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Abstract
MAGNETIC RESONANCE IMAGING OF PLASTIC CHANGES IN THE

HUMAN BRAIN FOLLOWING A MOTOR TASK

Kuang-Chi Tung, Ph.D.
The University of Texas Southwestern Medical Center at Dallas,
December, 2012
Mentor: Hanzhang Lu, Ph.D.

Brain plasticity forms the basis of many of our daily functions including
memory and learning. Evidence of brain plasticity in humans mostly consists of
morphological and functional changes following days, weeks, or years of specific
usage. On a time scale of minutes, on the other hand, it is not yet clear whether
such changes are detectable and what the nature of these changes is. If detected
and understood, then these changes have the potential of becoming diagnostic or
predictive parameters towards treatments or therapies.

The experiments I performed showed that significant changes in brain’s
organization can be detected within a single session using functional MRI
technique. Here human volunteers were subject to a 23-minute button-press motor
task and their resting-state brain activity before and after the task was assessed

with functional connectivity MRI (fcMRI). It was found that, compared to the



pre-task resting period, the post-task resting fcMRI revealed a significantly higher
cross-correlation coefficient (CC) between left and right motor cortices. These
changes were region-specific and required the motor task to take place as sham
control study did not show CC changes. Furthermore, the amplitude of fcMRI
signal fluctuation (AF) also demonstrated an increase in the post-task period
compared to pre-task. These changes were observed using both right-hand-only
task and two-hand task, and were demonstrated in two separate subject cohorts.
The left-hand task group did not show significant changes in motor cortex CC.
The recovery time-course of these changes was also investigated, and it was
found that the CC change lasted for about 5 minutes while the AF change lasted
for at least 15 minutes. Voxel-wise analysis revealed that pre/post-task differences
were also observed in auditory cortex, visual areas, and thalamus. Finally,
network analysis showed that simple motor tasks result in the strengthening of
functional connectivity between these areas. My data suggest that elevated CC
and AF in fcMRI may be potentially used as markers for brain plasticity. Further,
these imaging parameters can be used to delineate network wide changes in the

brain by the task.
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Chapter 1 Introduction



Lifetime Training

The brain drives behavior. Behaviors in turn modify the brain. The

modification of brain structures and functions based on previous experience is the

basis to the learning process throughout our lives. This feature is known as the

brain’s plasticity. A well known example of how learning modifying the human

brain is provided by a study conducted by Maguire et al. in 2000 (Maguire et al.,

2000). The researchers found that the only area of the London taxi drivers’ brains

that was different for other control subjects was the size of the left and right

hippocampus grey matter. While the overall hippocampi sizes are not different

from the control subjects, the posterior part of the hippocampus was larger, while

the anterior part was smaller in the taxi drivers. Further, the longer they had been

in their experience, the larger their posterior hippocampus was. The posterior part

of the hippocampus is associated with navigation skills, while the anterior part is

associated with information encoding by new environment. The authors suggested

these results reflect how these drivers’ brains had adapted to hold the knowledge



required by the job.

B Tdrivers
H Controls

Hippocampal cross-sectional area (mm?)
.
b

anterior body posterior

Figure 1. Hippocampus size differences between the taxi drivers and controls. The three dimension
structural MRI image was reformatted into contiguous section in a tilted coronal plane, which was
perpendicular to the long axis of the hippocampus: anterior (6 slices), body (12 slices), and

posterior (6 slices). Each slice is 1.5mm (Maguire et al., 2000).

The example of brain’s modification by long-term learning can also be found

in musicians. Professional musicians were found to have larger grey matter

volume in their motor and auditory cortices comparing to that in the

non-musicians(Figure 2) (Gaser and Schlaug, 2003). Also in professional



musician’s internal capsule (an area of white matter), which consists of ascending

and descending axonal tracts connecting between neocortex and limbs, the

structural organization of these fiber tracts were shown to be higher than that of

non-musicians (Bengtsson et al., 2005).

Figure 2. Regions where grey matter sizes are correlated with music skills. The three levels of
skills are modeled as professional, amateur, and non-musician. Voxels with significant positive

correlation between the skill grade and the increase in grey matter volume are shown.

Also, as a less specialized example, Taubert et al. showed that just after two

weeks of dynamic balancing task, they were able to detect grey matter volume

expansion in bilateral supplementary motor area (Taubert et al., 2010). Taken



together, it is clear that the brain can be modified by the repeated use and these

plastic changes are specific to the nature of such use. Further, these structural

modifications can take place even in the adulthood. Demands by function are

coupled with the plastic changes observed in anatomical structures.

Brain’s evoked activity in response to stimulation

When the brain is being stimulated or performing a task, the evoked changes

in blood flow as well as energy consumption can be detected in the specific region

of the brain (Fox et al., 1988). Stimulation of the human visual cortex with a

flashing checkerboard produced significant increases in blood flow and glucose

use in the visual cortex when compared with a simple fixation on crosshair.

If trainings were applied to a specific region of the brain in the length of

weeks, the magnitude of the evoked response and area of activation also increased.

For example, after practicing a motor sequence learning (MSL) task for two

weeks, the subjects showed not only an increase in the area of motor region that

were activated by the task, but also the magnitude of the evoked response (Karni



et al., 1995; Xiong et al., 2009).

Since the skills obtained by practice are maintained by the brain even during

rest, it is not surprising that the effects of practicing task could also be detected in

the resting brain’s spontaneous activity in this time scale (Lewis et al., 2009;

Kilpatrick et al., 2011; Ma et al., 2011; Taubert et al., 2011).

