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Chapter 1 : General introduction

1.1. Recording of sensorimotor function

In this section, the principle of physiology related to the following chapter is
described. The basis of this dissertation concept in facilitating neural functional
reorganization is the physiological rationale of real-time cortical activity sensing. The
author therefore introduces, hereby, several milestones in human brain activity recording,
performed in a non-invasive manner.

In the 1930s, a Neurology physician, Hans Berger, recorded cortical-activity
derived electrical signals from the scalp, which is the dawn of non-invasive brain activity
recording. Since Berger named the observed electrical signal as electroencephalogram
(EEG), many studies have revealed the physiological implication of the EEG components.
For instance, there are slow shifts in EEG, known as pre-motor potential in the motor
cortex and supplementary motor area preceding voluntary movements. The pre-motor
potential is a manifestation of cortical contribution to the motor planning of volitional
movements (Santucci and Balconi 2009). More recently, the powers of alpha rhythm
(8—13 Hz) and beta rhythm (12—30 Hz) recorded over the pericentral region were found
to be modulated through motor tasks (Pfurtscheller 2006). EEG signals include mainly
two features, namely location and frequency, derived from the activities of neuronal
populations (Cohen 2017).

In the 1990s, Ogawa and colleagues (1990) developed an alternative of non-

invasive methods to measure brain activity, namely functional magnetic resonance



imaging (fMRI). fMRI measures oxygenation changes in blood flow based on the fact
that cerebral blood flow and neuronal activation are coupled. Since fMRI scanners
involve strong magnetic fields, magnetic field gradients, and radio waves without
exposing radiations, whole-brain activities including those of deep brain regions can be
recorded, where EEG is inaccessible to sense of spatial resolution in fMRI is also high up
to a millimeter scale. Although the temporal resolution of an fMRI signal is lower than
EEG due to the hemodynamic delay (approximately several seconds). fMRI studies have
helped us elucidate the brain dynamics associated with a given sensorimotor task. For
instance, fMRI has identified activities in the motor and premotor cortices, both of which
are associated with the activity in basal ganglia during a motor execution task (Lehéricy
et al. 2006). Furthermore, fMRI activity patterns in the motor cortex itself are associated
with finger motor execution patterns (Yokoi et al. 2018). Thus, fMRI studies have
revealed the functional activities of brain regions including the deeper regions and their
associations with cortical and subcortical activities.

In the 2000s, multivariate analysis combined with simultaneous EEG and fMRI
recording was developed, which has resulted in some important findings indicating neural
origins of a given sensorimotor related EEG component. For instance, the EEG power
modulations of alpha rhythm and beta rhythm recorded over the sensorimotor cortex
during a motor task were associated with activities in the sensory and motor cortices
(Ritter et al. 2009). Furthermore, the changes in the alpha and beta powers during the
motor task were negatively correlated with the fMRI signals in sensory and motor cortices

(Yuan et al. 2010). Therefore, the development of the non-invasive multimodal



measurement of brain activities has brought us the foundational understanding about

sensorimotor nervous system.

1.1.1. Electroencephalography

EEG measures the electrical activity of the neurons in the cortex over the scalp.
EEG may represent the electrical activities of pyramidal neurons in layer IV and V of the
neocortex and the interneurons, such as those that provide excitatory or inhibitory input
to the pyramidal neurons in layer I of the neocortex, and the EEG signal is interpreted as
neural ensembles that result from the activities of neuronal populations (107 neurons)
activities (Kirschstein and Kohling 2009). Because the scalp EEG measures the electrical
potentials of the neurons via the skull with low conductivity, the currents flowing from
the cortex to the head surface results in a decrease in the power and the spatial resolution
of EEG (Malmivuo and Suihko 2004). The power of scalp EEG is approximately 1/10
times, and its spatial resolution is approximately 1/6 times of the intracranial EEG or
electrocorticogram (ECoG), in which an electrode sheet is placed directly on the exposed
surface of the brain; the amplitude of EEG is 10s puV, and that of ECoG is 100 pnV, and
the spatial resolution of EEG is 30 mm, and that of ECoG is 5 mm (Buzséki et al. 2012).
Furthermore, EEG signals could often be contaminated with noise from nearby electrical
devices, electromyographic signals from facial muscles, and electrooculogram by eye
movements. As stated, EEG records activities from large numbers of neurons within the
same region. EEG signals therefore often reflect neural rhythmic activities, with transient

and synchronized neural activities evoked by impulse-like external stimulations or cyclic



and entrained spontaneous neural oscillations; the major frequency bands observed are
historically and empirically determined as delta (0.1—4 Hz), theta (4—7 Hz), alpha (8—12
Hz), beta (12—30 Hz) and gamma (>30 Hz), and are observed in EEG captured during
multimodal functions, such as cognitive or sensorimotor processing (Hari and Salmelin
2012). Furthermore, subdivided frequency bands or adjusted frequency bands, other than
these frequency bands, are sometimes used for more advanced analyses (Babiloni et al.
2014).

Some known EEG features, such as alpha and beta rhythm, are associated with
sensorimotor function, especially when recordings are performed over the sensorimotor
cortex. These are called as mu rhythm or sensorimotor rthythm (SMR). Generally, alpha
rhythm is generated by the thalamus, because of the intrinsic neural mechanisms of
excitation and inhibition between thalamic relay nuclei and thalamic reticular nuclei
(Lopes da Silva 1991). Furthermore, the thalamus nuclei forms a network with the cortical
nuclei, known as the thalamocortical network, and alpha rhythm is typically recorded
over the posterior region with high voltages during wakefulness (Figure 1-1) (Markand
1990; Hindriks and van Putten 2013; Ketz et al. 2015). Alpha rhythm was mostly
observed during physical relaxation and relative mental inactivity with the individual’s
eyes closed, and its amplitude was attenuated in the eyes open state (Ben-Simon et al.
2013). Moreover, the alpha rhythm over the sensorimotor cortex is attenuated by
proprioceptive sensory stimulation such as haptic or electrical stimulation (Babiloni et al.
2008). Since the thalamus is known to be part of the sensory pathway (Herrero et al. 2002),

the alpha rhythm is correlated with sensory processing. In addition, the power modulation



of the alpha rhythm over the sensorimotor cortex is associated with the excitability of
distinct inhibitory and excitatory interneuronal circuits within the motor cortex (Takemi
et al. 2013), corticospinal excitability (Hummel et al. 2002), and spinal motoneuronal
pool activities (Takemi et al. 2015). Furthermore, in a previous study with
magnetoencephalography, the power of the alpha rhythm was attenuated with motor

execution, which was located in the sensorimotor area (Pfurtscheller and Lopes da Silva

1999).
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Figure 1-1. Thalamocortical circuits

Sensory inputs

(A) The excitatory and inhibitory architecture within a single thalamocortical loop that
leads to intrinsic oscillations. (B) Thalamic nuclei connectivity with the cortex, where
sensory information first influences first order nuclei, which then initiates the cascade of
relays through higher order nuclei involving both cortical-cortical connections
(represented by dashed lines projecting from superficial layers II and III), and
thalamocortical connections (represented as continuous lines projecting from thalamus

layer IV, and from the cortex via layers V and VI) (modified from Ketz et al. 2015).



Beta rhythm is more often found in frontal or central areas than in the posterior
regions of the cortex. The most commonly known the beta rhythm is the basal ganglia
oscillations, which are synchronous with oscillations in the cortical motor areas and are
reflected in the scalp-recorded beta rhythm (Kozelka and Pedley 1990). Although the beta
rhythm observed over the sensorimotor area quite often has a frequency of approximately
20 Hz, it should not be considered as sub-harmonic of this lower frequency oscillation
(Vukeli¢ et al. 2014). Voluntary movements are accompanied by amplitude changes in
alpha and beta rhythms as a result of enhancement excitability in the sensorimotor areas
(Ritter et al. 2009; Yuan et al. 2010; van Ede et al. 2011). Compared with the alpha rhythm,
the beta rhythm fluctuation observed during a sensorimotor task has the much lower
power and is localized more around the sensorimotor cortex (Crone et al. 1998). In a
motor output task, their powers were attenuated, and the changes in the alpha rhythm
were observed slightly posterior than that of the beta rhythm (Figure 1-2) (Pfurtscheller
and Lopes da Silva 1999; Ritter et al. 2009). Furthermore, the power of the beta band,
shortly following movement termination, increased in bilaterally sensorimotor cortices
(Jurkiewicz et al. 2006; Parkes et al. 2006). Therefore, the beta rhythm is mainly

interpreted to reflect the motor processing.



Alpha-band

Right hand

Foot

Figure 1-2. The power attenuation of the alpha- and beta-band oscillation maps
Compared to the resting-state, the power attenuation is observed in the sensorimotor
region during voluntary right hand (upper panel) and voluntary foot movement (lower
panel). The gray color over the cortex indicates the power attenuation and the region at
which it reaches its peak is indicated with a white cross point. The peak of the alpha-band
is posterior to that of the beta-band in each panel (modified from Pfurtscheller and Lopes
da Silva, 1999).

EEG-SMR is mainly used to indicate the alpha and beta rhythm related to the
sensorimotor event. EEG-SMR is recorded via an electrode set placed over the
sensorimotor cortex or pericentral region. The commonly used electrode position
standard is the international 10-20 system (Jurcak et al. 2007). First, the landmark location
is set with the two lines across the top of the head between the nasion-inion and the left-
right pre-auricular points. The each electrode set the location which is determined by the

actual distances between 10% or 20% of the total front-back or right-left distance of the



skull (Figure 1-3). Generally, EEG-SMR during right-hand movement is acquired at C3
(left hemisphere) and that during left-hand movement is acquired at C4 (right hemisphere),
since one side of limb movement is dominantly innervated by the other side of the

cerebral hemispheres.
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Figure 1-3. Electrode names and positions according to the international 10—20 and
10—10 systems

(A) The standard 19 electrode positions in the conventional 10—20 system and (B) 65
electrode positions in the modified 10—10 system are displayed. Capital letters “Fp”, “F”,
“T”, “C”, “P”, and “O” correspond to the prefrontal, frontal, temporal, central, parietal,
and occipital cortices, respectively. There are also anterior-frontal (AF), fronto-
central/temporal (FC/FT), temporo-/centro-parietal (TP/CP), and posterior-occipital (PO)
electrode positions. The small letter “z” refers to an electrode on the midline. Even
numbers refer to the electrodes on the right hemisphere, and odd numbers refer to those
on the left hemisphere. The electrode located at C3 or C4 indicates the hand region in the
sensorimotor area. Generally, 16, 32 and 64 channel whole-brain EEG caps are used,
which is the modified 10—20 or 10—10 systems (modified from Simkin et al. 2014).

Since the EEG signals include various components and noises due to its conductive

character, some techniques involving spatial filters to detect EEG-SMR signals exist. For



example, the Laplacian montage method with an approximate spatial second derivative,
measures the averaged signal between the adjacent four electrodes around a specific
electrode to locally record the brain activity under the electrode. This Laplacian montage
method is a spatial high-pass filter, which enhances the sensitivity the EEG electrodes as
it records a small brain volume immediately below each electrode, thus eliminating the
intermixing of brain currents (Hjorth 1991). Conversely, when the potentials of the same
level are distributed over a wide space, the signal decreases even if the potential itself is
high. Furthermore, in a clinical assessment for mu rhythm or the alpha-band EEG-SMR,
the EEG signal is usually obtained using a bipolar filter, by using the electrode located at
C3 as a reference to the other electrode that is >20 mm in the forward or backward
direction (Kozelka and Pedley 1990). Another existing spatial filtering method involves
the use of the average of whole-brain electrodes as a reference (Common Average
Reference, or CAR). In a previous study, Mcfarland and colleagues (1997) examined the
spatial filter in several candidates in order to obtain EEG-SMR data high sensitivity, and

reported that the large-Laplacian montage or CAR spatial filter is effective (Figure 1-4).
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Figure 1-4. The electrode location for each spatial filter method

The EEG signals of the red electrode (which location is correspond to C3 position in
10—20 system) are subtracted from the averaged EEG signals among the green electrodes
for extraction of locally EEG-SMR with spatial filters (modified from McFarland et al.
1997).

Recently, an increasing number of studies are focusing on intrinsic brain activities
which are defined those recorded in a task-free or resting-state condition. For instance,
repetitive transcranial magnetic stimulation (TMS) resulted in increased brain activity in
the stimulation area during the sleep (Huber et al. 2007; Massimini et al. 2009).
Furthermore, it has been reported that low-frequency components in EEG (< 4 Hz)
increased locally in the motor cortex during sleeping, within 1-hour after a motor learning
task (Figure 1-5). These studies suggest that intrinsic brain activity reflects the presence
of a trace of sensorimotor task experiences. In the resting-state in post-stroke hemiplegic
patients, synchrony of the alpha rhythm in the affected motor cortex was positively
correlated with clinical motor scores (Dubovik et al. 2013). Therefore, intrinsic brain
activity could be a potential peripheral biomarker to assess clinical scores or effectiveness

of some interventions.
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Figure 1-5. Topographic distribution of task-specific percentage change in EEG
power spectrum density and the observed region

The color bar in the left panel indicates the task-specific EEG power spectrum density

change, and each dot in both panels depicts an EEG electrode. The numbers in both the

panels indicate the electrodes’ number, and they correspond to each panel. The right panel

depicts the anatomical localization of electrodes. The white dots indicate the cluster of

six electrodes showing statistically increased brain activity after a novel motor task. These

electrodes are located over the sensorimotor region (modified from Huber et al. 2004).

1.1.2. Blood-oxygen-level dependent imaging

Blood-oxygen-level dependent (BOLD) imaging reflects the differential
deoxyhemoglobin (deoxy-Hb) content of the blood at different levels of neural activity
(Hirsch et al. 2012). Because Hb changes its magnetic susceptibility depending on the
bonding state with oxygen, the homogeneity of the magnetic field decreases and the T2*
relaxation time shortens in the blood vessel containing deoxy-Hb and the surrounding
tissue; the T2* signal around the capillaries is low (Figure 1-6). First, local and regional
neural activity in the brain results in increased oxygen consumption, and thus an increase

in deoxy-Hb. Local blood flow in the surrounding the capillaries is increased to supply

11



oxygen to the active neurons. The blood flow increases to between 30 and 50%, which is
much higher than the actual increase in oxygen consumption (approximately 5%) (Fox
and Raichle 2007). As a result, the blood flow and its velocity in the capillaries increase,
and deoxy-Hb is rapidly perfused. Thereafter, the amount of deoxy-Hb per unit volume
(namely voxels) of the capillaries surrounding the neuron decreases. As deoxy-Hb levels
decrease, the homogeneity of the magnetic field within the voxel increases causing an
extended T2* relaxation time and thus resulting in an increased T2* signal. The signal
does not simultaneously increase with nerve activity, but appears after 1 to 2 s following
neural activity and blood flow increase, and peaks at 5 to 6 s, and returns to baseline levels
after approximately 20 s (Glover 1999). The BOLD signal dynamics observed here is
known as a hemodynamic response function (HRF) (Figure 1-7). Some studies reported
that the HRF varies between or within participants and there are some factors, which
induce the differences, such as differences in task strategies or environmental noises
(Handwerker et al. 2004; Badillo et al. 2013). Although the exact mechanisms underlying
the HRF remain to be debatable yet, however, the averaged HRF empirically explain the
relationship between event-related neural activity and brain regional BOLD signal that is
reasonable in neurophysiological validity, resulting in a canonical HRF model is
commonly employed (Lindquist and Wager 2007; Chang et al. 2009; Wu and Marinazzo
2016).Because of this temporal filter, fast modulation of neural activity unlikely reflects

in the vascular response (Boynton et al. 1996).
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Figure 1-6. Vasculature in the brain and the BOLD effect

(A) The proposed fundamental relationship between synaptic activity, neurotransmitter
recycling and metabolic demand is displayed. Neuronal activity increases the oxygen
consumption following synaptic metabolic activation. (B) Compared with a resting (or
no-stimulation baseline) condition and neuronal activation results in increased oxygen
consumption, and thus the conversion of oxyhemoglobin (red dots) to deoxyhemoglobin
(blue dots). Although the neuronal activation increased deoxy-Hb, it follows that the
cerebral blood flow is increased, resulting in the apparent amount of deoxy-Hb is
decreased. The series of processing that neuronal activities give rise to via hemodynamic
changes is known as neurovascular coupling, and is a basis of functional neuroimaging
of BOLD signal measurement using fMRI. (modified from Dogil et al. 2002; Heeger and
Ress 2002).
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Figure 1-7. Hemodynamic response function
Averaged activation response measured in the motor cortex for five participants during a
stimulation task. Open circles represent the mean values, and the error bars indicated the

standard deviation among the five participants (modified from Glover, 1999).

