condition. This
result suggested a contribution of the activity in the higher motor cortices in increasing spinal

excitability by motor imagery, though the functional significance of ERD over the
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non-primary motor areas are still under debate. Future study, in which spinal motoneuronal
excitability is tested during motor imagery with suppressed activity of the higher motor
cortices, would contribute to the understanding of the physiological basis of motor imagery
and its influence on the corticospinal system.

In summary, the research presented in this dissertation revealed that ERD magnitude
during kinesthetic motor imagery of agonist muscle contraction represents the excitabilities
of both the contralateral M1 and ipsilateral spinal motoneurons. The present results indicated
that motor imagery involving ERD increases the M1 excitability by decreasing the activity of
GABAergic inhibitory interneurons, and thus, possesses the potential to induce subliminal
central drives, which evoke descending volleys in the corticomotoneurons below the
threshold for overt muscle movement. I, therefore, speculated that motor imagery task
involving ERD induces changes in the corticospinal excitability similar to changes
accompanying actual movements.

The present findings also suggest that the BCI system that provides immediate sensory
feedback contingent upon the contralateral sensorimotor ERD involves the simultaneous
activation of inputs and outputs to both the motor cortices and spinal motoneurons, triggering
Hebbian-like plasticity in these regions. By repeated use of the BCI, users may learn to
control brain oscillatory activity related to the cortical and spinal excitabilities, which is
translated into a reaching and grasping movement of the paretic limb, in the framework of
reinforcement learning. In this context, although the ERD-based BCI system has attracted
attention as a new intervention for stroke rehabilitation, the results presented in this
dissertation open up new possibilities for the use of the BCI system in the area of
rehabilitation engineering. BCl would become a novel tool for rehabilitation in patients with

severe spinal cord injury. Furthermore, since | provided evidence that the motor-related EEG
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components reflect the actual neural activity, it encourages further development of BCI as a

neurorehabilitation system for various types of neural deficits.
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