Resting brain and the training footprint

In the results by Karni et al., it was also reported that when the subject was

learning a new MSL task, there is an initial habituation-like effect within a

30-minutes training session, such that the evoked response was larger in the

earlier execution than in the later execution (Karni et al., 1995). Such

confounding factor by habituation highlights one of the shortcomings of using

evoked response to evaluate brain plasticity. Therefore, the experiment design

which detects changes in the resting brain’s activity became widely used. The

benefit of detecting changes in resting activity is that unlike detecting changes in

the evoked neural activity, detecting changes in the resting activity requires less



subject cooperation and thus signal is less dependent on their habituation, effort or

attention. Resting state image data also allow the assessment of all brain regions,

not just the task-evoked brain regions. The ability to detect the plastic changes

under resting state permits a demonstration that the neural substrate of the training

is present in the brain even it is not being used. Another reason for the interest in

the spontaneous activity is that it may account for the variability in the evoked

activity. Fox et al showed that the variability in the evoked responses in left motor

cortex during a right-hand motor task is mostly attributed by the concurrent

spontaneous activity in the motor network (Fox et al., 2006; Fox et al., 2007).

There is also a theoretical consideration for analyzing the brain’s resting state

in order to understand neuroplasticity. The changes in the energy demand during

the task is usually small (< 5%) in comparison to the energy the brain consumed

during rest (Raichle and Mintun, 2006). Thus most of the energy in the brain is

consumed to support the spontaneous neuronal activities, and therefore it is

important to understand the nature of these activities which consumes most of the

energy. The spontaneous activities tend to be synchronous across hemispheres. It



was shown that these activities in the left sensorimotor cortex are specifically

correlated with the spontaneous neural activities in the right sensorimotor cortex

(Biswal et al., 1995). Because this finding was novel at its time, it was later

replicated and confirmed (Lowe et al., 1998; Xiong et al., 1999; Cordes et al.,

2000).

An index which characterizes the resting brain’s spontaneous neural activity

is the synchrony between a reference waveform, which originates in a region of

interest (seed), and all other brain regions. The synchrony is typically measured as

Pearson Correlation Coefficient r (Biswal et al., 1995):

nzxtyt _thzyt
t=1 t=1  t=1
n n 2 n n 2
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t=I t=1 t=1

t=I
where X and y represent the two vectors (i.e., timeseries) of interest, N represents
number of element in each vector. r is the Pearson Correlation Coefficient and it
ranges from -1 to 1.

Another index commonly used to characterize spontaneous neural activity is



the amplitudes of fluctuation (AF) which is defined as (Yang et al., 2007,

Luchinger et al., 2012):
AF =Z.100 2]
Y7,

Where o is the standard deviation of the signal, x is the mean (baseline) level

of the signal. In eyes-open vs. eyes-closed experiment by Yang et al, it was shown

that during AF of the visual cortex is higher in the eyes-closed resting state than in

the eyes-open resting state. Thus AF was proposed to be another functional

imaging marker for resting state experiments (Yang et al., 2007).

In a time scale of minutes, the brain’s plastic changes have also been

demonstrated. For example, after the subjects were exposed to 21 minutes of

object-face and scene-face encoding task, it was found that during the post-task

rest, the synchrony of spontaneous neural activities between their left posterior

hippocampus and lateral occipital regions (evoked during the encoding task) is

correlated with the subject’s ability to recall the correct combination previously

seen (Tambini et al.,, 2010). Similarly, in another study, after the subject
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performed 11 minutes of visuomotor task, the spontaneous neural activity in their

brain’s frontal region and parietal region became more synchronous (Albert et al.,

2009).

Spontaneous activity in the resting brain

At the level of isolated neurons, spontaneous activities could be observed as

spontaneous neuronal firings (Raman et al., 2000; Do and Bean, 2003; Mazzoni et

al., 2007). Spikes train generated by a group of neuron firing can be

low-pass-filtered in 200Hz to obtain the so-called local field potential (LFP)

(Logothetis, 2003). The LFP is considered slow fluctuations in the voltage of

extracellular space, that reflect the group activity in a neural population in a

diameter of 6mm around the probe (Mitzdorf, 1985). Further analysis on the time

LFP timeseries revealed that the signal spectrum is dominated by the lower

frequency contents, i.e., a ‘1/f* spectral profile, which means the coherence

between the two time series decreases monotonically as a function of frequency

(Leopold et al., 2003).
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Figure 3 Mean pair-wise correlation of LFP signals during rest shows “1/f” distribution. 15

electrodes were placed over the visual area of a rhesus monkey. (Leopold et al., 2003)

The data from Leopold et al show that the synchrony at the y-band LFP
signal shows a “1/f” distribution during both task and rests (Figure 3) (Shmuel
and Leopold, 2008). Later, using bilateral direct electrode recording in human, Nir
et al. showed that during rest, there are highly significant interhemispheric
correlations in the spontaneous fluctuations of y-band (40-100Hz) LFP in
functional areas such as auditory as well as visual cortex (Nir et al., 2008). These

studies confirmed that interregional coherence in neural activities is a feature of
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functionally connected regions in the brain, and that it can be detected using either

electrophysiological recordings or magnetic resonance imaging (MRI) techniques.

Changes in the resting brain by training

The resting brain’s activity has been shown to be associated with previous
learning experience. Using H,'°O Positron Emission Tomography (PET),
Peigneux et al. showed that in humans, after learning a virtual navigation game
for four hours, the subject’s regional blood flows in hippocampus and
parahippocampal space were increased during the subsequent sleep (Peigneux et
al., 2004). In another study that evaluated the effect of sleep on learning (Huber et
al., 2004), the subjects were instructed to perform rotation adaptation task with
their dominant (right) hand for 18 minutes (contained 12 trials). Immediately after
the task, their sleep electroencephalogram (EEG) was recorded. It is well known
that slow wave activity (SWA) (< 4Hz) of the EEG is an indicator of sleep
intensity. SWA is thought to represent synaptic activity and it gradually decreases

in the course of sleep (Tononi and Cirelli, 2003). During the first 30-minutes of
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the non-REM sleep, the power density of SWA was found to be significantly

elevated in the right parietal cortex (13% more than that of the untrained subjects).