Although fMRI measurements have a second-scale resolution in time due to the
delayed response of the BOLD signal, its spatial resolution is highest higher in the
millimeter-scale, than that of other non-invasive brain activity recordings. Furthermore,
fMRI measures BOLD activities in the whole brain including in deep subcortical regions,
such as thalamus or basal ganglia. Thus, this advantage of fMRI has increased our
understanding of functional activities in the human brain. For instance, a study showed
that activity in the basal ganglia is associated with the activities in the motor and premotor
cortices during a motor execution task (Lehéricy et al. 2006). In post-stroke patients,
neural activities during the movement of the affected hand increase in both hemispheres,
especially within the motor cortex of the contralesional hemisphere (Volz et al. 2015)

(Figure 1-8). The subsequent return of the activation pattern similar to that recorded in

14



healthy participants correlated with recovery and gain in hand motor function (Rehme et

al. 2011).
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Figure 1-8. Brain activity during movements of the corresponding hand in healthy

participants and the affected hand in post-stroke hemiplegic patients
(A) In healthy participants, the motor cortex of the contralateral hemisphere and the
supplementary motor area are activated during hand movement. (B) In post-stroke
hemiplegic patients, movements of the affected hand are associated with a significant
BOLD signal in both hemispheres, especially the motor cortex of the contralesional
hemisphere, resulting in fMRI over-activity (right panel). The color bar indicates the #-
value (modified from Volz et al. 2015).

Functional MRI studies have often examined BOLD responses to external
stimulation (i.e. peripheral nerve electrical stimulation), or, to voluntary execution in a
given task. In such task-oriented studies, task-uncorrelated spontaneous or intrinsic brain
activities were treated as random noise to be eliminated from the average. The brain
regions that show statistically significant BOLD dynamics from baseline fluctuation are

therefore annotated as ‘activated’ in an ordinary fMRI analysis.
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Inter-regional correlates of activity have proven to be more challenging in the
assessment of integration or interaction of neural functions in spatially distinct areas.
Because of the increase in computational power in a laboratory-scale equipment, many
studies have used multivariate analysis to evaluate interaction in fMRI data, by extracting
the functional sub-modules in the brain network. The interaction among brain regions is
used to calculate functional connectivity, which is usually inferred from correlations
among neuronal activity measurements. Functional connectivity is defined as statistical
dependencies among spatially different neural activities, and involve correlation
coefficients (Uehara et al. 2013), coherence (Sun et al. 2004), or phase-lock values
(Rodriguez et al. 1999; Honey et al. 2007). Although functional connectivity seems to be
just statistical correlations, the number of f{MRI studies to interpret the
neurophysiological meanings of functional connectivity is increasing. Functional
connectivity among brain regions is thought to be responsible for the similar functions
performed by different brain regions (Fox et al. 2005). For example, bilateral motor
cortices are activated during the bimanual finger execution task compared with the
resting-state, and these regional activities in the resting-state are strongly correlated with
each other (Biswal et al. 1995) (Figure 1-9). In post-stroke patients, functional
connectivity between contralesional and ipsilesional sensorimotor cortices in the resting-
state is correlated with the motor recovery (Park et al. 2011). Furthermore, longitudinal
functional connectivity changes in ipsilesional sensory and motor cortices are associated
with motor recovery, and it was observed that the increased functional connectivity

occurred in concurrence with a significant improvement in motor function (van Meer et
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al. 2010). Thus, functional connectivity in the resting-state can be used to assess the

intrinsic brain activity.

Figure 1-9. Comparison of the task-activated region and correlation of spontaneous
activity
(A) The brain regions of “a”, “b” and “c’ activated during the bilateral left and right finger
movement. The region “a” is set as the seed-region for analyzing the resting-state
functional connectivity. (B) The fMRI signal is averaged over the seed-region, and the
brain region is identified to be correlated with the seed-regional time-course in the
resting-state. The red area indicates a positive correlation, and yellow indicates a negative
correlation with the seed-regional activity. While coactivation of the regions “e” and “d”
and the seed-region is specific to the resting-state, the regions of “b” and “c” are the same

regions that are activated during in a motor execution task (modified from Biswal et al.

1995).

1.1.3. Bimodal measurement of brain activity

Simultaneous measurement of a hemodynamic signal and an electrophysiological
signal has been performed in mice, cats, and non-human primates to identify the neural
correlates of fMRI signals (Logothetis et al. 2001; Viswanathan and Freeman 2007). A

previous study showed that the BOLD signal change in fMRI is correlated with local field
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potential (LFP) that reflects the synchronous activity of neurons in a larger area
(approximately 2 X 2 mm) rather than multi-unit activity reflecting the firing frequency
of individual neurons in a narrow area (approximately 0.2 x 0.2 mm) (Figure 1-10).
Therefore, it is considered that the BOLD signal reflects not only the action potential of
the pyramidal cell itself but also that of its neuronal processes, such as the activities in
the functional column or interneurons, as reflected by LFP, ECoG and EEG signals

(Logothetis and Wandell 2004).
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Figure 1-10. Simultaneous measurements of hemodynamic signals and multi-
electrical neural signals

The local field potential (LFP, black line) is comparatively associated with a BOLD signal

(red area), rather than multi-unit activity (MUA, green line) and spike-density function

(SDF, blue line). Both single- and multi-unit responses adapt a few seconds after stimulus

onset, with LFP remaining the only signal that is correlated with the BOLD response. The

LFP signal reflects the integration of electric current flowing from multiple neurons
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within a couple of millimeters, while MUA and SDF signals are associated with the
summation of the extracellular spike potentials in a few hundred micrometers. The gray
bar indicates the stimulation period and the different durations, 24 s (upper) and 12 s

(lower) are shown (modified from Logothetis et al. 2001).

Thereafter, EEG-fMRI simultaneous recording was performed in the 2000s to
characterize the EEG components using fMRI (Allen et al. 1998, 2000; Goldman et al.
2000). However, the quality of the EEG data obtained using an fMRI scanner is
compromised by artifacts caused by interaction between EEG electrode assemblies and
the fMRI scanner’s magnetic fields (Allen et al. 1998). The three most significant causes
of EEG artifacts in the scanner are (1) gross movements in the magnetic field, for example,
the motion artifacts of EEG electrodes’ cables due to the participant’s movement in the
magnetic field; (2) ballistocardiogram and blood flow effects in the statistic magnetic
field associated with the participant’s pulse; and (3) gradient artifacts and radio frequency
pulse artifacts during fMRI image acquisition (Ritter and Villringer 2006). To maintain
the image quality along with high signal-to-noise ratio, the EEG electrode cables should
be placed out of the radio frequency coil as close as possible, along the side, but as far as
possible from both the cap and fMRI coil (Baumann and Noll 1999). Ballistocardiogram
pules obscure in EEG activity at alpha-band frequency and lower frequencies, with
amplitudes often greater than 150 pV ata 1.5 T field strength, which are much larger than
the alpha waves seen in most participants (at most 50 pV) (Bonmassar et al. 2002).
Previous studies have reported a suppression in the ballistocardiogram artifacts following

major developments in template-subtraction (Allen et al. 2000; Goldman et al. 2000),
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principal component analysis based methods (Niazy et al. 2005) and independent
component analysis based methods (Srivastava et al. 2005). In these methods, the
ballistocardiogram itself using a twisted single-lead electrode placed on the participant’s
back at the heart region. Based on the peaks detected in the ballistocardiogram, the EEG
signal is segmented to epochs and averaged over these epochs per channel. Then, the
averaged EEG signals are subtracted from the raw EEG to yield a ballistocardiogram-free
EEG. A similar processing method is applied for removing the gradient artifacts and radio
frequency pulse artifacts during fMRI acquisition of the EEG signal. Trigger signals from
the fMRI scanner to the EEG amplifier are obtained at every fMRI repetition pulse timing
as time-locking events. EEG signals are segmented to epochs based on trigger events, and
the template of fMRI artifacts on EEG signals is obtained by averaging each epoch. The
changes in the magnetic fields across EEG electrode cables due to the participant’s
movement during fMRI scanning, can usually be avoided by using adaptive temporal
templates with a moving average several epochs for both fMRI and ballistocardiogram
artifacts (Allen et al. 2000). The averaged EEG signals are subtracted from the raw EEG
signals. Generally, the fMRI scanning artifacts in EEG signals are eliminated prior to
removal of the ballistocardiogram artifacts.

After overcoming the technical barriers of recording, the combination of EEG and
fMRI recording has successfully helped identify brain regions that are significantly
associated with a given EEG component. For instance, EEG power modulations of the
alpha- and beta-band recorded over the sensorimotor cortex, namely EEG-SMR, are

correlated with fMRI signals in the sensorimotor cortex during hand movement (Ritter et
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al. 2009). Furthermore, the regions of EEG-SMR power changes are co-localized with
the regions of fMRI signal changes, in the tasks performed involving specific body parts
(Yuan et al. 2010) (Figure 1-11). These studies show that the EEG-SMR power changes
observed during the motor task reflect the activity in the sensorimotor cortex. Moreover,
EEG-fMRI simultaneous recording studies in the resting-state show that the intrinsic
power modulation of the alpha-band is correlated with thalamic activity (Goldman et al.

2002; Liu et al. 2012; Omata et al. 2013).

(A) Activity changes in right hand movement
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Figure 1-11. Co-localization of fMRI signal changes and EEG power changes in the
brain regions during motor execution tasks

(A) Hand movement increases the fMRI signal and EEG power attenuation in the
sensorimotor cortex. (B) Foot movement increases fMRI and EEG signal changes in the
medial parts of the sensorimotor cortex. The white arrows indicate the peak region of the
fMRI signal or EEG power change. fMRI measurements reveal more spatially localized
activity than do EEG measurement, although the peak coordination of the EEG result is
compatible with that of fMRI result. (modified from Yuan et al. 2010).
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1.2. Physical exercises for motor recovery from post-stroke hemiplegic patients

World Health Organization reported that approximately 15 million people
experience a stroke every year worldwide. The most frequent type of disability associated
with stroke is paralysis of the upper limb, which is found in approximately 80% of stroke
survivors with disability (Langhorne et al. 2009). There is a long history of learned
compensatory movement with remaining unaffected body parts being the major choice
for rehabilitation of persons with physically disabilities in daily life, since the
inconveniences associated with the affected limb increases effort and possible frustration
during attempted movement (Taub et al. 2006).

However, in the 1980s and 1990s, some clinical studies reported that the forced use
of the affected upper limb after immobilization of the unaffected limb resulted in
clinically notable improvement in the motor control of the affected upper limb (Ostendorf
and Wolf 1981; Taub et al. 1999). Focusing on the possibility of motor recovery in the
affected upper limb for post-stroke hemiplegic patients, these studies led to the
establishment of constraint-induced movement (CI) therapy (Kwakkel et al. 2015). It has
also been reported that, under the non-constraint condition, functional activity of the
paralyzed limb that is rarely used regularly is decreased owing to conditioning due to
frequent physical exercise (Fritz et al. 2012).

In order to increase the rate of physical exercise and reduce the burden of therapist-
assisted training, a growing number of studies have investigated robot-aided motor

exercises (Chang and Kim 2013). These studies have revealed that physical exercises for
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motor recovery induce neural reorganization in post-stroke hemiplegic patients (Chen et
al. 2002).

Currently, artificially activation of human muscles or muscle nerves by
neuromuscular electrical stimulation (NMES) is widely used in clinical rehabilitation for
post-stroke hemiplegic patients (Langhorne et al. 2009). NMES is a therapeutic
interventions that has been developed to attempt to induce the motor recovery because
sensory input enhances corticomotoneuronal excitability, which often affects upper motor
neurons and/or their neuronal pathways to lower motor neurons (Kaelin-Lang et al. 2002;
Takeda et al. 2017).

In addition to modulating the neural excitability of the affected upper limb by
passive stimulation, a mental practice training called motor imagery therapy is widely
used as a clinical therapeutic intervention (Braun et al. 2006). Motor imagery therapy for
motor recovery consists of rehearsed or simulated volitional movement of the affected
limb. The kinesthetic imagery of movement activates the same brain areas that are
activated during actual movement (Munzert et al. 2009).

Consequently, neurofeedback interventions, such as the brain-computer interface
(BCI) that has the potential to induce directly the modulation of neural excitability with
biomarkers reflecting cortical sensorimotor activity, have been developed for motor
recovery in case of post-stroke hemiplegic patients (Wolpaw et al. 2002). Most BCI
studies for post-stroke hemiplegic patients have combined motor imagery and robot-aided
motor exercises by using NMES and/or some visual feedback in a closed loop manner

(Cervera et al. 2018). In other words, BCI is consistent with a closed-loop strategy as
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cortical sensorimotor activity triggers sensorimotor feedbacks and the BCI helps persons
with post-stroke hemiplegic patients recognize how to modulate their own brain activity
via feedback (Sitaram et al. 2017). Recent research has focused on the clinical efficacy
of BCI as a neurorehabilitation tool for post-stroke hemiplegic patients. Further research
is required to understand the neural mechanisms underlying neurofeedback intervention
(Clausen et al. 2017).

The following section provides a detailed description of each rehabilitative
intervention, aiding the understanding of the neurological rationales for BCI aided motor

exercise, as BCI systematically includes all these elements.

1.2.1. Constraint-induced movement therapy

The inconvenience faced by post-stroke hemiplegic patients in using the affected
limb increases effort and possible frustration; furthermore, the patients gradually hesitate
to use the affected limb, resulting in the suppression of behavior (Uswatte and Taub 2005).
In other words, unsuccessful motor attempts of the affected limb are recognized as a type
of punishment such as failure or incoordination, leading to less movement or learned non-
use of the affected limb (Taub et al. 2006). CI therapy or the forced use of the affected
upper limb, which prevents or overcomes such learned non-use of the affected limb, is a
therapeutic approach to reshape physical movement by restraining the unaffected upper
limb and employing intensive practice with the affected upper limb (Taub et al. 1999).
Generally, CI therapy is designed with the gradually increasing difficulty, which

progressively includes complex action patterns for the affected upper limb to avoid the
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unsuccessful motor attempts and to enhance positive experiences in using the affected
limb (Figure 1-12). The neurophysiological evidence for CI therapy has been reported in
mapping studies with TMS, suggesting that CI therapy increases the size of the cortical
motor output area of the affected hand muscle, which indicates cortical reorganization
(Liepert et al. 1998, 2000). Thereafter, many clinical studies have confirmed its efficacy
and safety in practice (Kwakkel et al. 2015). More recently, Phase III clinical trials with
randomized controlled designs were conducted, and these trials reported that CI therapy
showed significant improvement in functionality of the affected upper limb, an increase
in the frequency of use in daily life, and therapeutic effects lasting 1 year after treatment,
compared to control intervention (Page et al. 2005; Brogérdh and Sj6lund 2006; Wu et al.
2007). According to the 2015 Japanese guidelines for the management of stroke, CI

therapy is now rated as a Class A grade therapy for patients with mild paralysis.
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Figure 1-12. CI therapy designed with gradually increasing difficulty tasks for the
affected upper limb

CI therapy comprises typical tasks used in daily life including (A) cutting bread, (B)
pouring water, (C) picking up and replacing money, and (D) playing a game. The
difficulties in these movements are associated with coordinated movement between
different elements such as the shoulder and hand and with precision in movement such as
that in pinching of a finger. CI therapy restricts the use of the unaffected limb by using a
padded mitt (modified from Kwakkel et al. 2015).

1.2.2. Robot-aided intervention

Post-stroke hemiplegic patients require continuous medical care and intensive
physical exercise along with frequent one-on-one in-person interaction with a physical
therapist. To reduce the burden of the intensive physical exercise currently restricted to
the therapist, a technological approach has helped in the rehabilitation field. Robot
therapy enables precise repetition training of the same operation and patients perform the
much motor exercise provided robot-aided intervention (Kwakkel et al. 2008). It is then

possible for a therapist to deal with instances that require more significant intervention,
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while providing a sufficient amount of training to the patient. For example, BiManuTrack
(Hesse 2004) or Rutgers Master II (Bouzit et al. 2002) interacts with the user only at the
hand or finger level (Figure 1-13(A, B)). These robots could offer flexible solutions as
alternative assistance for post-stroke patients in repetitive simple physical exercises.
Furthermore, rehabilitation robotics were initially developed for motor training, and the
use of this method in diagnostics has also been drawing attention. Inmotion 2 and
KINARM are devices with visual feedback that move a robot arm with the paralyzed
hand fixed at the point indicated on the screen (Figure 1-13(C, D)) (Krebs et al. 2004;
Chang and Kim 2013; Little et al. 2015). These robotic devices can be used as assessment
devices for upper limb sensorimotor function because these devices can record various
types of kinetic and kinematic variables, such as the trajectory of upper limb, time
required for movement, and peak torques around the limb joints (Scott 1999).
Furthermore, these robotic devices, which set the load force as assistive or resistant for
upper limb movements, provide a more advanced solution for physical exercise. For
instance, robotic devices assist the affected limb movement by reducing effort and
frustration, and the assistive force gradually decreases as affected limb movement
improves (Casadio et al. 2009). On the other hand, robotic devices can proved resistance
against the affected limb movement owing to accumulating evidence that higher effort by
the impaired limb can help improve motor function (Morris et al. 2004). Robot-aided
therapy has shown the potential to effect motor recovery for post-stroke hemiplegic
patients, and it plays a crucial role in clinical rehabilitation. However, robot-aided

intervention mainly applies to patients with mild-to-moderate hemiplegia on the premise
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of voluntary motor execution of the affected upper limb, and such intervention is
underutilized for patients with severe hemiplegia, as the robots cannot provide assistance
or resistance to the affected upper limb unless there is voluntary motor output. On
application to patients with severe hemiplegia, the robot-aided intervention only results

in passive movement and thus fewer benefits of robot-aided motor exercise.

Figure 1-13. Robotic devices in upper-limb motor rehabilitation

(A) BiManuTrack is a proven assistive device for highly paretic patients for repetitive
training of the wrist and forearm, i.e., flexion/extension of wrist (modified from Hesse,
2004); (B) Rutgers Master II is designed for dextrous interactions in virtual environments,
and this glove provides force feedback (modified from Bouzit et al. 2002); (C) Inmotion
2 has two translational degrees of freedom in the upper limb, and it provides continuous
stall torque. The position of the forearm is calculated continuously, providing visual
feedback (modified from Chang and Kim, 2013); (D) KINARM also provides visual and
torque feedback to the participant with a bimanual motor learning environment for

coordinated movement of the upper limbs (modified from Little et al. 2015).
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1.2.3. Neuromuscular electrical stimulation

NMES is a technique that is widely used for the treatment of central nervous
disorders, such as stroke and spinal cord injury to restore sensorimotor function because
NMES elicits sensory and motor nerve activity, resulting in enhanced excitability of the
sensorimotor cortex (Sheffler and Chae 2007; IJzerman et al. 2009; Maffiuletti et al.
2013). Alteration of the afferent input by NMES has been shown to lead to reorganization
of the sensory cortex (Sanes et al. 1992; Ridding and Taylor 2001; Page et al. 2010).
Paired-associative stimulations, such as an electrical pulse stimulation of NMES to the
affected upper limb and a single pulse stimulation with TMS to the motor, have also been
reported to induce neural plasticity in the sensorimotor cortex (Stefan et al. 2000). In
addition, NMES stimulates afferent sensory nerve fibers as well as efferent motor nerve
fibers and the pulse intensity of NMES is set high enough to activate efferent nerve fibers,
consequently eliciting muscle contractions (Maffiuletti 2010). The sensorimotor coupling
between sensory nerve activation by NMES and the increased proprioceptive signals from
the evoked movements increases sensorimotor excitability, thus leading to improved
function (Kottink et al. 2007; Chae et al. 2009; Malhotra et al. 2013). NMES administered
during voluntary motor execution or electromyographic (EMG)-triggered NMES lead to
a synchronized presynaptic and postsynaptic coupling activities, facilitating synaptic
remodeling (Cauraugh et al. 2000; Rushton 2003). Notably, this could also be applied to
mild motor impairment because some voluntary movement is needed to initiate and

continue the exercise.
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1.2.4. Motor imagery therapy

A mental practice in the form of movement imagination, called motor imagery, has
been hypothesized to activate the sensorimotor circuit similar to actual motor execution
(Sharma et al. 2006). Previous studies with positron emission tomography or fMRI have
revealed that motor imagery consistently enhanced the disclosed activity in cortical and
subcortical motor areas, which substantially overlap the neural substrates for motor
execution (Malouin et al. 2003; Hanakawa et al. 2008). Because it improves motor
function without a physical load for patients with severe hemiplegia, motor imagery
therapy is considered an effective therapeutic tool for post-stroke hemiplegic patients.
Furthermore, motor imagery therapy can be deployed in combination with other
treatments. A meta-analysis study on motor imagery therapy aimed at the recovery of
affected upper limb motor function in post-stroke patients reported that motor imagery
therapy is provided in addition to other therapies, such as conventional therapy
comprising occupational and physical therapy, CI therapy, robot-aided therapy, or NMES,
and that motor imagery therapy is an effective complementary therapy (Park et al. 2018).
However, motor imagery is an internal mental process with a consequent lack of visual
or proprioceptive feedback; thus, task compliance with sufficient activation of the
sensorimotor neural pathways may vary among trials and even for a single participant
(Braun et al. 2013). Such limitations may reduce the clinical efficacy and reliability of

this therapy.
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1.2.5. Sensorimotor exercise aided by brain-computer interface

Since motor imagery therapy induces somatotopic reorganization of cortical
activation patterns in the sensorimotor area, an effective strategy for ensuring the quality
of motor imagery has been proposed; this advanced strategy requires that patients learn
how to control motor imagery enough to enhance sensorimotor cortical activity via visual
and/or somatosensory feedback, which is reflected by monitored brain activity (Figure
1-14) (Daly and Wolpaw 2008; Chaudhary et al. 2016). Such biofeedback intervention,
especially using neural activity, is called neurofeedback intervention, involving BCI. This
BCI allows participants to reach motor imagery compliance through feedback reflecting
computed brain activity, thus forming a closed-loop strategy (Hochberg et al. 2012;
Sitaram et al. 2017; Cervera et al. 2018). Motor imagery therapy combined with BCI
intervention can support motor rehabilitation; consequently, the use of BCI rehabilitation
has been increasing (Wolpaw et al. 2002; Ono et al. 2014a; Ang et al. 2015; Soekadar et
al. 2015). Most studies employing BCI to aid motor imagery for post-stroke patients have
used EEG-SMR as a biomarker reflecting activity in the sensorimotor cortex (Zhang et
al. 2015). Although EEG recording is limited in terms of the discriminable motor output
pattern and accuracy, it is easier to use EEG to record brain activity than to use fMRI or
ECoG, which enables continuous day-by-day training (Teo and Chew 2014; Young et al.
2015, 2017; Bundy et al. 2017). Buch and colleagues (2008) reported that long-term BCI
aided motor exercise, which is EEG-SMR activity contingent robot-aided motor output
for the affected hand, for stroke patients induced a reorganization of brain activity pattern.

Furthermore, some studies have described BCI-triggered NMES of the affected finger
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muscle (Daly et al. 2009; Mukaino et al. 2014). The combination of BCI and other
physiotherapies (such as robot-aided therapy and NMES) have been reported to induce
improvement of affected upper limb function (Shindo et al. 2011; Ono et al. 2014a).
Furthermore, recent randomized controlled trials (RCTs) have also reported that long-
term EEG-SMR based BCI intervention contingent on sensorimotor feedbacks for post-
stroke patients induced sensorimotor functional recovery in the affected hand (Ramos-
Murguialday et al. 2013; Ang et al. 2015; Pichiorri et al. 2015). In addition, a meta-
analyses systematic review of clinical studies with BCI aided motor exercises reported
that an effectiveness of BCI neurorehabilitation training is significantly high in the finger
or upper-limb motor functional recovery after stroke (Cervera et al. 2018). Compared to
traditional motor rehabilitation training, there are many indications for treatment of BCI
aided motor exercise for post-stroke hemiplegic patients, admitting motor functional
recovery for chronic and heavy post-stroke hemiplegic patients (Shindo et al 2011).
Therefore, there is increasing interest in the use of BCI aided motor excises for motor

rehabilitation of upper limb motor function in post-stroke hemiplegic patients.
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Figure 1-14. Use of BCI in a case of severe chronic stroke

Some features in the EEG signal recorded for the sensorimotor cortex are used to drive a
robotic exoskeleton attached to a patient’s paretic arm or hand (bottom right). The patients
are instructed to attempt to imagine moving the affected limb, and if the power attenuation
of EEG-SMR is noted, the robotic-orthosis actuated and/or electrical stimulation
administered to the affected limb. The bottom left panels show representative EEG-SMR
power spectrograms in successful and unsuccessful trials. In these panels, the red and
blues traces depict typical spectrograms for EEG-SMR power when at rest (higher power)
and task (lower power), respectively. The red and gray areas of the bar represent high or
low EEG-SMR power, respectively. If the EEG-SMR power traces resemble the brown
trace in the lower spectrogram, successful motor imagery is detected and sensorimotor
feedback is provided to the affected arm. On the other hand, the sensorimotor feedback
device does not work if the EEG-SMR power is high. This contingent association between

motor imagery and the sensorimotor feedback facilitates sensorimotor excitability
(modified from Chaudhary et al. 2016).
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1.3. Neural mechanisms of sensorimotor functional recovery

Previous animal studies have reported that neural plasticity contributes to learning
and reorganization of functional recovery from paralysis. For instance, cortical regions
compensate for lost neural function from the damaged part of the brain, resulting in
changes in a somatotopic map of the ipsilesional motor cortex (Nudo et al. 1996). In long-
term functional recovery with a representational motor map, synaptogenesis and dendrite
remodeling are associated with increases in neurological activity (Biernaskie and Corbett
2001). In humans, studies using non-invasive brain imaging methods, such as fMRI or
TMS, have reported that the long-term effect of CI therapy increases fMRI activity and
representational size of the affected upper limb (Liepert et al. 1998; Rijntjes et al. 2011).
This functional reorganization is modified by use-dependent plasticity, which plays a
significant role in functional recovery post-stroke, caused by synaptic efficacy in an
activity-dependent manner (Hess and Donoghue 1994). In this section, the author
introduces neural plasticity related to BCI intervention. In this thesis, the concepts of
neural plasticity for sensorimotor functional recovery have been proposed separately in
different fields of study, such as cell biology, neurophysiology, and neuropsychology . It
should be noted that there is the possibility that one field of study may encompass a

concept in another field of study, and they are not strictly separated.

1.3.1. Hebbian-like plasticity
Hebbian synaptic plasticity is hypothesized to play an important role in storing

information by the co-occurrence of the pre- and postsynaptic activities (Caporale and
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Dan. 2008). It consists of the broader framework of the two synaptic phenomena: long-
term potentiation (LTP), an activity-dependent, persistent, and an increased synaptic
strength phenomenon; and long-term depression (LTD), a corresponding decreased
synaptic strength phenomenon (Turrigiano and Nelson 2004). LTP and LTD are two of
the principal neural mechanisms behind learning or memory function.

In this thesis, the author uses the term of Hebbian-like plasticity or timing-
dependent plasticity to refer to the phenomenon, where the synchronous activity of two
different neuronal populations enhances the synaptic transmission efficiency between
their active neurons. This is because to deal with Hebbian plasticity, which occurs at a
neuronal level and with a 10 ms (at most <100 ms) activation pattern, there are some gaps
and leaps in neurophysiological evidence to discuss beyond layers from single neuron
activities to neural population activities, which are recorded by EEG or fMRI. For
example, the paired-associated stimulations composed of a single pulse stimulation with
TMS to the motor cortex, and an electrical pulse stimulation to the peripheral sensory
nerve, induces the neural plasticity within a given stimulation interval (Stefan et al. 2000).
When the neural activity induced by the magnetic stimulus, and the neural activity
transmitted by the peripheral sensory fiber co-occur in the motor cortex, it induces the
excitability-enhancing effect in the motor cortex (Carson and Kennedy 2013). Similarly,
in the BCI rehabilitation, it is inferred that excitability enhancement in the sensorimotor
cortex is induced through this type of Hebbian-like condition, because the electrical
stimulation and robot-aided motor execution are administered only when the

sensorimotor cortex is considered being activated during the motor imagery.
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1.3.2. Use-dependent plasticity

There are some instances candidates of neural plasticity in post-stroke hemiplegic
patients undergoing sensorimotor rehabilitation. For example, one of the most critically
hypothesized mechanisms behind CI therapy, is the use-dependent plasticity. As
mentioned above, the CI therapy allows restrained usage of the unaffected limb, and an
increased usage of the affected limb, to increase the rate of using the affected limb in
daily life tasks (Taub et al. 2006). Nudo and colleagues (1996) have revealed using animal
models that motor map in the motor cortex, a topographic representation of motor
threshold for a targeted muscle, enlarges its territory in a use-dependent manner. In the
non-human primate stroke models, intensive finger-pinching training under the Cl-like
condition induced expansion of the somatotopic region of the proximal part in the affected
upper limb, which was forced to use (Figure 1-15). A clinical study, with voxel-based
morphometry of MRI, also reported that CI therapy for post-stroke hemiplegic patients
increased gray matter density in the bilateral sensorimotor and the hippocampus regions
compared to the controlled intervention (Gauthier et al. 2008). Also, a previous study on
health participants reported that after a motor task, where the thumb was repeatedly
moved in a specific directional, the characteristics of the motor cortex reshaped to allow

the motion in the intended direction (Classen et al. 1998).

36



Postinfarct and

Preinfarct rehabilitative therapy

2_50 pm

B Digit [] Digit + wrist-forearm [l No response
B \rist-forearm EM Proximal

Figure 1-15. Reorganization of hand representations in the motor cortex

Before an infarct (left), and after a focal ischemic infarct and rehabilitative training (right),
each motor map was recorded with the intracortical microstimulation techniques, which
is widely used for mapping the functional topography of the motor cortex. After the
rehabilitative exercise, the digit and the wrist-forearm representational areas were
increased. The dashed white circle in the preinfarct map, and the solid white circle in the
postinfarct map indicates the infarcted regions. The thin white arrows in each map, depict
the digit or wrist-forearm representations from the formerly proximal (elbow or shoulder)

representations (modified from Nudo et al. 1996).

Such evidence about the use-dependent plasticity suggests that EEG-SMR based
BCT has the potential to induce the functional reorganization of the sensorimotor network
through repeated use of the ipsilesional sensorimotor cortex. Since, the EEG-SMR
modulation recorded over the sensorimotor cortex, is known to be related to the

excitability of the sensorimotor cortex (Ritter et al. 2009; Yuan et al. 2010), the
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corticospinal tract, and the spinal motoneuron (Hummel et al. 2002; Takemi et al. 2015);
even if the paralysis-hand movement is not actually executed, the repeated motor imagery
contingent EEG-SMR based BCI, guarantees a significant amount of activity in the
sensorimotor cortex in the ipsilesional hemisphere. A previous clinical study has reported
that the BCI intervention for the post-stroke hemiplegic patients improved the BOLD
signals of the ipsilesional sensorimotor cortex in the lesion hemisphere, during the

affected-hand motor imagery (Young et al. 2015).

1.3.3. Reinforcement learning

Reinforcement learning is described as one of the processes of decision making so
that ensures optimum response in a given situation (Daw et al. 2006). It takes place by
comparing the actual results that occurred during an action with the predicted results. If
the result generated by an action yields a better result than the expected result, then the
probability of that action will increase (Peters and Schaal 2008). Similarly, if the actual
result of the selected action is worse than the expected result, the probability of the action
decreases. In this way, reinforcement learning is the process by which the selected action
type is narrowed down by the result of good or bad. The amount of error between the
predicted value and the actual outcome is calculated in the dopaminergic neurons of the
basal ganglia and the striatum, and this calculation is said to be an essential factor for
realizing the reinforcement learning (Schultz 1998). A previous study applied the
reinforcement learning to the post-stroke sensorimotor rehabilitation and reported that the

hemiplegic patients with reward significantly improved their walking speeds compared

38



to the control, suggesting that the reward encouraged exercise-based motor recovery
(Dobkin et al. 2010).