This area of the brain corresponds to the functional regions for visual and spatial

inputs (Jonides et al., 1993; Cohen and Andersen, 2002). Within 90 minutes, the

power density gradually recovered to the level of the untrained subjects. Further,

the increase in the SWA power density during the sleep was positively correlated

with performance improvement in the next day. A landmark study was carried out

by Hoffman and McNaughton in 2002 using a rhesus monkey. They showed that

synchrony in neural activities in multiple cortical regions (posterior parietal cortex,

motor cortex, and somatosensory cortex) is enhanced after 30-minutes navigation

motor reaching task. Further, the electrode pairs with high during the task also

showed high synchrony during the subsequent rest (Hoffman and McNaughton,

2002).

Magnetic resonance imaging (MRI) technique such as BOLD (Ogawa et

al., 1990) made it possible to study the spontaneous activity with whole brain

coverage. When applied to the brain in the resting state, this technique is known
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as functional connectivity MRI (fcMRI). Using motor cortex as an example,

Biswal et al was the first to show that left and right motor cortices spontaneous

fluctuation are highly synchronous (Biswal et al., 1995). It is now well known that

the brain can be divided into functional networks based on the synchrony of

spontaneous fluctuations observed using functional MRI, and the pattern derived

is very consistent with respect to the pattern of activation, which means that

regions that function together also rest together (Damoiseaux et al., 2006; van den

Heuvel et al., 2008). Regions in a network become activated together during a

task, but their spontaneous fluctuations are also synchronous during rest (Figure

4).
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Figure 4 Resting state network in human brain. (a) Default Mode Network (b), (c) Attention
Networks. (d) Sensorimotor and Visual Networks. () Salience Network (f) Somatosensory

Network (g) Executive Control Network (van den Heuvel et al., 2008).

The synchrony between the spontaneous fluctuations originated from the two

regions of the brain, calculated as the Pearson Correlation Coefficient (CC),

provides a measure of functional connectivity (FC) between two brain regions

(Biswal et al., 1995). FC is a dynamic characteristic of the network. CC increase

has been suggested as an evidence of learning. Several studies showed that after

weeks of training, changes in functional connectivity (FC) between different
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regions of the brain can be observed (Waites et al., 2005; Lewis et al., 2009;

Stevens et al., 2010; Kilpatrick et al., 2011; Ma et al., 2011; Taubert et al., 2011).

For example, Taubert et al. showed that after six weeks of dynamic balance

task (DBT) training, there is a significant FC increase between the supplementary

motor area (SMA) and medial parietal cortex (mPL) in their trained subjects

(Taubert et al., 2011). Lewis et al. conducted visual perception training for 2-9

days and compared the subject’s FC pattern before and after the training. The

authors observed a strengthening of connections between the visual and attention

brain regions (Lewis et al., 2009). Ma et al. showed that after four weeks of daily

practice of sequential finger movement, functional connectivity amongst left

primary motor, right primary motor and supplemental motor area are significantly

enhanced (Ma et al., 2011).

Training can also induce enduring changes in blood flows which can be

detected in resting brain. Maquet et al. trained their subjects to perform right hand

serial timing task (SRT). Their performance improved after a night of sleep. But a

more important finding is that during the sleep, brain areas activated during the
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execution of SRT such as left premotor cortex and cuneus showed more increases

in regional blood flow during the sleep in the trained subjects than in the

untrained subjects (Maquet et al., 2000).

Magnetic Resonance Imaging

In order to create a magnetic resonance image, the human subject is first

placed in a strong magnetic field. The strength of this field is 3 Tesla for magnet I

used for my work. This field strength is 60 thousand times that of the earth’s

magnetic field. In the presence of such a strong field, atoms that have nuclear spin

dipole moment will orient themselves with orientation either parallel or

antiparallel to the main magnetic field (Bo). More spin will be in the parallel than

antiparallel orientation, resulting in a net magnetization that is parallel to the

direction of the main magnetic field of the scanner. The nuclei will precess about

Bo with a frequency, which is known as Larmor frequency (vo), which is directly

proportional to Bo:

vo =7v Bo
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y is gyromagnetic ratio, a fundamental physical constant for each nucleus.
Proton ('H) y is 42.58 MHz/Tesla. Due to its natural abundance, it is the most
common nuclei of choice for MRI.

When a radiofrequency (RF) pulse is applied at Larmor frequency of the
proton, resonance occurs as the proton nuclei spin is raised from the lower energy
state to the higher energy state. Application of the RF pulse flips the
magnetization into the transverse (with respect to the main magnetic field) plane.
The RF pulse is then turned off as the magnetic moment of proton nuclei
continues to precess about the main field. According to the Faraday’s law of
Induction, this time-varying precession induces a current in a receiver coil, the RF
coil. This process results in an exponentially decaying voltage, which is referred
as the free induction decay (FID), constitutes the MR signal.

When the magnetic moments are still in phase when it enters the transverse
plane after an RF pulse. Because nuclei exchanges energy with each other as they
collide, the magnetic moments begin to spread out in the transverse plane and

they lose their phase coherence. In this process, the net transverse magnetization
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(Mt) decays to zero exponentially with time. This is known as spin-spin relaxation.