Since the post-stroke patients with chronic severe hemiplegia lack clues for proper
motor execution, even an attempt or imagery with appropriate brain activity is
challenging to elicit motor imagery of the affected limb. Also, even if the motor imagery
is formed by learned non-use, the patient repeatedly performs the motor imagery tasks in
his/her own way without recognizing if the trial is true or false (Braun et al. 2013). Motor
imagery therapy aided by the BCI provides the compliant and quality of motor imagery
to the patient, through visual/somatosensory feedback, because the BCI monitors the
brain activity which is enough to enhance the sensorimotor-cortical excitability (Ushiba
and Soekadar 2016). The patient recognizes the feedbacks as rewards of attempting motor
imagery, and thus the probability of appearance of motor imagery increases. Although, it
is not identified whether the brain activity fluctuates among the trials, or the patient
changes the planning strategy of motor imagery; the patient gradually improves motor
imagery with BCl-aided clues, resulting in a modulated earning of sensorimotor

excitability and sensorimotor functional recovery (Ono et al. 2014b).

1.4. Objective of the dissertation

For patients who become disable owing to various reasons, such as stroke, spinal
cord injury, limb deficiency, and miotic intractable diseases, the study provides hope that
patients can move their body again of their own will. BCI, or alternatively, brain-machine

interface technology allows for the direct translation of brain activity into control signals
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for a machine, robot, or computer to enable voluntary movement. BCI was originally
applied as a prosthetic tool to practice compensatory movement using the remaining
functional activity of intact body parts; lately, several studies on post-stroke hemiplegic
patients have reported that combined intervention using BCI and physical exercises for
the affected limb improves the patient’s biological motor function. This is of importance
in our understanding of assistive devices since these studies first showed the potential of
BCI in helping the brain to fault tolerance in an engineering sense; however, later studies
have revealed a different potential use of this technology, in actuating the biological
process of neural re-functioning to overcome irreversible structural damage. BCI has
been therefore attracted much attention owing to its potential applications in rehabilitation
medicine.

For practical translations of BCI technology into clinics, non-invasive methods of
recording brain activity is indispensable. Scalp EEG is the most common method among
existing modalities of non-invasive brain activity recording; thus, the present study used
EEG-based BCI aiding motor recovery for post-stroke hemiplegic patients. In such a BCI
system, decryption of the patient’s volitionally motor attempts is achieved through online
detection of self-induced motor-related electrical activities, one of which is EEG-SMR.
EEG-SMR is recorded over the sensorimotor cortex in the resting-state and is interpreted
as an indication of the idling state of the sensorimotor cortex (Pfurtscheller et al. 1996a).
The EEG-SMR based BCI system with contingent endogenous neural stimulation, such
as actions of the motor-driven orthosis (Hochberg et al. 2012), NMES (Bouton et al.

2016), or virtual reality (Leeb et al. 2007), forms a closed-loop process, which occurs in
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behaviorally relevant functional networks and can be used to provide self-administered
therapy.

Some clinical studies including case studies or case series have reported that
physical exercises combined with BCI over several weeks induces motor functional
recovery of the affected limb in post-stroke patients (Shindo et al. 2011; Ono et al. 2014b).
Furthermore, a few RCTs reported that BCI interventions could be potentially beneficial
in improving motor outcome measures (Ramos-Murguialday et al. 2013; Pichiorri et al.
2015). Because of the novelty of BCI interventions, however, there remains a need to
define the mechanisms of underlying impact of BCI in order to guarantee the
neurophysiological assessments; therefore, results should be interpreted with caution
before making recommendations for clinical practice, and further studies with larger and
clearly stratified patient cohorts should be conducted.

Most BCI studies aimed at neurological rehabilitation have focused on its efficacy
related to behavioral motor recovery and the subsequent/consequent neurophysiological
changes for several weeks (Shindo et al. 2011; Ramos-Murguialday et al. 2013; Ono et
al. 2014b; Pichiorri et al. 2015); no researchers have investigated the acute, direct effects
on intrinsic neural activities. This may be because intrinsic neural activities are so subtle
that the brain regions that may be affected by BCI or that may be correlated with the EEG
signal used as the BCI biomarker in the resting-state are still unknown. Therefore, the
author first studied the simultaneous EEG and fMRI recordings in order to identify the
brain regions correlated with spontaneous EEG-SMR fluctuation. This study revealed that

the spontaneous EEG-SMR is strongly involved in the activity of the sensorimotor cortex
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located under the EEG electrode. Furthermore, the EEG-SMR components contain the
activities of the corresponding sensory and motor cortices respectively activities.

The author further evaluated the neurophysiological effectiveness of the EEG-SMR
based BCI in inducing acute changes in stroke patients and further conducted a double-
blind, sham-controlled, randomized crossover confirmatory study in developmental
phase II or III following consolidated standards of reporting trials (CONSORT)
guidelines. This study revealed that motor exercise combined with BCI increases activity
in the ipsilesional sensorimotor cortex in the resting-state for post-stroke hemiplegic
patients. The discussion will provide insight regarding the hypothesis that BCI
intervention is a promising strategy in neurorehabilitation to improve the intrinsic neural
pattern.

In Chapter 1 of this dissertation, the principles of neurophysiology are reviewed
and an outline of BCI technology is provided. In Chapter 2, the investigation of the brain
region reflecting the spontaneous EEG-SMR in the resting-state in the simultaneous
EEG-fMRI recording study is described. In Chapter 3, the investigation of the
neurophysiological effectiveness of EEG-SMR based BCI evaluated using the intrinsic
fMRI signal in post-stroke hemiplegic patients is described. Finally, in Chapter 4, the
author expresses a perspective on the contribution of this dissertation to the scientific and
technological breakthroughs in the field of neurofeedback by summarizing the findings

of the two aforementioned studies.
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Chapter 2 : Resting-state fluctuations of EEG sensorimotor
rhythm reflect BOLD activities in the pericentral
areas: A simultaneous EEG-fMRI study

* This chapter was based on the author original article, “Tsuchimoto et al. Resting-State
Fluctuations of EEG Sensorimotor Rhythm Reflect BOLD Activities in the Pericentral
Areas: A Simultaneous EEG-fMRI Study. Front Hum Neurosci 11, Artiele HD-356(10

pages), 2017.” The author has a right to use this dissertation.

2.1. Introduction

As introduced in the Chapter 1, since Berger’s first electroencephalogram (EEG)
recordings from the human scalp in the late 1920s, a number of studies have led to new
insights into the function and mechanisms of intrinsic oscillations underlying brain
activities (Cohen 2017). One of the characteristic EEG rhythms is the sensorimotor
rhythm (SMR), a spontaneous EEG (i.e., in the absence of somatosensory input or motor
output) with an arch-shaped waveform in alpha (e.g., 7-11 Hz) and beta (e.g., 12—30 Hz)
frequency bands (Kuhlman and Allison 1977; Kuhlman 1978; Kozelka and Pedley 1990;
Arroyo et al. 1993; Laufs et al. 2003; Hasan et al. 2016). The EEG-SMR signals are
recorded from the C3 channel that is located closest to the hand area in sensorimotor area
and its amplitude is known to be reduced by desynchronized neural activities in
association with motor-related events, such as kinesthetic motor imagery or actual muscle
contraction, suggesting a possible electrophysiological sign of sensorimotor excitability
(Pfurtscheller et al. 2006). Actually, such EEG-SMR power change, namely event-related

desynchronizations are often localized over the pericentral gyri, and the degree of EEG-
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SMR power attenuation is associated with cortico-spinal tract excitability (Takemi et al.
2013) as well as with intracortical disinhibition of the motor cortex.

Modulations of the EEG-SMR can be segregated into two physiologically different
components. The alpha frequency band is located slightly posterior to the beta
(Pfurtscheller and Lopes da Silva 1999; Ritter et al. 2009) and shows prominent reaction
to somatosensory events (Babiloni et al. 2008; van Ede et al. 2014). On the other hand,
the amplitude of the beta frequency band EEG is attenuated, but the phase
synchronization is maintained between the beta frequency band EEG and the spinal
motoneuronal pool activities during tonic motor contraction tasks (Conway et al. 1995;
Leocani et al. 1997; Bayraktaroglu et al. 2013). Furthermore, in the post-movement
period, the amplitude of the beta band consistently returns to and exceeds pre-movement
levels via synchronization (Pfurtscheller et al. 1996b; Bauer et al. 2006; Jurkiewicz et al.
2006; Parkes et al. 2006). These studies suggest that the beta component of the EEG-
SMR is more motor-related.

Does EEG-SMR also show some spontaneous fluctuations during the resting-state,
and, if so, is the resting-state EEG-SMR fluctuation correlated with blood-oxygen-level
dependent (BOLD) signal changes in the sensorimotor areas? Spatial localization of alpha
and beta components of the resting-state EEG-SMR has yet to be directly confirmed, but
several lines of collateral evidence have supported such correlations. For instance, studies
on sensory stimulation have shown that the prestimulus amplitude of the alpha-band SMR
has a significant impact on sensory stimulus detection (Linkenkaer-Hansen et al. 2004;

Zhang and Ding 2009). A few studies using single-pulse transcranial magnetic
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stimulation (TMS) over the motor cortex have shown an association between motor
cortex activity or corticospinal tract excitability and the amplitude of the spontaneous
beta-band SMR during the resting-state (Miki and Ilmoniemi 2010; Berger et al. 2014).
Spontaneous fluctuations of the resting-state EEG may be much subtler than the motor
task-related variations. However, similar to the fact that the level of the SMR
synchronization reflects sensorimotor cortex activity during the course of a movement
task (Pfurtscheller et al. 2000), the characteristics of the SMR may also be indicative of
sensorimotor cortex activity during the resting-state.

Here, based upon previous knowledge suggesting an association between
spontaneous EEG-SMR fluctuation during the resting-state and activity of the pericentral
brain regions, the author addressed the following hypotheses: (1) the spontaneous EEG-
SMR power modulations were correlated with a surrogate marker of brain activity that
covaries with resting-state sensorimotor cortical activity as measured by functional
magnetic resonance imaging (fMRI) in the pericentral area, and (2) the area correlated
with alpha-band EEG-SMR was located posterior to the area correlated with beta-band
EEG-SMR. To test such hypotheses, the author employed EEG-fMRI simultaneous
recording to identify the relationship between EEG-SMR modulations and whole-brain

activity during the resting-state.
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2.2. Methods
2.2.1. Participants

Nineteen healthy participants (13 men and 6 women; aged 21-25 years) were
recruited in this study. This study is a validation study to determine the brain region of
which is correlated with the intrinsic SMR using EEG and fMRI simultaneous recording.
The authors determined to conduct this research in health participants to avoid an
experimental load to post-stroke patients. None had any sleep, medical, or psychiatric
disorders. The purpose and experimental procedure were explained to the participants,
and all participants gave informed written consent. The study was conducted in
accordance with the Declaration of Helsinki and was approved by Keio University
Faculty of Science and Technology Bioethics Committee and Saiseikai Kanagawa-ken

Hospital Ethics Committee.

2.2.2. Data acquisition

The participants were asked to lie still on a scanner bed in the dark for 10 min with
their eyes opened and fixed on a small black cross. EEG signals were recorded with an
MR-compatible amplifier (BrainAmp MR plus, Brain Products GmbH, Germany) and an
EEG electrode cap (BrainCap MR, Brain Products GmbH, Germany) providing 63 EEG
channels and 1 electrocardiogram (ECG) channel. Their electrodes were placed according
to the modified International 10—10 system (Jurcak et al. 2007). The ground electrode
was placed at the AFz, the reference electrode at the FCz, and the impedance of all

electrodes was kept lower than 5 kOhm throughout the experiment. The ECG electrode
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was placed on the back of participants to obtain the electrocardiographic data and to
subsequently correct ballistocardiographic artifacts. Raw record was sampled at 5 kHz
with a bandpass filter between 0.1 and 2500 Hz using the Brain Vision Recorder, (Brain
Products GmbH, Germany). The amplifier system was set beside the participant’s head
within the scanner during fMRI scanning.

Functional images were acquired on a 1.5-T MR scanner (Signa Exite, GE Medical
Systems, UK) and whole-brain, T2-weighted BOLD data were acquired using an with a
single-shot gradient echo planar image sequence (repetition time TR = 3000 ms; echo
time TE = 40 ms; flip angle = 70 degrees; slice order = ascending; voxel size = 3.75 X
3.75 x 4.0 mm?; 30 axial slices with no gap, 200 scans). To achieve phase synchronization
clocks for digital sampling between the MRI data and the EEG system, the EEG system
clock was synchronized with a SyncBox device (Brain Products GmbH, Germany) and
the MRI scanner's 10 MHz master synthesizer. The scanner also delivered each TR trigger
signal that marked the onset time of every fMRI volume acquisition. These markers were

used for fMRI scanning artifact correction of the EEG data.

2.2.3. Data analyses

An outline of the analyses is shown in Figure 2-1. The several-seconds scale of
modulation in the SMR resting-state amplitude was first extracted from EEGs of healthy
volunteers, and the EEG-SMR power time-series was convolved with the canonical
hemodynamic response function (HRF) to model the BOLD signals co-varying with the

EEG-SMR modulation. A voxel-wise correlation analysis was then conducted in the
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whole-brain to identify the cortical and subcortical activities with which the modulation
of EEG-SMR amplitude was associated.

EEG data were processed by Brain Vision Analyzer 2.0 (Brain Products GmbH,
Germany) and the MR gradient-artifacts and ballistocardiogram in the EEG signals were
corrected using the average template subtraction method (Allen et al. 2000). First, to
create the gradient-artifact template, EEG data were averaged over 3 volumes (9 s) with
the reference to each TR trigger signal. The template was computed for each TR interval
using the sliding window. The gradient-artifact template was subsequently subtracted
from the original EEG data. Second, the ballistocardiographic artifacts were removed in
a similar way. The template in this case was constructed by averaging of the EEG data
with the reference to the peaks of the R-waves in the ECG signal. After the gradient-
artifacts and ballistocardiographic corrections, the EEG data was bandpass filtered (3-
70 Hz with 48 dB/octave phase shift-free Butterworth) with a notch (50 Hz for avoiding
power line contamination), and the sampling rate of the data was decreased to 250 Hz.

It is known that the EEG signal obtained around the pericentral area contains
cognitive components, such as activity related to the “mirror neuron systems,” in addition
to the sensorimotor idling activity component (Yin et al. 2016). Because the author
focused on the sensorimotor processing component, the author obtained EEG-SMR
signals from the C3 channel that is located closest to the pericentral area. Furthermore,
the re-reference to the common average reference should remove global-signal to
emphasize the relevant localized activities around the pericentral area (McFarland et al.

1997). The power time courses of EEG data in the C3 channel were calculated by a fast
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Fourier transform (FFT) with a 1-s moving time window and no overlap. The author first
selected four different frequency bands [7—11 Hz (alpha), 12—16 Hz (betal), 17-21 Hz
(beta2), 22—30 Hz (beta3)] as candidates for the sensorimotor-related features (Arroyo et
al. 1993; Rangaswamy et al. 2002, 2004; Ritter et al. 2009), and the power time courses
of EEG-SMR were obtained by calculating the power in every time window to be
demodulated the EEG-SMR amplitude-fluctuation signals. To confirm that these
frequency components were localized over the sensorimotor cortex, simple linear
regression coefficients at a 0-lag were calculated between the C3 and the other channels.
The coefficients were assigned to each channel position where the correlation with C3
was calculated, and a topographic map was obtained using the nearest neighbor
interpolation with the biharmonic spline interpolation methods at implemented toolbox
on MATLAB (MathWorks, Natick, MA, USA). After calculating the regression
coefficients for each individual participant, a one-sample ¢-test was performed for group
analysis.

The fMRI data were pre-processed with Statistical Parametric Mapping (SPM12,
Wellcome Department of Imaging Neuroscience, http://www.fil.ion.ucl.ac.uk/spm) on
MATLAB. First, the slice-timing correction was applied with the reference slice based
on the middle of each TR, and each volume was spatially realigned with the first volume.
After the timing and spatial corrections, each volume was normalized according to the
Montreal Neurological Institute (MNI) template, and was resampled to 2-mm cubic

voxels. The normalized volumes were then smoothed with an isotropic Gaussian kernel
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(Full width at half maximum (FWHM) = 8 mm), and were 0.0078 Hz high-pass filtered.
These parameters were set in SPM function initialises as the default parameters.

For the correlation analysis of BOLD signals with EEG-SMR power modulation in
each frequency band, the author followed a previous approach in the simultaneous EEG-
fMRI study (Huster et al. 2012). First of all, the EEG-SMR power time series for
bandwidth was convolved with HRF provided by SPMI12 to take into account the
hemodynamic delay of the BOLD signal. After the convolution, to conform the temporal
resolution of the fMRI data, the EEG-SMR power time courses were down-sampled with
the data point sampled at the reference of the fMRI slice timing correction; namely, one
data point was sampled in the middle of every TR. To identify the brain regions with
correlations between BOLD signals and EEG-SMR fluctuations, each alpha and beta
frequency band of EEG-SMR power was used as a predictor for the BOLD signal in the
general linear model (GLM). Because the alpha- and beta-band EEG-SMR power
modulations were significantly correlated, a GLM model was created for each frequency
of EEG-SMR power to avoid multicollinearity. The six realignment parameters (three
translation and three rotations) were used as nuisance variables to remove head motion
artifacts, and the cerebrospinal fluid (CSF) signal was also used as a nuisance variable to
exclude non-neural noise originating from cardiac effects and respiration. The CSF time
series were obtained by averaging the signal over all voxels within the Lateral Ventricles
Mask, which were anatomically defined by the SPM12 atlas.

In the first-level analysis, the author generated regression coefficient contrast

images of alpha- and beta-band EEG-SMR modulations for each participant. Then, for
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the second-level, group data analysis, the contrast images were fed into a one-sample ¢-
test. For all data, the fMRI results were subjected to peak- and cluster-extent-based
thresholding, the most popular thresholding method for dealing with the issue of multiple
comparisons over many voxels (Woo et al. 2014; Worsley et al. 1992). The initial voxel
threshold was set to p <0.001 uncorrected for multiple comparisons (this level was
considered reasonably conservative against a false positive finding). Thus, clusters were
considered significant if they survived an extent threshold of p = 0.05 family-wise error
(FWE) corrected for multiple comparisons for statistical inference. In each region of the
sensorimotor cortex correlated with alpha- or beta-power fluctuations of the EEG-SMR,
the author performed statistical evaluation tests to validate that these correlated regions

were spatially different using a two-sample Kolmogorov-Smirnov test.
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Figure 2-1. Outline of EEG-fMRI simultaneous recording study

2.3. Results
2.3.1. EEG results

A typical EEG-SMR time series of a single participant is shown in Figure 2-2(A),
and the power spectrum densities of the EEG-SMR in all participants are depicted in
Figure 2-2(B). Although EEG signal power varied among the participants, the averaged
power spectrum density showed that the overall frequency structures were shared across
the participants, with the peak-frequencies at 10—12 Hz and 22-26 Hz. The averaged

power spectrum densities in the alpha- and betal-band were 6.8 x 1071 V2/Hz and 2.9 x
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1071 V2/Hz, respectively. The powers of beta2- and beta3-band were 6.0 x 10-!! V2/Hz
and 7.5 x 107! V?/Hz, respectively, and were relatively small in comparison with the
former two frequency bands. These power-modulation-depth ratios were calculated the
mean and standard variance among all participants for time-fluctuation as coefficients of
variation for alpha: 85 + 16%; betal: 112 £ 20%; beta2: 88 + 39%; and beta3: 68 + 19%
in the resting-state. Figure 2-3(A) shows the spatial distribution of the selected frequency
modulation components from C3 using statistical values of group analysis. All of the
distribution maps showed positive correlations locally around C3 and its contralateral
(C4) electrode, with notable localization in the alpha and beta2 components.
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Figure 2-2. Time course and power spectrum density results of EEG

(A) Filtered EEG data (3-70 Hz with 48 dB/octave phase shift-free Butterworth bandpass
filter and 50 Hz notch filter) elicited from the C3 channel of one participant. The black
bar indicates the time period during which the typical EEG-SMR occurred. (B) The
spectral density was calculated with Welch's power spectral density estimation for each

participant (thin lines) and the averaged spectram from all participants (thick line).
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Figure 2-3. Correlation maps of the EEG-SMR modulation wave elicited from C3
in each frequency band

(A) Each topography map shows the spatial distribution of the correlation coefficient
between the EEG-SMR modulation elicited from C3 and that at other electrodes. The
white crosses represent the C3 channel and the black dots represent other EEG channels.
The color bar shows the strength of correlation. (B) The statistical -maps of fMRI
negative correlations of each component of EEG-SMR modulation with the BOLD
signals (peak-level p < 0.001 uncorrected, cluster-level FWE p < 0.05).

2.3.2. fMRI results

Figure 2-3(B) depicts the statistically significant ~-maps of fMRI correlates (BOLD
signals) of EEG-SMR modulation, which were assessed separately for the alpha and each
beta component. The alpha-band EEG-SMR modulation was negatively correlated with
the activities of the bilateral pericentral cortices (p <0.001 peak level uncorrected;
p <0.05 voxel level FWE corrected). The z-values and MNI coordinates are shown in
Table 2-1. Similar to the correlation of BOLD signals with the alpha-band EEG-SMR

modulation, the beta2-band EEG-SMR modulation was negatively correlated with the
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activities of the bilateral pericentral cortices (Table 2-2). The beta3-band EEG-SMR
modulation was not correlated with any region. The betal-band EEG-SMR modulation
was negatively correlated with the BOLD signal in the right middle frontal gyrus; this
correlation was also seen in the analysis of the alpha- and beta2-band EEG-SMR
modulations.

The author further examined a spatial topography of fMRI signal correlated with
both the alpha- and beta2-band EEG-SMR modulations in the left pericentral area, where
the C3 electrode was located. Figure 2-4 shows the pericentral activity correlated with
alpha-band EEG-SMR, beta2-band EEG-SMR, and overlap of both. The peak coordinate
of the alpha-band EEG-SMR-correlated activity was MNI (x, y, z) = (-52, -32, 52) and
that of the beta2-band EEG-SMR was MNI (x, y, z) = (-44, -28, 50). Furthermore, Figure 5
displays the distribution of these correlated areas along the anterior-posterior (y) axis.
The spatial distributions of alpha-band EEG-SMR and beta2-band EEG-SMR correlated
activities were different in both the postcentral (Figure 2-5(A)) and precentral (Figure
2-5(B)) areas (two-sample Kolmogorov-Smirnov test, p < 0.001). More precisely, the
alpha-band EEG-SMR-correlated BOLD signals were distributed posterior to those

correlated with the beta2-band EEG-SMR.
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Figure 2-4. Spatial distributions of the correlations between BOLD signal and each
EEG-SMR modulation in the pericentral area

Red areas correlated with alpha-band EEG-SMR modulation, green areas correlated with

beta2-band EEG-SMR modulation, and yellow areas are overlapped regions correlated

with modulations of both alpha- and beta2-band EEG-SMR. These regions were adjusted

from statistical maps to those based on the atlas of the pericentral area in SPM12.
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Figure 2-5. The distributions of statistically significant voxels along the anterior-
posterior axis

The black lines show the number of significant voxels correlated with alpha-band EEG-

SMR modulation and the dashed lines show those correlated with beta2-band EEG-SMR

modulation. (A) the distribution of significant voxels in the postcentral area; (B) their

distribution in the precentral area; (C) the y-axis MNI coordinates superimposed on the

SPM12 atlas showing the postcentral (red) and precentral (green) areas.
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2.4. Discussion

In the present study, the author employed simultaneous EEG-fMRI recordings in
healthy human participants to investigate the whole-brain hemodynamic responses
associated with spontaneous EEG-SMR fluctuations. The author found significant
correlations between BOLD signals of activities in the sensorimotor regions and
modulation of EEG-SMR in the resting-state. In addition, the regions with negative
correlations between BOLD signals and the alpha-band EEG-SMR were distributed

posterior to those correlated with the beta-band EEG-SMR.

2.4.1. SMR frequency components in alpha- and beta-band

Two of the four frequency components, alpha- and beta2-band, showed
distributions of significant correlations locally around C3 and its periphery. According to
Ritter and her colleagues’ study using a blind source separation algorithm (Ritter et al.
2009), the EEG-SMR power modulations of the alpha (around 10 Hz) and beta (around
20 Hz) frequency bands were associated with the motor task. Thus, the amplitude
modulation of the alpha- and beta2-band EEG-SMR may reflect fluctuations in activity
in the sensorimotor regions. Moreover, both the alpha- and beta2-band EEG-SMR
components were correlated with BOLD signals around the bilateral pericentral areas,
that periphery area of around C3 as well as the contralateral C4 area. The homologue C4
of bilateral pericentral areas, which is consistent with the fact that the two cerebral

hemispheres have anatomical connections via the corpus callosum and each hemisphere
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communicates with the contralateral hemisphere by inhibitory and excitatory inputs

(Bloom and Hynd 2005; Palmer et al. 2012).

2.4.2. Correlation between intrinsic EEG-SMR fluctuations and BOLD signals

Both the alpha- and beta2-band EEG-SMR components were correlated with
BOLD signals around the bilateral pericentral areas. Previous fMRI studies also found
that in the resting-state, BOLD signals in the bilateral sensorimotor cortices were
correlated with one another, a phenomenon referred to as the sensorimotor network
(Biswal et al. 1995; Beckmann et al. 2005). Furthermore, the alpha or beta
synchronizations are interpreted as correlates of “idling” motor cortex neurons
(Pfurtscheller et al. 1996a; Ritter et al. 2009). Therefore, the intrinsic alpha- and beta-
band EEG-SMR modulations might reflect the sensorimotor network in the resting-state.
In addition, another simultaneous EEG-fMRI study showed that alpha- and beta-band
EEG-SMR modulations were negatively correlated with the sensorimotor network (Yin
et al. 2016). The present results are compatible with these previous findings, suggesting
that it is valid to draw correlations between the intrinsic EEG-SMR modulations and

activity in the sensorimotor cortex.

2.4.3. Functional properties of alpha- and beta-band EEG-SMR
Although the topographic map of the alpha-band EEG-SMR correlation was similar
to that of the beta2-band EEG-SMR correlation, it may reflect somatosensory-dominant

activities of the cortex. The present fMRI results may indicate functional differences
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between the alpha- and beta-band EEG-SMR. Although both EEG-SMR components
were correlated with BOLD signals around the pericentral area, the area correlated with
the alpha-band EEG-SMR was in the parietal region and that correlated with the beta-
band EEG-SMR was the frontal region. Recent findings suggest that the functional role
of alpha oscillations is closely related to the activity of intrinsic cortical networks,
indicating that the alpha-band signal occurs in different cortical layers (Klimesch et al.
2007; Palva and Palva 2007; Ben-Simon et al. 2008; Bazanova and Vernon 2014; Sigala
et al. 2014). Activities in the beta-band, however, are known to be connected with motor
functions (Brovelli et al. 2004; Jurkiewicz et al. 2006; Tzagarakis et al. 2015). In addition,
in a TMS evoked EMG study with concurrent EEG recording, the Farzan group (2013)
reported that EEG components correlated with the TMS-induced silent period in EMG,
and that the cortical inhibitory processes in humans were related to the power of beta

oscillations more locally than to that of the alpha oscillations.

2.4.4. Spatial distributions of alpha- and beta-band EEG-SMR

Previous studies reported the SMR to be most prominent in central scalp regions in
the area of the sensorimotor cortex (Pfurtscheller and Neuper 1997; Birbaumer et al.
2000; Blankertz et al. 2010), while the present results depict the spatial differences of
correlation areas in intrinsic alpha- and beta-band SMR. In studies of SMR power
modulation associated with motor execution or motor imaginary tasks, the attenuated
alpha- and beta-band SMR amplitudes were localized around the contralateral

sensorimotor area (Crone et al. 1998; Sauseng et al. 2013). Furthermore, the center of
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event-related desynchronization of the alpha-band SMR was located more posterior than
that of the beta-band SMR in EEG/MEG studies (Pfurtscheller and Lopes da Silva 1999;
Jurkiewicz et al. 2006). The task-related reactive sources of the alpha-band SMR were
localized in the postcentral area and those of the beta-band SMR were in the precentral
area during sensory input (Cheyne et al. 2003) or motor output (Salmelin et al. 1995).
Although it is not obvious that the neural processing of the intrinsic EEG-SMR
modulation during the resting-state is equivalent to that of event-related task modulation,
the present results indicate that the spontaneous modulations of the EEG-SMR may be
based upon a similar mechanism with that of the EEG-SMR modulated by sensory inputs
or movements which were already shown by event-related studies to represent pericentral
activities; thus the EEG-SMR modulation in the resting-state is also likely to reflect
pericentral activities. Therefore, insight into the relationship between EEG-SMR
modulation and the pericentral area, which has been examined in event-related studies,
has now been extended to the activities of the intrinsic EEG-SMR modulation during the
resting-state. In the present study, neural activity correlated with EEG-SMR modulation
at rest showed similar spatial localization with the neural activity correlated with
movement-related EEG-SMR modulation in the literature. Although it remains a testable
hypothesis that a similar mechanism may underlie EEG-SMR modulation during a motor
task and during a resting-state, the author has provided the evidence that intrinsic EEG-
SMR modulation during the resting-state associated the sensorimotor activities. This
evidence will be referred to that EEG-SMR based brain-computer interface (BCI)

intervention affects the sensorimotor activities in the resting-state, and changes of the
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intrinsic sensorimotor activities after EEG-SMR based BCI intervention is potentially

promoted.
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Chapter 3 : Motor exercise with EEG-SMR based BCI
increases sensorimotor connectivity in the resting-
state for post-stroke hemiplegic patients

* This chapter was based on the author original article, “Tsuchimoto et al. Sensorimotor
connectivity after motor exercise with neurofeedback in post-stroke patients with

hemiplegia. Neuroscience, submitted.” The author has a right to use this dissertation.

3.1. Introduction

In post-stroke hemiplegic patients, synchronous electric oscillations and functional
connectivity between brain regions are disrupted (Dubovik et al. 2012). These disruptions
within the ipsilesional primary sensorimotor cortex accompany the additional, significant
deficits in sensorimotor function after stroke (van Meer et al. 2010). As the brain initiates
a dynamic process of functional remodeling in neural circuitry following post-stroke
(Gauthier et al. 2008; Wang et al. 2010; Park et al. 2011), recovery of sensorimotor
function is associated with the subsequent retrieval of intra- and inter-hemispheric
functional connectivity and their oscillations within the sensorimotor system (Carter et al.
2010; van Meer et al. 2010). However, this process typically halts when it reaches a
chronic stage, approximately six months post-stroke (Hermann and Chopp 2012).

Motor imagery has long been envisioned as a cognitive strategy to enhance post-
stroke motor recovery (Langhorne et al. 2009). The neurophysiological rationale behind
motor imagery treatment for post-stroke rehabilitation is that mental practice with motor
content engages areas of the brain that associate movement execution (Cicinelli et al.

2006). Some studies reported that such motor imagery facilitates motor restoration in
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post-stroke hemiplegic patients (Munzert et al. 2009; Ietswaart et al. 2011). Because such
reiterated engagement of motor areas is intended to influence brain plasticity phenomena,
the context of motor imagery is a critical factor in improving functional outcomes (Guillot
et al. 2009). On the other hand, a randomized controlled trial study reported that there
was no significant clinical improvement (Ietswaart et al. 2011), likely because, although
motor imagery supports the cerebral and corticospinal excitability to promote the
sensorimotor functional recovery, the extent and magnitude of sensorimotor activation
during motor imagery is known to vary among participants (Munzert et al. 2009). Motor
imagery task was subtle for maintaining task-compliance; thus, a direct quantitative
measurement of cerebral functions modulated by motor imagery might preserve the

reproducibility of the motor-related neural rehabilitation.

Electroencephalographic (EEG) or magnetoencephalographic (MEG) oscillatory
signals are known electromagnetic analogues of sensorimotor oscillatory activity and are
space- and frequency-specific (Pfurtscheller and Lopes da Silva 1999). The research
presented in Chapter 2 extended previous work by showing that the alpha- and beta-band
of the sensorimotor rhythm (SMR) are inversely correlated with excitatory levels in the
sensorimotor cortices beneath the electrodes; thus, the up-conditioning of the
desynchronization of these oscillations while imagining movement of a paralyzed finger
helps recovery of the sensorimotor-related oscillation and functional connectivity in the
ipsilesional hemisphere (Young et al. 2014). Clinical studies have reported up-

conditioning of the desynchronization of alpha- and beta-band EEG/MEG oscillations
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associated with partial improvement of finger motor function, and more recently,
randomized control trials have documented its clinical effectiveness over other
standardized interventions (Pichiorri et al. 2015), such as robotic exercises alone or
combined with repeated motor imagery (Ramos-Murguialday et al. 2013). Although these
clinical studies reported favorable outcomes in the relationships between oscillatory
signals and behaviors, neurophysiological alterations in the targeted sensorimotor cortex
have not yet been directly reported. Such direct evidence of brain changes has long been
requested, as it would provide indispensable information of the mechanism underlying
EEG oscillation-based neurofeedback as a therapeutic intervention for post-stroke finger
paresis (Sitaram et al. 2017; Cervera et al. 2018).