The time constant that characterizes this decay is known as T2. Besides the

spin-spin interactions, the inhomogeneities of the main magnetic field can

contribute to the decay. This means that nuclei experiencing different main

magnetic field will precess at different Larmor frequency.

Oxyhemoglobin is diamagnetic; it contains no unpaired electron and has zero

magnetic moment. Deoxyhemoglobin has unpaired electrons and a significant

magnetic moment; it is paramagnetic and thus reduces the magnetic field

homogeneity in its environment. The presence of deoxyhemoglobin facilitates the

proton spins in the environment to become out of phase more quickly. The time

constant that describes combined effect of spin-spin interaction and magnetic field

inhomogeneities is known as T2*. As a result the MR signal intensity is reduced

in the local environment where deoxyhemoglobin is present. Therefore

deoxyhemoglobin can be thought as an endogenous contrast agent.

Functional MRI
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Functional MRI technique measures changes in the blood oxygenation levels

in the circulation with respect to a baseline MR signal; therefore it is an indirect

measure of neural activity (Bandettini et al., 1992). Blood supply in the capillary

beds increases due to increasing neural activity in the surrounding tissues. It

requires energy to maintain and restore neuronal membrane potentials. This

energy is not stored in the brain, but must be continuously supplied by the

vascular system through the delivery of glucose and oxygen. This increase in the

blood supply overcompensates for neuronal oxygen extraction, thereby causing an

increase in the oxyhemoglobin concentration and a decrease in the

deoxyhemoglobin concentration. In the area of neural activation, increase in

cerebral blood flow (CBF) results in an excess of oxygenated hemoglobin beyond

the metabolic need, thus reducing the fraction of paramagnetic deoxyhemoglobin

in the vasculature. (Fox and Raichle, 1986). The oxygen saturation of venous

hemoglobin changes from 75% saturated to about 90% saturated. In other words,

the net effect of elevated neural activity is a decrease in the local

deoxyhemoglobin concentration, which results in a higher MR signal intensity. If
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the MR signal is acquired overtime, then the temporal fluctuation of it can be

interpreted as the fluctuation of neural activity at that site. The image acquired

based on this type of contrast is known as blood oxygenation level dependent

(BOLD) MRI (Ogawa and Lee, 1990).

This contrast can be detected in small veins, where the changes in

oxygenation take place. Changes in venous oxygenation are functions of cerebral

blood flow, cerebral metabolic rate of O2, and cerebral blood volume. Fluctuation

in BOLD signal can be modeled as a percentage of the baseline BOLD signal

level (Kim et al., 1999).

The main advantages of functional MRI (fMRI) include its noninvasive

nature, relatively high spatial and temporal resolution and its ability to provide the

whole brain coverage of the subjects. Therefore it has become a tool for the study

of neural activities and their synchronies between different parts of the brain. The

main disadvantage is that it is an indirect measure of neural mass activity, as an

increase in BOLD signal could be contributed by the combination of excitatory

and inhibitory activities between these neurons, such that there is still no net



functional output from that specific functional region (Logothetis, 2008).
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Introduction

To successfully adapt to the outside world, the brain is known to change

continuously based on inputs from external stimuli (Rakic, 2002; Zeithamova et

al., 2012). This feature is referred to as the brain’s plasticity and forms the basis of

many of our daily functions including memory and learning. Plastic changes on a

time scale of months or years have been well documented. For example, it was

reported that London taxi drivers showed a larger hippocampal volume compared

to control subjects as this structure is used extensively in memorizing street names

(Maguire et al., 2000). Similarly, professional pianists have larger motor and

auditory cortices compared to non-musicians (Gaser and Schlaug, 2003). On a

time scale of days to weeks, effects of training were shown in evoked response

(Karni et al., 1995; Karni et al., 1998; Xiong et al., 2009; Debas et al., 2010) as

well as in spontaneous activity in the resting brain (Lewis et al., 2009; Ma et al.,

2010; Kilpatrick et al., 2011; Ma et al., 2011; Taubert et al., 2011).

On a time scale of minutes, brain plastic changes have been demonstrated

in classic memory cortices such as hippocampus (Tambini et al., 2010) and frontal
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regions (Albert et al., 2009; Hasson et al., 2009). However, it is unclear whether

primary sensory and motor cortices can also manifest plastic changes following a

short task. The goal of the present study is to provide evidence that a 23-minute

motor task can leave behind a detectable “footprint” in human motor cortex, as

shown by neuroimaging.

This study will focus on changes in resting state brain activity as assessed

by functional connectivity MRI (fcMRI) (Biswal et al., 1995; Raichle et al., 2001).

Unlike detecting changes in the evoked neural activity, detecting changes in the

resting activity requires less subject cooperation and thus the fcMRI signal is less

dependent on effort or attention. Resting state image data also allow the

assessment of all brain regions, not just the task-activated brain regions as in

evoked fMRI (van den Heuvel et al., 2008). Furthermore, the ability to detect the

plastic changes under resting state permits a demonstration that the neural

substrate of the memory is present in the brain even it is not being used.

In this study, I compared fcMRI data acquired before and after a

23-minute button-press task. Sham control experiments were performed to ensure
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that the changes detected were not due to subject becoming drowsy or sleepy after

being inside the scanner for a while. The results were further verified by

additional studies on a new cohort with a two-hand (rather than right-hand only)

button-press task. Moreover, in this cohort, three post-task fcMRI runs were

performed to assess how long it takes for the plastic changes to dissipate.

Voxel-wise comparison was conducted in the entire brain to examine whether

brain areas other than a priori regions-of-interest (ROI) (i.e. motor cortices)

showed the plastic changes.