The purpose of this research was to investigate neural modifications in the
ipsilesional sensorimotor cortex induced by motor imagery paired with contingent, EEG-
SMR based brain-computer interface (BCI), which accompanied by robotic exercise and
neuromuscular electrical  stimulation (NMES). To evaluate the possible
neurophysiological rationale behind the BCI intervention, the present study employed
resting-state functional connectivity measured with functional magnetic resonance
imaging (rsfcMRI) as the primary outcome. rsfcMRI represents a reliable and promising
means of assessing the intrinsic transfer of neural information within a network while
avoiding many task-based confounds (Damoiseaux et al. 2006). Examining its relation to
plasticity may illuminate the possible functional roles of spontaneous neural activity in
both preserving and changing sensory and motor experience (Sporns 2013). Moreover,

the intrinsic synchronized fluctuations in blood-oxygen-level dependent (BOLD) signal
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intensity among regions, namely, the patterns of rsfcMRI, reflects network of
connectivity resulting from a history of task-dependent activity or co-activation of
functionally connected regions (Power et al. 2011). Furthermore, as spontaneous
hemodynamic signals or local neural activities have previously been used for novel
evaluation of motor learning or neurophysiological disease as neurophysiological
biomarkers (Vahdat et al. 2011; Carter et al. 2012; Drysdale et al. 2017), rsfcMRI can be
regarded as a robust neural trace reflecting experiential modifications.

To test the superiority of the proposed EEG-SMR based BCI intervention over other
treatments, this study adopted a combination of standard medical treatments in
rehabilitation with non-contingent intervention as a control experiment and a crossover
design with double-blinded outcome evaluation of the neural activity in pre/post

interventions.

3.2. Methods
3.2.1. Study design and oversight and patients recruitment

This was a confirmatory study with developmental phase II or III of repeated motor
imagery exercise under EEG-SMR based BCI intervention with robotic and NMES. Note
that a clinical trial is conducted following in each developmental phases; the new
treatment has been tested to work in phase II study and compared in the viewpoint of the
safety and effectiveness against the current standard treatment in phase III study. The
neurophysiological effectiveness, which was defined as an enhancement of the intrinsic

rsfcMRI in this exercise was evaluated to potentially increase the hypothesized beneficial
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effects in neurophysiology to post-stroke hemiplegic patients in a double-blind, sham-
controlled design and in a randomized crossover-designed study following consolidated
standards of reporting trials (CONSORT) guidelines. To evaluate the neurophysiological
effectiveness of BCI intervention in the point of view of clinical rehabilitation, the sham-
controlled intervention is a simple combination of standard medical treatments in
rehabilitation.

Intervention assignment was blinded for all participants and for the scientific-
clinical personnel. The author analyzed the data while blinded to the interventions. This
research was registered at the University hospital Medical Information Network (UMIN)
Clinical Trials Registry - identifier UMIN000017233; the research had conducted from
April 2015 to September 2017. The present study was conducted in accordance with the
tenets of the Declaration of Helsinki and the study protocol was approved by a central
medical ethics committee and the research board of each participating institute in Keio
University Faculty of Science and Technology Bioethics Committee and Tokyo
Metropolitan Rehabilitation Hospital Ethics Committee.

Because a previous study with EEG-SMR based BCI intervention for post-stroke
hemiparesis reported a significant size effect (Cohen’s d = 0.91) on the improvement of
the affected upper limb motor score over the controll condition (Ramos-Murguialday et
al. 2013), we adopted a large effect size (w? = 0.25) and calculated that 16 patients were
needed to achieve a power of 95% (at a two-sided significance level of 5%). Anticipating
a 10% loss due to withdrawal and a crossover effect, we planned to recruit 18 patients.

Compared to the previous study evaluating acute changes in rsfcMRI with motor exercise
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(Rajab et al. 2014), this sample size was also estimated to be sufficient to detect a mean
improvement in neural modification by motor exercise with EEG-SMR based BCI

intervention.

3.2.2. Patients

Patients were recruited from the Tokyo Metropolitan Rehabilitation Hospital, and
eighteen patients were recruited, and characteristics of all patients’ demographics,
functional data, and lesion side are presented in Table 3-1. The purpose and experimental
procedure were explained to the patients before the experiment, and all patients gave
informed written consent. The criteria for inclusion in the study were more than two
months from the first stroke onset (except for subarachnoid hemorrhage), an age from 20
to 80, no or moderate cognitive function deficits (Mini Mental State Examination, MMSE
>23), no metal preventing MRI scanning, no medication such as anticonvulsants or
antidepressant, no severe comorbidity and no psychiatric disorders. All patients
participating in this study met these inclusion criteria. Although neglect was not set as an
exclusion criterion, the patients in our study did not exhibit signs of neglect. We did not
keep a log of patients who were screened for eligibility. Patients were randomly assigned
the order in which the interventions would occur (either BCI - control or vice versa).
None of the patients or therapists were able to identify the intervention assignment as

reflected in the results of the placebo and motor function scales given below.
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3.2.3. Intervention protocols

This study was designed to assess the effectiveness of the EEG-SMR based BCI
intervention for the post-stroke hemiplegic patients, including severe hemiplegic patients
who cannot perform voluntary finger movements, and we employed the motor imagery
task, which is a substitute for performing the actual movement. Paretic hand motor
imagery with EEG-SMR based BCI intervention consisted of standard medical treatments
with motor imagery (Zimmermann-Schlatter et al. 2008), robot-aided sensorimotor
stimulation (Dobkin 2004), and NMES to paretic muscles (Bolton et al. 2004). A meta-
analytical, systematic review of clinical studies has shown that these treatments are
effective neurorehabilitation training regimens assists the finger or upper-limb motor
functional recovery after stroke (Langhorne et al. 2009). All the components were
functionally linked as follows (Figure 3-1). Throughout the experiment, the EEG was
monitored over the ipsilesional and contralesional sensorimotor cortices in a bipolar
manner: C3 (left) or C4 (right) position for one electrode, and its horizontal for the other
electrode. First, to construct an EEG-SMR based BCI system that correctly detected
increased excitability of the ipsilesional sensorimotor cortex during paretic hand motor
imagery, the authors conducted a calibration session to extract the sensorimotor
component of the EEG modulated by motor imagery. Before each intervention training,
a classifier for each patient was calibrated following the protocol established previously
(Ono et al. 2014; Ramos-Murguialday et al. 2013; Shindo et al. 2011). The patients were
asked to imagine extension of the affected finger without actual execution during 5 s after

voluntary relaxation for 5 s; thus, each trial lasted 10 s, the decoding session was
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conducted without feedback for 15 trials. There was a 5 s interval between trials and the
patients determined the start of the trials. In this calibration session, the patients
performed the same task of imagining affected finger movement but received no feedback.
The EEG montage and frequency band for deriving event-related EEG-SMR power
attenuation in the subsequent BCI training sessions were determined from the EEG-SMR
power attenuation results obtained in these sessions. The threshold of EEG-SMR activity
necessary for sensorimotor feedbacks was determined in order to divide the EEG-SMR
activities between rest and motor imagery using linear discrimination analysis. This
calibration session was conducted for each intervention because the EEG results
depended on the exact electrode positions, which may vary even if they were set as
precisely as possible according to the international system (Neuper et al. 2006). In the
training session, every 5 s per trial, the patients were repeatedly asked to kinesthetically
imagine (not visual imagery) extending the paretic finger on the affected side. A total of
30 trials were successively conducted within 40—60 min. In cases where the EEG-SMR
powers in the alpha (8-13 Hz) and beta (15-23 Hz) frequency bands were attenuated
during motor imagery and a successful EEG-SMR power attenuation was discriminated
by the decoder constructed in the calibration session, a motor-driven orthosis attached to
the paretic hand was actuated to aid the finger-extending action, and NMES was
simultaneously applied to the paretic finger extensor muscle (extensor digitorum
communis). Successful discrimination was determined to have occurred when the alpha-
and beta-band EEG-SMR activity during motor imagery was significantly attenuated

from baseline resting activity continuously for 1 s, while in the control intervention,
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sensorimotor feedbacks were given in all trials during the motor imagery period. In other
words, sensorimotor stimulations were not provided in the trials in which the EEG-SMR
power attenuation was not detected. On the other hand, in the controlled intervention,
sensorimotor stimulations were given in all trials during motor imagery, irrespective of
the actual EEG-SMR activity. Note here that in motor imagery, all patients avoided
volitionally extending their paretic finger, and just performed the mental rehearsal of
motor execution, since post-stroke hemiplegic patients often have accompanying
pathophysiological co-contraction of finger flexors and associated reactions in proximal
muscles. Patients performed one intervention on a given day and the other intervention 1

or 2 weeks later to minimize any carryover effect of the preceding intervention.
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Figure 3-1. Experimental paradigms of EEG-SMR based BCI interventions

(A) Schematic of EEG-SMR based BCI intervention. The red and green regions in the
ipsilesional hemisphere indicate the sensory and motor cortices (SM1), respectively. The
EEG electrodes were placed 2 cm lateral and medial of the C3 (or C4) location that is
located closest to the hand region in the sensorimotor cortex according to the international
1020 systems. EEG data was transferred to a personal computer and processed online.
The computer sent trigger signals to the motor-driven orthosis and electrical stimulator to
provide sensorimotor feedbacks. (B) Time course in each session. After a rest period,
patients were asked to kinesthetically imagine extension of the affected finger without
actual execution. The decoding sessions consisted of 15 trials without sensorimotor

feedbacks and the training session consisted of 30 trials. (C) Procedure and time course
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of interventions. The resting-state fMRI was recorded in the timing of pre- and post-
interventions and its interval was approximately one-hour. This study design was a
crossover design and the other intervention was done 1-2 week after one treatment was

conducted.

When EEG-SMR activities were successfully discriminated during motor imagery,
robotic exercise treatment was used to drive the orthosis attached to the paralyzed finger
and to facilitate enhancement of sensorimotor excitability. Rehabilitation robotics has
some advantages over conventional treatment approaches (Norouzi-Gheidari et al. 2012).
Advanced and intelligent robotic devices are able to provide consistent training and to
measure performance with high reliability and accuracy (Dobkin, 2004). Most
importantly, robots enable patients to train more correctly with brain activity in such
neurofeedback treatments. In this study, the motor-driven robotic orthosis was attached
to a servomotor and enabled the paralyzed finger to open using the metacarpophalangeal
joint as a fulcrum. During every intervention before the sequence, the range of the orthosis
was adjusted for aiding the paralyzed fingers to move from a pinching grip to an open
position, and resulted in a change in metacarpophalangeal joint angle from approximately
45 degrees of flexion to 10 degrees of extension within 500 ms.

To enhance the excitability of the sensorimotor cortex, NMES was also applied
during the training intervention. Previous studies showed that in moderately impaired
post-stroke patients, assisted voluntary movement with NMES through surface electrodes
is effective in improving finger and wrist motor functions (Kimberley et al., 2004).

Electrical stimulation to the peripheral nerves induces changes to the sensorimotor
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network and cortical reorganization (Cecatto and Chadi, 2007). Furthermore, electrical
stimulation administered during the motor execution enhances neural plasticity, induced
by the neural co-activation between peripheral stimulation input and motor output
(Krucoff et al., 2016). Electrical stimulation coupled with task-related motor execution is
more beneficial in enhancing neural plasticity rather than electrical stimulation alone
(Knutson et al., 2015). Since post-stroke patients with severe hemiplegia might fail to
perform sufficient motor execution, electrical stimulation was combined with the
increased excitability of the sensorimotor cortex to promote functional motor recovery of
the hemiplegic upper limb (Mukaino et al., 2014). Some research groups have also
applied electrical stimulation only if the sensorimotor cortex is activated during motor
imagery (Young et al., 2014; Biasiucci et al., 2018). In this research, a pair of self-
adhesive electrodes was placed over the muscle belly of extensor digitorum communis
muscle on the paralyzed side and the ground electrode was placed over the ulnar styloid
process. The NMES pattern was 20 Hz with a single pulse width of 100 ps through a
prototype electrical stimulator with maximum intensity of 100 V. The intensity of NMES
was adjusted and fixed at just over motor threshold for evoking visible contraction of
extensor digitorum communis muscle before each sequence (15-20 mA). Based on the
present knowledge, the author cannot conclude either robotic assistance or neuromuscular
electrical stimulation (or, combination of both) is best effective for the up-conditioning
of the sensorimotor excitability. Thus, in this study, we employed combined robotic and
electrical stimulation as an infallible neurofeedback (Shindo et al., 2011; Ono et al., 2014;

Kawakami et al., 2016; Nishimoto et al., 2018).
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3.2.4. Data acquisition in the interventions

EEG signals were recorded using 5 silver-silver chloride disc electrodes (¢ =
10 mm) placed over the sensorimotor regions of both hemispheres. Electrodes were
placed 20 mm lateral and medial to the C3 and C4 locations closest to the hand region in
the sensorimotor regions according to the international 10—20 system. A bipolar
derivation of the EEG was used to detect the EEG-SMR amplitude modulation focally
around the sensorimotor cortices. The ground electrode was placed on the forehead. The
signals were amplified (g.MOBIlab; Guger Technologies, Graz, Austria), bandpass
filtered (0.5—-100 Hz) and digitized (sampling frequency 256 Hz). EEG signals were
recorded from both the ipsilesional and contralesional hemispheres for assessment, but
only the ipsilesional signals were used as the source for EEG-SMR based BCI
intervention.

Because patients were instructed to imagine movement without motor execution,
surface electromyograms (EMGQG) of the affected limbs were monitored to avoid increases
in EMG. The EMG of the extensor digitorum communis and flexor digitorum
superficialis muscles on the affected upper limb were also recoded with the same
amplifier (g.MOBIlab). The EMG signals monitored during the experiment were
bandpass filtered (0.5—100 Hz) and digitized (sampling frequency 256 Hz). When
increased EMG activity was observed between trials, patients were instructed to relax and
after relaxation, the next trial was started.

The functional MRI (fMRI) data were collected on a 3-T MR scanner (Discover

MR750w, GE Medical Systems, United Kingdom) with a single-shot gradient echo echo-
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planar imaging (EPI) sequence: repetition time TR = 2500 ms; echo time TE = 30 ms;
flip angle = 80 degrees; FOV = 212 x 212 mm?, matrix = 64 x 64, slice thickness = 3.2
mm with 0.8 mm gap; slice order = ascending; voxel size = 3.31 x 3.31 x 3.2 mm?; 36
axial slices parallel to the anterior commissure - posterior commissure line covering the
whole brain, 240 scans. The patients were asked to lie still on a scanner bed in the dark

for 10-min with their eyes opened and fixed on a small black cross.

3.2.5. Outcomes

EEG-SMR power attenuation during motor execution and/or motor imagery is
correlated with sensorimotor cortex excitability (Ritter et al. 2009; Yuan et al. 2010), and
it is hypothesized that the sensorimotor cortices become potentiated following the
intervention. Thus, the primary outcome was measured with rsfcMRI between the sensory
and motor cortices in the ipsilesional hemisphere during resting-state. Furthermore,
rsfcMRI in the sensorimotor cortex provides a robust indication of the trace of the motor
exercise because increased co-activation effects were reported in the sensory and motor
cortices during the resting-state after motor exercise (Rajab et al. 2014), and increases in
rsfcMRI associated with subsequent retrieval underlie behavioral recovery after brain
injury (van Meer et al. 2010). Secondary outcomes included the clinical assessments of
Fugl-Meyer Assessment (FMA) in the upper limb and Stroke Impairment Assessment Set
(SIAS) for motor performance, and the total duration of EEG-SMR based BCI training

when the contingent of the reduction in spectral power of the EEG-SMR had been met.
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The latter has been established as a method of EEG evaluation reflecting the excitability

of the sensorimotor cortex (Yuan et al. 2010; Takemi et al. 2013).

3.2.5. EEG data analyses

EEG signals were processed using MATLAB (MathWorks, Natick, MA, USA) and
the power time courses of the EEG data were then calculated by a fast Fourier transform
(FFT) with a 1-s moving time window, 84% overlap, and a time resolution of the power
series of 16 Hz. Because the alpha-band EEG-SMR is known to reflect the prominent
component of sensory cortex activity and the beta-band of the EEG-SMR reflects motor
cortex activity, these frequencies were considered valid to reflect somatosensory activity
and were used to construct a classifier to discriminate between baseline relaxed and
kinesthetic motor imagery activity with linear discrimination analysis.