Although it is well known that the brain’s plasticity forms basis to our

daily functions such as memory and learning, identifying potential biomarkers to

brain’s plasticity has been less straightforward. The main approach has been a

standard task-activation paradigm in functional magnetic resonance imaging

(fMRI), where spatial patterns of activation were compared across study groups or

imaging sessions (Karni et al., 1995; Xiong et al., 2009; Debas et al., 2010).

However, this paradigm has its limitations. First, practice effects, fatigue, and
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habituation can limit the sensitivity and confound the interpretation of the results.

Second, it relies on the participant being able to perform the task, which is not

always feasible especially in patients.

Resting state functional connectivity MRI (fcMRI) can help circumvent

these limitations. It uses the strength of correlations of a neural activity index

between functionally connected regions during rest as a marker to the brain’s

organization (Biswal et al., 1995; Beckmann et al., 2005; Damoiseaux et al., 2006;

van den Heuvel et al., 2008). The goal of my aim is to demonstrate that alterations

in resting brain activity may be used as a potential biomarker for brain plasticity.

Since neural events during rest in sensory cortex are known to be associated with

previous experiences (Kenet et al., 2003; Huber et al., 2004; Foster and Wilson,

2006), the spontaneous neural activity in the resting brain has been used to

demonstrate effects of training (Waites et al., 2005; Albert et al., 2009; Hasson et

al., 2009; Lewis et al., 2009; Stevens et al., 2010). Taken together, these studies

show that the strength of connection between nodes in a brain can be modulated

across varying time scale. However, this renders observation of modulation by
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training challenging, namely in understanding what the minimal requirements are

for soliciting robust, detectable changes in the connections between nodes in a

brain, and how soon such changes are being encoded in brain.

Effects of training have been shown in evoked response (Karni et al.,

1995; Xiong et al., 2009; Debas et al., 2010), as well as the spontaneous activity

in a resting brain (Waites et al., 2005; Albert et al., 2009; Hasson et al., 2009;

Lewis et al., 2009; Stevens et al., 2010). Thus I hypothesize that since both

evoked and spontaneous activities coexist during training (Liu et al., 1999; Fox et

al., 2006; Fox et al., 2007), then once the evoked activity has ended, the

spontaneous activity should still reflect the task effect. In other words, evidence

should exist that strengthening of functional connectivity occurs within the

network just evoked in association with the training.

Previous studies tend to focus on the connections between different networks

of the brain. I sought to answer a more straight-forward question, that is, whether

or not a robust change in functional connectivity can be detected in given brain

regions after just repeated use. I chose human motor cortex as a model because
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early adaptation and consolidation of previous motor experience takes place there

first (Gandolfo et al., 2000; Muellbacher et al., 2002). I applied the classical

resting-training-resting epoch to compare the brain’s functional connectivity

immediately following the task. The task only required the subject to click a

button as soon as they observed the white cross in the middle of the display

changing to grey. The training consists of 40 such trials and spans 23 minutes. A

five-minute resting state fcMRI were scanned before and after the training, and

they were compared for differences in their functional connectivity.

I utilized two defining characteristics of spontaneous activity measured by

BOLD functional connectivity Magnetic Resonance Imaging (BOLD fcMRI) in

this study: their tendency to be correlated across hemisphere (Biswal et al., 1995;

Lowe et al., 1998; Cordes et al., 2000; Greicius et al., 2003; Fox et al., 2005;

Damoiseaux et al., 2006; Nir et al., 2006; Fox and Raichle, 2007; Golland et al.,

2007; Vincent et al., 2007), and their amplitude of fluctuation (AF) (Yang et al.,

2007). My analysis is based on comparing changes in Pearson correlation

coefficient (CC) between left motor cortex (LMC) and right motor cortex (RMC)
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before and after training, and the corresponding changes in their ALFF.

Material and Methods

BOLD fMRI data (3.4)(3.4);5mm3 voxels, TE 25ms, TR 1000ms, flip angle 60
degrees) were acquired using a 3T Philips MR scanner. Healthy right-handed
adults were recruited for the motor task using their right hand (n=24, 25+14y.0.,
13 male). The scan session included the pre-task fcMRI scan (under resting state),

followed by the task, and then concluded with a post-task fcMRI scan (Figure 5).

Compare
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task minutes, 40 trials task
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Figure 5 Experiment design. Within a single imaging session, after a five minutes pre-task
fcMRI, the subject performed 23 minutes of button-clicking motor task with their right hand based
on a visual queue. Then they were scanned for a post-task rest fcMRI. The two fcMRI scans were

compared.
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The pre-task and post-task fcMRI were five minutes. During the 23 minute task

period, the subject performed unilateral motor task, in which they fixated on a

white crosshair and, when the crosshair occasionally changed color to grey for

1000ms, they are supposed to press a button three times with their right index

finger as soon as they saw the crosshair dim. The color change occurs every 27-32

seconds with randomized intervals. The two fcMRI runs before and after the

motor task were performed with identical protocols (fixation on a white crosshair,

21 axial slices).

Sham experiment

Ten subjects underwent scan session consisted of seven five-minute resting state

runs with (1) a white cross in the center of their view, and (2) a button box in their

right hand. They were instructed to remain awake with their eyes open. At the end

of each run the subject were asked and responded to inquiry of their overall status.

All subjects reported to have complied with the instructions.
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Region of Interest (ROI) selection — Motor Cortex

The brain masks corresponding to left/right motor cortices were defined by the

following procedure. I recruited back the 24 subjects from the one-hand task

group for a separate scan session (at least 24 hours later), in which they performed

a simple bilateral finger tapping task (40 seconds OFF, 20 seconds ON, eight

repetitions, imaging parameters were identical to the plasticity sessions, total

duration 8’40”). The data were processed with standard procedures including

image realignment, spatial transformation into Talairach space, general linear

model on individual subject, group-level analysis on regression coefficients, and

delineation of activation clusters, which included left/right motor (sensory) areas

and supplemental motor area (SMA). The final left (right) motor mask is then

defined as the top 1000 voxels according to the one-sample t score in the left

(right) motor cluster. These template ROIs were then transformed to individual

subject space for spatial averaging.

Region of Interest (ROI) selection — Default Mode Network

The parietal cortices of the Default Mode Network (DMN) were used as
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the control regions where no plastic changes are expected as these regions are
considered to be unrelated to the motor task used in the present study.

The brain masks corresponding to left/right parietal cortices were defined
by the following procedure. The pre-task and post-task fcMRI data of the
one-hand task group (N=24) were transformed into the Talairach space. A seed
ROI (size=0.73 cm’) were positioned at bilateral posterior cingulate cortices
based on Talairach coordinates (Hong et al., 2009; Xu et al., 2011). The
cross-correlation coefficient (CC) between these seed voxels and all other voxels
was calculated to generate a correlation map (using both pre-task and post-task
fcMRI data). Then, a Fisher-z transform was employed and a group analysis was
performed on the z-maps of all subjects to identify the DMN, which included
posterior cingulate cortex, medial frontal cortex, and left/right parietal cortex. The
final left (right) parietal mask is then defined as the top 500 voxels according to
the one-sample t score in the left (right) parietal cluster. These template ROIs
were then transformed to individual subject space for spatial averaging. Note that,

since the ROIs were defined on the group data, they can be used for both
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one-hand and two-hand data sets. It is also important to note that the goal of this

study is to compare between pre-task and post-task, thus the definition of ROI is

not expected to cause bias in my results as long as the same ROIs are applied to

both pre and post data.

Region of Interest (ROI) selection — Auditory Network

Since the auditory cortex is expected to be continuously stimulated by the

magnet noise throughout the experiment, it is logical to examine whether this

brain region also shows plastic changes comparing the post-task to pre-task

fcMRI data. ROIs corresponding to left/right primary auditory cortex (Al) were

delineated by anatomic masks (BA 41) defined on the Talairach template; the

masks were transformed to individual space for spatial averaging. The rest of the

ROI analysis steps were identical to those used for the motor cortex.

Data Processing

All image volumes were co-registered to the first volume of the first

fcMRI run. Physiologic fluctuations in the signal time course were removed by

regressing out time courses of the whole-brain white matter, cerebral spinal fluid,
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and six motion vectors. The time series were then band-pass-filtered to 0.01-0.1

Hz, which is the bandwidth commonly used in fcMRI processing (Damoiseaux et

al., 2006). To further identify the bandwidth in which the plastic changes are most

pronounced, I further band-pass-filtered the time-series to 0.01-0.05 Hz for a

lower band, and from 0.05-0.1 Hz for a higher band.

Spatially averaged time courses (after removal of white matter, CSF, and

motion vectors, and band-pass filtered as stated above) were obtained for each

ROI. Two fcMRI indices were computed. CC between bilateral ROIs was

calculated using Pearson correlation. Amplitude of fluctuation (AF) of the time

course was calculated as the temporal standard deviation divided by mean signal

intensity x 100% (Yang et al., 2007). This index is defined for each of the left and

right sides.

Two-tail paired Student t tests were used for comparisons of pre-task and

post-task indices. For the sham control fcMRI data, linear mixed effect model and

one-way ANOVA were used since multiple time points were available.
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Results

CC between bilateral motor cortices was significantly greater in post-task

fcMRI

CC between left and right motor BOLD time courses was 0.75+0.02

(mean = SEM, N=24) in the pre-task fcMRI data, consistent with previous

literature that bilateral motor cortices show strong resting-state connectivity

(Biswal et al., 1995; Damoiseaux et al., 2006; van den Heuvel et al., 2008). The

post-task fcMRI data showed a CC value of 0.83+0.02, which was significantly

greater (p=0.002, two-tail paired t test) than that of the pre-task data (Figure 6).

Because these CC were calculated using a fairly large range of signal frequencies

(0.01-0.1 Hz), I further examined which frequency range contributed most to the

correlation increase by splitting the frequency components into a lower (0.01-0.05

Hz) and a higher band (0.05-0.1 Hz) (Figure 7). It was found that the increase of

CC was specific to the higher frequency band (p=0.02), whereas the lower

frequency band showed no changes in CC (p=0.77) (Figure 8). I therefore focused

on the higher frequency band in the remainder of the analyses.
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Figure 6 Motor cortex CC increases significantly after right-hand motor task. (A) Activation
map from bilateral finger tapping experiment which identified motor cortices. (B) Top 1000 voxels
based on the activation score in the left side that constitutes Left Motor Cortex (LMC) Region of
Interest (ROI). (C) Top 1000 voxels based on the activation score in the right side that constitutes
Right Motor Cortex (RMC) Region of Interest (ROI) (D) The time series of the LMC and RMC in
an example subject pre-task rest and their correlation coefficient (CC). (E) The post-task rest time
series of the same subject and CC. (F) Average CC of 24 subjects showing significant CC

increases in the post-task rest (n=24, error bar = standard error).
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Figure 7 Spectral decomposition of CC. Contribution by each frequency bin to the overall CC is
shown. The spectrum is divided at middle, 0,05 Hz, into the low band (0.01-0.05Hz) and the high
band (0.05-0.1Hz). n=24, Error bar = standard err.
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Figure 8 High band CC shows significant increase but not the low band.