Since sensorimotor feedbacks were administered depending on successful alpha-
and beta-band EEG-SMR power attenuation during the EEG-SMR based BCI training,
the covariance of these frequency-bands EEG-SMR power modulations recorded over the
rest-motor imagery period for each trial was calculated with a 0-lag Pearson correlation
coefficient, subjected to Fisher’s z-transformation and averaged over all trials. Moreover,
the dose of sensorimotor excitability during motor imagery was calculated as the total
duration of successful alpha- and beta-band EEG-SMR power attenuation, which was

determined by the decoder.
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3.2.6.fMRI data analyses

An outline of the analyses is shown in Figure 3-2. The fMRI data were pre-
processed with Statistical Parametric Mapping (SPM12, Wellcome Department of
Imaging Neuroscience, http://www.fil.ion.ucl.ac.uk/spm) on MATLAB. First, EPI
volumes were applied to estimations of the spatial alignment with the first volume to
obtain the motion parameters. The slice-timing correction was applied with the reference
slice based on the middle of each TR. Each volume was subjected to re-slice processing
after co-registration to the EPI template, and an averaged EPI volume was obtained. The
lesion-side was then set to the left side by flipping the map from right to left based on the
mid-sagittal line for patients with lesions on the right side. After the timing and spatial
corrections, each volume was normalized according to the deformation field that was
obtained by normalizing the mean volume to the EPI template and was resampled to 2-
mm cubic voxels. The normalized volumes were then smoothed with an isotropic
Gaussian kernel (Full width at half maximum; FWHM = 8 mm). These parameters were
set in SPM function initialises as the default parameters.

After preprocessing, the BOLD signals were extracted in pre/post central regions,
which defined by automated anatomical labeling (Tzourio-Mazoyer et al. 2002). The
whole-brain, white matter, and cerebrospinal fluid signals also were extracted based on
the anatomical region predefined by the SPM12 template, and each signal was then
averaged. These signals and the six realignment parameters (three translations and three
rotations) were used as nuisance variables to remove non-neural noise originating from

head motion artifacts, cardiac effects, respiration, and scanner noise. The time series in
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each voxel in the sensory and motor cortices were then band-pass (bidirectional 12th-
order Butterworth) filtered to retain signals only within the range of 0.009 and 0.1 Hz,
the same frequency filter that is traditionally used for preprocessing resting-state fMRI
data (Meszlényi et al. 2017; Sasai et al. 2011). To calculate rsfcMRI between the sensory
and motor cortices in the ipsilesional hemisphere, the BOLD signals were extracted
according to the pre/post-central regions anatomically defined by automated anatomical
labeling (AAL) (Figure 3-3(A)). After preprocessing for noise reduction, the fMRI time
series was averaged in each region and the functional connectivity was calculated with a
lag-0 Spearman’s rank correlation, and Fisher’s z-transformation was applied (Figure

3-3(B)(C)).
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Figure 3-2. Outline of fMRI data preprocessing and analyses conducted in the

current study
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Figure 3-3. Analysis scheme for rsfcMRI calculation

(A) Montage of EEG electrode location and the sensorimotor region. EEG electrodes
were placed across the C3 location on the central coronal plane. The red and green regions
indicate the sensory cortex (red: S1) and motor cortex (green: M1), based on pre/post-
central gyrus anatomically defined by automated anatomical labeling. The coronal and
axial images depict sliced in the location of C3, where the intersection of the blue line is
the C3 point. (B) Time course of BOLD signals. BOLD signal of each voxel in S1 and
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M1 was extracted, and these time courses were averaged in each region (red line: Sl
BOLD time course; green line: M1 BOLD time course). (C) Intrinsic correlation between
S1 and M1 BOLD signals. Time series scatter plot depicts rsfcMRI between S1 and M1,
which was obtained by 0-lag Spearman’s rank correlation coefficient with an application

of the Fisher’s z-translation.

3.2.7. Statistical analyses

After performed the Levene’s test for equality of variance in the dataset, a two-way
repeated-measures analysis of variance (ANOVA) was used, and p < 0.05 was set as the
significance level to determine whether motor exercise with EEG-SMR based BCI
intervention was superior to the control intervention in the recovery of rsfcMRI after
stroke. Post-hoc comparisons were used, and two-tailed paired-samples #-tests were used
for the pre- and post-interventions. Similarly, after performed the Levene’ test, the two-
tailed paired-samples #-tests were performed to detect differences in the alpha- and beta-
band EEG-SMR power covariance and to detect differences in the levels of sensorimotor
stimulation between both interventions. Statistical tests were performed using the SPSS

version 24 (IBM Corporation, United States).

3.3. Results
3.3.1. Parameters and results of the interventions

The interventions were conducted in 17 of the recruited patients, as one patient
dropped out during the first fMRI recording due to feeling uncomfortable with the
scanning noise. The interventions were completed as planned in the protocol. Among the

30 trials per patient during which paired EEG-SMR based BCI intervention was possible,
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successful EEG-SMR attenuation during imagined finger extension was found in 68 +
32% of the trials across patients (Table 3-2). Robotic and NMES feedback was
subsequently given in each of these instances. In the control intervention, robotic and
NMES were given during motor imagery for all 30 trials per patient. The scores of the
upper limb FMA and the SIAS were unchanged through these 40-min interventions in

both experimental and control sequences.

Table 3-2. Classifier parameters and the EEG-SMR based BCI success rate

EEG-SMR based BCI Control BCI
ID Intervention
Alpha[Hz] | Beta[Hz] | Alpha[Hz] | Beta[Hz] | success rate, %

1 9-11 22 -26 9-13 28 — 32 37 BCI - Control
2 9-15 18 - 26 8§-12 18 -22 33 BCI - Control
3 9-13 21-25 10-14 18 -23 11 Control - BCI
4 11-16 17-23 9-13 15-19 100 Control - BCI
5 14 -18 23-30 8-13 18 - 22 93 BCI - Control
6 8-13 17-23 8§-12 14 -18 90 BCI - Control
7 9-13 16 - 25 9-13 16 -21 73 BCI - Control
8 7-12 16 -24 9-13 17-27 67 BCI - Control
9 7-11 17-21 9-13 17-21 94 BCI - Control
10 9-13 18 - 22 7-11 18 - 22 90 BCI - Control
11 9-13 16 -20 8§-11 17-21 87 Control - BCI
12 - - - - - -

13 8-12 18 - 22 12-14 18-20 17 Control - BCI
14 8-12 18-21 13-17 21-25 43 Control - BCI
15 8-12 18 - 22 8-12 27 -29 77 Control - BCI
16 12-14 20-22 11-13 21-24 90 BCI - Control
17 11-15 18-22 12-16 24 -28 100 Control - BCI
18 8-12 13-17 10-14 16-18 43 BCI - Control
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3.3.2. Functional connectivity between ipsilesional sensory and motor cortices

Levene’s test showed the equality of variance on rsfcMRI between the ipsilesional
primary somatosensory and motor cortices in the pre- and post-interventions (Levene
statistic = 0.783, p = 0.508). A two-way repeated measures ANOV A showed a significant
time (pre and post) x intervention interaction (£(1,16) = 5.346, p = 0.034). There was no
main effect of time (F(1,16) = 1.640, p = 0.219) or intervention (F(1,16) = 0.007, p =
0.935) alone. Post-hoc comparisons using a two-tailed paired-samples #-test revealed a
significant increase in rsfcMRI for the EEG-SMR based BCI when comparing pre- and
post-intervention (#(16) = 2.693, *p = 0.016) and no significant increase in rsfcMRI for
the control intervention (Figure 3-4). The order and carryover effects of each intervention
were not statistically significant (data not shown). Although one may claim that there
might be different effects depending on the type of stroke, such as hemorrhage or
infarction, or convalescent stage (2—6 months) or chronic stage (after the 7 months), there
were no significant effects between pre- and post-intervention by motor imagery with

EEG-SMR based BCI intervention (Figure 3-5).
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Figure 3-4. Functional connectivity between sensory and motor cortices pre- and
post- intervention

Each solid-colored line indicates a patient and the dashed black line indicates the median

value among patients ((A) EEG-SMR based BCI intervention and (B) sham-controlled

intervention). Two-way repeated measure ANOVA showed a significant time (pre and

post) X intervention (p < 0.05) interaction. Post-hoc comparisons using a two-tailed

paired-samples t-test revealed a significant increase in rsfcMRI for the experimental

intervention comparing pre- and post-neurofeedback intervention (*p < 0.05).
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Figure 3-5. rsfcMRI changes of each intervention for different types of post-stroke
hemiplegic patients
(A) Before performing the two-sample #-tests, Levene’s tests were administered to assess
the equality of variances, and there were no statistically significant to reject the null
hypothesis that there is no difference in the variances. In the EEG-SMR based BCI
intervention, a Bonferroni-corrected #-test showed that the neurofeedback has no
significant effects on the rsfcMRI changes between the hemorrhage and infarction
(Levene statistic = 0.382, p = 0.546; #(15)=-0.109, p = 0.915), between the convalescent
stage (2-6 months) or chronic stage (after the 7 months) (Levene statistic = 1.603, p =
0.225; #(15) = -2.300, p = 0.036), or between impairment levels (moderate and severe)
(Levene statistic = 1.590, p = 0.227; #(15) = -0.222, p = 0.828). (B) The sham-control
intervention for infarction affects to rsfcMRI significantly higher than hemorrhage
(Levene statistic = 1.789, p = 0.201; #(15) = 2.978, p = 0.009, Bonferroni-corrected #-test,

*p < 0.05) and there is no significant deference of the rsfcMRI changes between the
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convalescent and chronic stages (Levene statistic = 0.768, p = 0.395; #(15) =-1.943, p =
0.071), or impairment levels (Levene statistic =0.512, p = 0.485; #(15)=0.616, p = 0.547).

3.3.3. Relationship between changes rsfcMRI and EEG-SMR power modulation
Time-frequency maps of the EEG data during each intervention indicated that there
was a specific frequency of EEG-SMR oscillatory modulation related to imagining
paretic finger extending (Figure 3-6(A)). The covariance of the alpha- and beta-band
EEG-SMR powers with the time course of the rest-and-motor imaging was significantly
stronger in the EEG-SMR based BCI intervention than in the sham-controlled
intervention (i.e., stronger desynchronization in the alpha- and beta-band while imagining
extending the paretic finger; Levene statistic = 0.082, p = 0.777; Levene’s test; #(16) =
2.65, *p = 0.018; two-tailed paired-samples t-test; Figure 3-6(B)). Although the number
of trials with EEG-SMR attenuation rewarded by sensorimotor feedbacks in the EEG-
SMR based BCI intervention was smaller than in the sham-controlled intervention, the
total contingent duration of successful power attenuation of the ipsilesional EEG-SMR
during motor imaging among all trials was significantly longer than during the control
intervention (Levene statistic = 1.034, p = 0.317; Levene’s test; #(16) = 2.57, *p = 0.020;

two-tailed paired-samples ¢-test; Figure 3-6(C)).
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Figure 3-6. The results of EEG-SMR power modulation in each intervention

(A) Time-frequency map of EEG data in each intervention. The spectral power time
course during EEG-SMR based BCI intervention (left panel) and during sham-controlled
intervention (right panel). After the patients were instructed to relax during the period 0—
5 s, they kinesthetically imagined opening the paralyzed finger during the period 5-10 s.
Color bar indicates the relative power attenuation of EEG in each frequency. The power
attenuation was normalized based on the power recorded during each decoding session.
Negative values (blue colors) indicate attenuation from the reference power, and positive
values (red colors) indicate increases from the reference power. (B) Comparison of the
Fisher’s z-transformed correlation coefficient of the alpha- and beta-band EEG-SMR
modulations. The covariance of the alpha- and beta-band EEG-SMR power modulations
along with the time course of the rest-to-motor-imagery in the EEG-SMR based BCI
intervention was significantly higher than in the control intervention (two-tailed paired-

samples #-test, *p < 0.05). The alpha- and beta-band covariance was calculated with the
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0-lag Spearman’s rank correlation coefficient, subjected to the Fisher’s z-transformation
and averaged over all trials. Each solid-colored line indicates a patient and dashed black
line indicates the median value among patients. (C) The total contingent duration of the
successful EEG-SMR power attenuation was discriminated. The success ratio of the
EEG-SMR based BCI intervention was statistically stronger than that of the control
intervention (two-tailed paired-samples #-test, *p < 0.05). Each solid-colored line

indicates a patient and dashed black line indicates the median value among patients.

During the interventions, the alpha-band EEG-SMR power attenuation was
associated with the beta-band EEG-SMR power attenuation, which resulted from the
desynchronization of sensorimotor neural oscillation with motor imagery (Figure 3-7(A)).
There was a statistically positive correlation between the alpha- and beta-band EEG-SMR
power modulations (EEG-SMR based BCI intervention: Spearman’s rank correlation » =
0.62, p = 0.009; sham-controlled intervention: Spearman’s rank correlation » = 0.78, p <
0.001). Furthermore, when the sensorimotor feedbacks were administered in each
intervention, a correlation was observed between the covariance of the alpha- and beta-
band EEG-SMR power modulation and rsfcMRI changes in the ipsilesional sensory and
motor cortices (EEG-SMR based BCI intervention: Spearman’s rank correlation » = 0.57,
p =0.018; sham-controlled intervention: Spearman’s rank correlation » = 0.49, p = 0.049;
Figure 3-7(B)). In addition, the rsfcMRI changes were also considered with respect to the
dose of EEG-SMR parameters reflecting sensorimotor excitability during intervention;
plots showing the changes in rsfcMRI versus the covariance of the alpha- and beta-band
EEG-SMR power modulations with the time course of the rest-to-motor-imagery, the

dose duration of the desynchronized EEG-SMR, and the ratio of sensorimotor stimulated
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trial were shown in Figure 3-8. Note that the covariance of the alpha- and beta-band EEG-
SMR power modulations was obtained from the median value of all trials, which included
not only the trials where sensorimotor feedbacks was administered but also unsuccessful
trials in EEG-SMR based BCI intervention. There was no significant correlation between
changes in the rsfcMRI in the ipsilesional sensorimotor cortices and the covariance of the
alpha- and beta-band EEG-SMR modulations (EEG-SMR based BCI intervention:
Spearman’s rank correlation »=0.16, p = 0.55; sham-controlled intervention: Spearman’s
rank correlation » = 0.35, p = 0.17) or the total duration that the EEG-SMR power was
successfully attenuated (EEG-SMR based BCI intervention: Spearman’s rank correlation
r=-0.15, p = 0.57; sham-controlled intervention: Spearman’s rank correlation » = -0.41,

p=0.11).
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Figure 3-7. Relationship between the alpha- and beta-band EEG-SMR correlation
coefficients during intervention and the relationship between the
coefficients and rsfcMRI changes in the ipsilesional sensorimotor
cortices

(A) The relationship between of the alpha- and beta-band EEG-SMR power modulation.

Scatter plots of the relationship between the alpha- and beta-band EEG-SMR power

modulation during each intervention (black: EEG-SMR based BCI intervention; white:

sham-control intervention). These power modulations depict the median values through
all trials in each intervention. There was the statistically positive correlation between the
alpha- and beta-band EEG-SMR power modulations in each intervention (Spearman’s
rank correlation, p < 0.05). The alpha- and beta-band EEG-SMR powers were prone of
more attenuated in the EEG-SMR based BCI intervention than in the sham-controlled
intervention. (B) The relationship between the Fisher’s z-transformed correlation
coefficient of the alpha- and beta-band EEG-SMR power modulation and rsfcMRI
changes. Scatter plots of the relationship between the Fisher’s z-transformed correlation
coefficient of the alpha- and beta-band EEG-SMR power modulation when the
sensorimotor feedbacks were given and rsfcMRI changes in ipsilesional sensorimotor
cortices (black: EEG-SMR-based BCI intervention; white: sham-controlled intervention).

The correlation coefficient between the alpha- and beta-band EEG-SMR was calculated

using the 2-s period before the sensorimotor administered to the paralyzed finger during

the intervention. The changes in ipsilesional sensorimotor cortices rsfcMRI were the
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statistically significant positive correlation with the EEG-SMR parameter in each

intervention (Spearman’s rank correlation, p < 0.05).
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Figure 3-8. Relationship between the dose duration of successful EEG-SMR during
intervention and rsfcMRI changes in the ipsilesional sensorimotor
cortices

Scatter plots of the relationship between rsfcMRI changes and (A) the covariance of the

alpha- and beta-band EEG-SMR modulations in all trials, or (B) the dose duration of the

EEG-SMR power successfully attenuation. There was no statistically significant

correlation in either of the parameters. Note that the covariance of the alpha- and beta-

band EEG-SMR power modulations was obtained from all trials, which include not only
the trial administered to sensorimotor feedbacks but also not-successful trials in BCI

intervention.

3.3.4. Neurophysiological effects on contralesional sensory and motor cortices
Similar to the analysis of the ipsilesional rsfcMRI, Levene’s test showed the
equality of variance in the pre- and post-interventions (Levene statistic = 0.039, p = 0.990).

A two-way repeated measures ANOVA on rsfcMRI between the contralesional sensory
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and motor cortices in the pre- and post-interventions showed that there were no main
effects of time (F(1,16) =2.51, p = 0.13) and intervention (F(1,16) =0.11, p = 0.74) or
their interaction effect (#(1,16) =2.30, p = 0.15, Figure 3-9(A)). In addition, there was no
significant difference between neurofeedback and sham-controlled intervention in the
synchrony of alpha- and beta-band EEG-SMR power modulation during motor imagery
(Levene statistic = 0.104, p = 0.750; Levene’s test; #(16) = 2.00, p = 0.062; two-tailed

paired-samples z-test; Figure 3-9(B)).

95



(A) BCl intervention Control intervention
1.8 1.8
216 216
2 — 2
[} [&]
1.4 14
§12 = s g 1.2
© ©
5 1.0 7 .S 1.0
© ©
; 8
S0 e 5°
E. 0.6 “EI' 0.6
o0 0.4 o0 0.4
0.2 0.2
Pre Post Pre Post

C

AN

EEG-SMR power syhchrony
o (=}
Q N

o
()

BCI Control

Figure 3-9. Neurophysiological effects on the contralesional sensory and motor
cortices

(A) Functional connectivity between sensory and motor cortices pre- and post-
intervention in neurofeedback and in sham-controlled intervention. Each solid-
colored line indicates a patient, and the dashed black line indicates the mean value among
patients. A two-way repeated measures ANOVA analysis shows that there were no main
effects of time, intervention, or their interaction effect. (B) Comparison of the Fisher’s
z-transformed correlation coefficient of the alpha- and beta-band EEG-SMR
modulations in contralesional sensorimotor cortex during interventions. Each solid-
colored line indicates a patient, and the dashed black line indicates the mean value among
patients. There was no significant difference between EEG-SMR neurofeedback and

sham-controlled intervention.
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3.4. Discussion

In this study, the authors examined whether motor imagery paired with contingent
neurofeedback, which directly manipulates brain oscillations with EEG-SMR based BCI
intervention, promotes the remediation of targeted neural activity within a 40-min
intervention in a double-blind, sham-controlled design and a randomized controlled study.
The present results indicate that contingent EEG-SMR based BCI intervention adjuvant
to standard medical motor imagery of the affected hand results in significant increases in

rsfcMRI in post-stroke hemiplegic patients not found in the sham-controlled intervention.

Since the motor imagery therapy induces somatotopic reorganization of cortical
activation patterns in the sensorimotor area, an effective strategy for ensuring the quality
of motor imagery has been proposed; this advanced strategy requires that patients learn
how to control motor imagery enough to enhance sensorimotor cortical activity via visual
and/or somatosensory feedback, which is reflected by monitored brain activity (Daly and
Wolpaw, 2008; Chaudhary et al., 2016). In this study, EEG-SMR based BCI intervention
was employed to facilitate the engagement of the sensorimotor cortices during motor
imagery. Furthermore, the authors showed that EEG-SMR-based neurofeedback induced
greater ipsilesional sensorimotor activity specifically compared to that of contralesional
sensorimotor activity. The EEG-SMR recorded over the sensorimotor cortices reflects
sensorimotor activity. The author have presented in Chapter 2 that the EEG-SMR
recorded over the sensorimotor cortices reflects cortical activity. The EEG-SMR

amplitude is diminished as the cortex is excited from the resting to the motor
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execution/imagery period (Ritter et al. 2009). The power decrease in the EEG-SMR is
thought to be coupled with disinhibition of intracortical GABAergic inhibition (Takemi
et al. 2013), increased corticospinal tract excitability (Hummel et al. 2002), and increased
excitability of spinal motor neuron pools (Takemi et al. 2015). EEG-SMR based BCI
intervention helps to monitor and regulate these neurophysiological conditions, thus
exogenously provoking the functional unmasking of the remaining motor fibers
originating from the ipsilesional motor cortex. In EEG-SMR based BCI intervention,
successful EEG-SMR power modulation during motor imagery was also rewarded by
robotic movement support and NEMS. Providing reward following the success of the
intended movement control facilitates motor learning and retention of the learned
movement in post-stroke hemiplegic patients (Quattrocchi et al. 2017). Several recent
RCT studies have revealed the effectiveness of motor restoration in post-stroke
hemiplegic patients with EEG-SMR based BCI rehabilitation (Ramos-Murguialday et al.

2013; Pichiorri et al. 2015).

The significant differences in the duration of successful power attenuation of the
ipsilesional EEG-SMR during motor imaging between the experimental BCI intervention
and the sham-controlled intervention indicates that it is not the simple combination of
motor imagery and sensorimotor feedbacks, but rather the contingency of imagery-
induced EEG-SMR attenuation and robotic and NMES that is critical to up-conditioning
the sensorimotor cortex co-activity. Since the alpha-band EEG-SMR is known to reflect

the prominent component of the activity in sensory cortex and the beta-band EEG-SMR
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maintains the activity in the motor cortex, the EEG-SMR based BCI intervention, which
used the alpha- and beta-band EEG-SMR desynchronization as biomarkers, could be
associated with rsfcMRI changes in the sensorimotor cortices. This result also supports
the resting-state studies that illustrate the functional roles of spontaneous neural activity
in preserving and continually rehearsing traces of sensory and motor experiences.
Furthermore, rsfcMRI changes were associated with the Fisher’s z-transformed
correlation coefficient of the alpha- and beta-band EEG-SMR when the sensorimotor
stimulations were administered rather than the dose duration of successful power
attenuation of EEG-SMR in all trials during interventions. These results show that
reinforcement learning and/or spike-timing-dependent plasticity may be possible
neurophysiological mechanisms behind the BCI intervention (Ushiba and Soekadar 2016).
Immediate and correct sensorimotor feedbacks as rewards within the framework of
reinforcement learning constitute the critical ingredient for neural modification in the
present case (Abe et al. 2011). Therefore, the present study provides important evidence
that the integrating EEG-SMR and sensorimotor feedbacks at a neurophysiological level
leads to rsfcMRI changes through the principle of closed-loop brain training.

The presence of rsfcMRI changes despite the absence of changes in the FMA or
SIAS scores cannot be explained simply by different qualities of behavior, but may be
explained by neural up-conditioning with BCI intervention. Biasiucci et al. (2018)
reported that neuromuscular stimulation contingent on brain activity induced the
functional motor recovery concomitant with an increase in EEG-based functional

connectivity in sensorimotor areas in the affected hemisphere. The spatial resolution of
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the EEG, however, is limited to identifying the cortical activity in sensory and motor
cortices, and it is still unclear which EEG-based neurofeedback affects sensory and motor
cortices. Hence, our results are compatible with the results reported by Biasiucci’s group
and directly addressed the neurophysiological evidence with rsfcMRI between the
sensory and motor cortices. A previous study on post-stroke rsfcMRI analysis in rats
reported that improvement of rsfcMRI between the sensory and motor cortices in the
ipsilesional hemisphere coincided with the recovery of sensorimotor performance in the
acute stage of post-stroke (van Meer et al. 2010). Although it is known that rsfcMRI in
the sensorimotor cortices represents an important factor concerning the level of motor
function of the paralyzed hand and its recovery, it has not been directly determined what
strength of measured rsfcMRI is necessary for inducing clinically meaningful motor
functional recovery (Wang et al. 2010; Park et al. 2011). As an estimation of an effective
rsfcMRI change, for example, a motor learning study in healthy participants reported that
an approximately 0.1 points rsfcMRI change was necessary for significant motor
performance improvement (McGregor and Gribble 2017). Furthermore, in a stroke study,
rsfcMRI changes of approximately 0.1 points accompanied paralyzed hand motor
performance recovery (Westlake and Nagarajan 2011). In the present study, the increase
in rsfcMRI following a single, 40-min training with EEG-SMR based BCI intervention
was confirmed to be at least as equivalent to the changes observed in these previous
studies. The results of the present research were interpreted as indicating greater
involvement of the ipsilesional sensorimotor cortical co-activation during contingent

intervention than during control intervention. The brain's intrinsic sensorimotor
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oscillation in patients with hemiplegia collapses, and its motor-related response is
unstable (Grefkes and Fink 2014); thus, it is feasible that rewarding the desynchronization
of ipsilesional EEG oscillations with contingent movements of a finger orthosis
accompanied by NMES to the paretic finger extensor muscle potentiates the cortical

motor response during motor imagery.
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Chapter 4 : Conclusion

The purpose of this dissertation was to determine the relationship between intrinsic
sensorimotor rhythm (SMR) of electroencephalographic (EEG) power modulation and
the sensorimotor cortical activity in the resting-state, and to reveal the neurophysiological
effectiveness of EEG-SMR based brain-computer interface (BCI) intervention on the
sensorimotor cortex in post-stroke hemiplegic patients. The author approached these
questions using EEG and functional magnetic resonance imaging (fMRI) for
measurements of the intrinsic cortical activities.

In Chapter 2, the author demonstrated EEG-fMRI simultaneous recording to
identify the brain regions of which activities are correlated with the intrinsic EEG-SMR
power modulations in the resting-state. As a result, the author demonstrated two main
findings; (1) the intrinsic EEG-SMR power modulation was associated with the activity
in the sensorimotor cortex, and (2) the brain region in the sensorimotor cortex which was
associated with alpha-band EEG-SMR power modulation was located posterior to the
brain region which was associated with the beta-band EEG-SMR power modulation.
These results suggested that the alpha-band EEG-SMR modulation in the resting-state
was referred to the sensory cortical activity whereas the beta-band EEG-SMR modulation
in the resting-state was attributed to the motor cortical activity.

Chapter 3 revealed the neurophysiological effectiveness of EEG-SMR based BCI
intervention on the sensorimotor cortex in post-stroke hemiplegic patients. Since

covariance of the signals in the ipsilesional somatosensory and motor cortices in the
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resting-state fMRI, or resting-state functional connectivity MRI (rsfcMRI), is a known
predictive biomarker of motor recovery in post-stroke, the author evaluated the rsfcMRI
changes via the confirmatory study with developmental phase II or III in a double-blind,
sham-controlled, randomized crossover design following the consolidated standards of
reporting trials guidelines. The author demonstrated that rsfcMRI in the ipsilesional
sensory and motor cortices was increased after motor imagery aided by EEG-SMR based
BCI compared with the sham-control intervention. In addition, the changes in rsfcMRI
correlated with the mean covariance between alpha- and beta-band EEG-SMR power
modulations when the sensorimotor feedbacks were administered rather than the mean
covariance in all trials (involving trials not given the feedbacks) or the total duration of
the EEG-SMR attenuations. These results suggested that peripheral sensory stimulation
coupled with central voluntary motor signals is a key to have a neuromodulation effect
on the targeted cortical regions in post-stroke hemiplegic patients rather than simple
combination of motor volition and peripheral sensory stimulation.

It has been known for the decades that EEG-SMR amplitude is decreased during
motor attempt or imagery, and such event-related power decrease has been interpreted as
the enhancement of sensorimotor cortical activities. However, the cortical origins of
EEG-SMR itself observed in the resting-state have not precisely described so far due to
a limitation of accessible analytics. To overcome this issue, the author first employed a
multimodal and simultaneous recording with EEG and fMRI to perform a statistically
valid search of cortical regions in which intrinsic resting-state activity is correlated with

EEG-SMR. Successful identification of the sensory and motor cortices as a signal origin
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of EEG-SMR guarantees physiological relevance of the use of EEG-SMR in BCI-based
rehabilitation.

Another MRI based assessment on the cortical activity in this dissertation also
provide physiological relevance of the BCl-based rehabilitation. The study clearly
identified increased coupled activity of sensory and motor cortices following single-day
intervention of EEG-SMR based BCI, rather than the sham-control intervention, which
is a simple combination of standard medical treatments in rehabilitation. This result was
notable since it was the first report to provide neurophysiological effectiveness of BCI
interventions that had been too often explored with regard to behavioral effects only.
Moreover, the double-blind, sham-controlled study design is highly valuable in this
context to disentangle unspecific intervention effects.

The most of existing each of these motor exercise therapies for post-stroke
hemiplegic patients is limited their efficacy (Langhorn et al. 2009); for example, the sever
hemiplegic patients with difficulties in voluntary movement profits less the efficacy from
robot-aided motor exercise. In addition, motor imagery therapy is not guaranteed its
imagery quality enough to enhance the ipsilesional sensorimotor activity. Motor imagery
aided by EEG-SMR based BCI intervention, on the contrary, promotes neuromodulatory
effects in the neurologically relevant cortical regions for these sever hemiplegic patients,
suggesting BCI is a one-and-only assessible treatment.

However, some limitations still exist in terms of the differences between resting-
state and sensorimotor task or healthy participants and stroke patients. It remains a

testable hypothesis that a similar mechanism in post-stroke patients may underlie the
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intrinsic EEG-SMR modulation during a motor task and during a resting-state. The
remaining issues will be assessed to the design of the EEG-SMR based BCI intervention
affected the individual sensorimotor activities in the resting-state, referring to the findings
of this dissertation. The author could not provide any information as to what extent
improvements in rsfcMRI in ipsilesional sensory and motor cortices form a single-day
intervention would contribute to motor recovery if the intervention continued. Also, the
author did not verify its retention of the neurophysiological effect due to minimization of
patients burden as a hospitalization policy. Since it is known that daily intervention
improves motor function (Ramos-Murguialday et al. 2013; Pichiorri et al. 2015; Ushiba
and Soekadar 2016), it is expected that retention or convolutional of the
neurophysiological effect would last beyond a single day and a future study will be
warranted to the test this hypothesis. The author also did not show if the stratified analyses
for neurophysiological effects differed in the post-stroke patients. Although the present
results illustrated a tendency for rsfcMRI changes in subgroup analyses, the author did
not have a sufficient sample size to detect the differences between some biases. In this
study, the patients’ sample suffered from a gender bias (14 male and 3 female), a mixture
of subacute and chronic patients, as well as various levels of impairment and a mix of
right and left hemisphere lesions. Further studies will be warranted to identify differences
in neurophysiological effects with neurofeedback intervention. Although there was some
different neurophysiological effectiveness of EEG-SMR based BCI intervention
depending on the type of strokes, such as hemorrhage or infarction, and convalescent or

chronic stage, this study is not designed for identification of differences between post-
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stroke subtypes. It also remains unclear that EEG-SMR components are associated with
activities in the sensory and motor cortices in the resting-state, in common with post-
stroke patients admitting to stroke subtypes. In other words, further studies should be
conducted to identify the frequency components of EEG-SMR which reflected the
sensorimotor activities, and the identification of changes of the intrinsic functional
activities after EEG-SMR based BCI is warranted in the future. Having knowledge of
recovery patterns of different stroke subtypes can help allocate beneficial EEG-SMR
based BCI rehabilitation resources effectively to patients. Lastly, the authors also have
no information on the identification of additional regions throughout the brain that
underwent rsfcMRI changes. Because the sensorimotor system receives a cascade of
signals from the premotor cortex or the supplementary motor area and functional
information, such as internal motivation, exercise planning, and motor learning, from
upstream areas such as the basal ganglia, cerebellum, or prefrontal cortex (Yin and
Knowlton 2006; Vahdat et al. 2011), in the future, the author intends to extend this
approach with a more comprehensive analysis of activities in a wide range of brain areas
as well as by an examination of the long-term retention of the effect.

The present finding suggests that the EEG-SMR based BCI that provides the
sensorimotor feedbacks contingent upon the ipsilesional alpha- and beta-band SMR
modulation induces the co-activation of the sensorimotor cortex in the resting-state. The
neurophysiological effectiveness behind EEG-SMR based BCI may be derived from
Hebbian-like plasticity in the sensorimotor cortex, suggesting the importance of the

sensorimotor closed-loop neurofeedback system for post-stroke patients with hemiplegia.
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Since the author provided the evidence that the intrinsic EEG-SMR modulation reflects
sensorimotor cortical activities in the resting-state, it encourages further development of
EEG-SMR based BCI as a customized neurorehabilitation system for various stroke

subtypes, advancing ideal neuroscience based rehabilitation.
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