Sham control experiment showed no changes in CC in motor cortices

To provide evidence that the motor task was causal of the observed CC
changes, I performed a sham experiment where the subject remained rest during
the entire duration of the experiment (no motor task) while seven fcMRI runs
were performed consecutively. CC values between the bilateral motor cortices
showed no changes with time regardless the type of statistical analysis used
(linear mixed effect model on all seven runs, p=0.86; one-way ANOVA on all
seven runs, p=0.73; paired t test between run 1 and run 7, p=0.96). This finding

also suggested that the observed CC increase was not due to the subject becoming
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drowsy or sleeping inside the scanner.

The plastic changes were region-specific

To examine whether the plastic changes were spatially specific or they

were a whole-brain phenomenon, I studied another brain region that also has

strong bilateral connectivity but is unrelated to the motor task, specifically the left

and right parietal cortices, which are parts of the DMN. The left and right parietal

cortices showed a significant correlation as expected, but there was no difference

between the pre-task and post-task CC values (0.01-0.1 Hz band: 0.68+0.02 and

0.67+£0.03 for pre- and post-task (p=0.86), respectively; 0.01-0.05 Hz band:

0.42+0.02 and 0.41+0.02 for pre- and post-task (p=0.78), respectively; 0.05-0.1

Hz band: 0.26+0.02 for both pre- and post-task, p=0.72) (Figure 9, Figure 10).
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Figure 9 CC between the left and right parietal cortices of the Default Mode Network did not
change significantly after motor task. (A) The average Default Mode Network of all subjects. (B)
The top 500 voxels selected at the left parietal cortex (LPC) (C) The top 500 voxels selected at the
right parietal cortex (RPC). (D) The time series of the LPC and RPC in an example subject
pre-task rest and their correlation coefficient (CC). (E) The post-task rest time series of the same
subject and CC. (F) Average CC of 24 subjects showing no significant CC changes in the post-task

rest
0.5  p=0.78 p=0.72
0.4
0.3
0.2

0.1

Correlation Coefficient

0

Pre- | Post- | Pre- | Post-
task | task | task | task

0.01-0.05Hz | 0.05-0.1Hz

Figure 10 Neither high band nor low band CC between LPC and RPC showed significant changes

after motor task.
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Plastic changes in brain regions stimulated by MRI noise — primary auditory
cortex

If plastic changes can occur in the motor cortex due to motor activation,
such changes may also be present in the auditory cortex due to strong MRI noise.
Therefore, as an exploratory analysis, I examined fcMRI indices in the primary
auditory cortex (BA41). CC between left and right auditory cortices during the
post-task period was found to be significantly greater than that during the pre-task
period. In this cohort, the pre- and post-task CC were 0.319+0.027 (mean+SEM,
N=24) and 0.415+0.035, respectively (p=0.02 for pre/post comparison) (Figure

11).
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Figure 11 Auditory cortex CC shows significant increase in post-task rest after right-handed

motor task.

Amplitude of Fluctuation (AF) of fcMRI signal also increased in post-task

period

AF is another quantitative index from the fcMRI data. When physiologic

fluctuations have been removed by WM/CSF/motion regressors and random noise

is minimized by spatial averaging, AF is thought to be predominantly originated

from spontaneous neural activity (Yang et al., 2007; Luchinger et al., 2012).

Figure 12 shows the AF indices during the pre-task and post-task periods. It was
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found that AF increased following the motor task. Interestingly, both left motor
cortex (LMC) (p<0.001, paired t test, N=24) and right motor cortex (RMC)
(p=0.002) showed a significant task-related AF increase although the right-hand
task used in this study was expected to primarily activate the LMC. In terms of
the effect size, LMC did manifest a significantly (p=0.003, paired t test, N=24)
greater effect (51% increase comparing post-task AF to pre-task AF) compared to

RMC (35% increase comparing post-task AF to pre-task AF).
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Figure 12 Motor cortex high band AF shows significant increases in the post-task rest.

AF data in auditory cortices showed similar results (Figure 13). In the
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one-hand-task cohort, AF in the left auditory cortices increased from

0.137+0.008% (pre-task) to 0.196+0.015% (post-task) (p<0.001 for pre/post

comparison). The values were 0.116+0.007% (pre-task) to 0.162+0.009%

(post-task) (p<<0.001 for pre/post comparison) in the right auditory cortex.
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Figure 13 Auditory cortex high band AF increased significantly in post-task rest after the
right-hand task.

Neither parietal cortices of the Default Mode Network showed significant

changes in AF (Figure 14).
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Figure 14 LPC and RPC of the Default Mode Network did not show significant AF changes in

post-task rest.

Discussion

My results show that human brain is being modified continuously during
everyday life. This effect can be detected in vivo after merely minutes of usage.
The plastic changes appear to be specific to the brain regions stimulated. These
changes do not appear to be related to adaptation. The results here also show that
although the task required right hand only, both left and right motor cortices were
affected as shown by their post-task AF increases. This could be expected, as
based on anatomical evidence, there are 10 to 15% of fibers in lateral cortical

spinal tracts of human are uncrossed (Nyberg-Hansen and Rinvik, 1963).
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My results also show that the effect of simple motor task is not just a

“volume effect”. It did not increase the spontaneous activity across spectral

profile. Rather, there is a selective enhancement in the 0.05-0.1Hz components of

the post-task fcMRI. This is the main contribution to the elevated CC in the

post-task resting state. Not only did the post-task spontaneous fluctuations of

LMC and RMC become more synchronous, but their amplitudes also increased

significantly. At this point however, it is not clear how long such post-task

enhancement may persist. Future experiment will be designed to address the

temporal trajectories of post-task fcMRI signals.

The present study demonstrated that a 23-min motor task can alter

post-task motor functional connectivity. These data suggest that the brain is

constantly re-organizing itself based on life experience and that a short-duration

task is sufficient to leave a “foot-print” on the brain.

Comparison with previous plasticity literature

The brain’s plastic changes as a consequence of use or experience have

been documented in previous literature. It is known that structural changes can
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take place after months or years of intensive usage (Maguire et al., 2000; Gaser

and Schlaug, 2003; Bengtsson et al., 2005). Functional plastic changes can occur

earlier and such evidence have been shown following days or weeks of task

training, using a variety of techniques including functional MRI (Karni et al.,

1995; Xiong et al.,, 2009; Debas et al., 2010; Ma et al., 2010), resting-state

functional connectivity MRI (Lewis et al., 2009; Ma et al., 2011; Taubert et al.,

2011), and Positron Emission Tomography (PET) (Maquet et al., 2000; Sidtis et

al., 2004; Treyer et al., 2006). For example, Karni and colleagues conducted five

weeks of sequential finger tapping training in young healthy human subjects and

observed increased evoked fMRI response in motor cortices during the

post-training period compared to the pre-training (Karni et al., 1995). Lewis et al.

conducted visual perception training for 2-9 days and compared the subject’s

functional connectivity pattern before and after the training. The authors observed

a strengthening of connections between the visual and attention brain regions

(Lewis et al., 2009). There is also evidence that the plastic changes became

particularly pronounced during rapid-eye-movement (REM) sleep on the same
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night following the task (Maquet et al., 2000). The present study extends these

previous findings to an even shorter time scale by showing that plastic changes

can be detected following a task session as short as 23 minutes. My study has a

similar time scale to an earlier report conducted in primates. Hoffman and

McNaughton employed a virtual navigation motor reaching task on rhesus

monkeys (Macaca mulatta) for 30 minutes, and the resting neural activity in the

ten minutes before and after the task were compared (Hoffman and McNaughton,

2002). It was found that neural synchronization induced by the task was preserved

during the post-task resting period, a finding comparable to the observations in

the present study. Albert et al. conducted target-tracking task for 11 minutes and

observed an increased connectivity between frontal and parietal regions, but not

motor cortex (Albert et al., 2009). One possible reason for this discrepancy from

my results may be that, in Albert et al., the subjects performed the task with their

non-preferred hand (e.g. left hand task for a right-handed person), whereas the

preferred hand was used in my study. Also, Peltier et al. reported that after 20

minutes of right-hand contraction task which was designed to fatigue the muscles,
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they observed a decrease in the left and right motor cortices CC (Peltier et al.,

2005). One obvious distinction of their results with mine here is that task for my

subjects were not as physically demanding as theirs and therefore has smaller

motor “footprint”. A note of interest regarding their results is that they also show

increases in the spectral amplitude of motor post-task rest at frequency band

similar to the 0.05-0.1Hz band I used throughout my work.

Imagery activation during the post-task period?

Imagery activation has been shown to share some similarities with actual

execution in term of neural representation (Rao et al., 1993; Stephan et al., 1995;

Deiber et al., 1998; Binkofski et al., 2000; Boecker et al., 2002; Hanakawa et al.,

2002; Nair et al., 2003; Dechent et al., 2004; Sharma et al., 2006; Iseki et al., 2008;

Kasess et al., 2008; Chen et al., 2009; Munzert and Zentgraf, 2009; la Fougere et

al., 2010). However, several pieces of evidence in my data suggest that imagery

activation is unlikely to be the reason for my results. First, the auditory cortices

also show significant CC and AF increases during the post-task rest. Since the

magnet noise was present throughout the MRI session and was not part of the task,



51

it is unlikely that the subject would think of the sound more in the post-task

period than in the pre-task period. Second, in this one-hand-task group, plastic

changes were observed in both left and right motor cortices. Since motor task (and

imagery) predominantly activates the contralateral side of the cortex, imagery

motor activation (of the right hand) cannot account for signal changes in the right

motor cortex (Stinear et al., 2006). Third, the subjects were specifically instructed

not to think of anything in particular during the resting scans, and any occasional

thinking of the motor task could not have accounted for the large (35-51%)

increase in signal fluctuation.



Chapter 3 Specific Aim 2: Plastic Changes in Motor Cortex After

Bilateral Hand Task
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Introduction

Brain’s plasticity forms the basis of many of our daily functions including

memory and learning. It is then intuitive to speculate that certain changes have

occurred to the brain comparing before and after a task. However, the exact

neuronal processes that are altered are poorly understood, especially for human

studies in which available tools are limited. In the Specific Aim 1, I showed that

functional connectivity, measured as the cross-correlation coefficient (CC)

between the left and right motor cortices in Blood Oxygenation Level Dependent

(BOLD) signals during resting acquired by functional connectivity MRI (fcMRI)

technique, can be enhanced after merely 23 minutes of right-hand button press

task. However, given the simplicity of the task used (i.e. no behavior

improvement can be quantified) and the relatively short training duration, the

finding is somewhat surprising. A follow-up question is, if both hands were used

during the task, how will the CC change after task? Furthermore, another logical

follow-up question is how long it takes for the post-task effect to disappear, i.e.

CC value returning to pre-task level. In the present study, I replicated my previous
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finding of enhanced functional connectivity in a new cohort of subjects and, with
additional post-task fcMRI acquisitions, I will show that the CC value returns to

the pre-task level 4-5 min after the termination of the task.

Material and Methods

Twenty-four healthy right-handed subjects (30+10 y.o., 9 male) were
recruited for the two-hand button-press experiment. The experimental procedure
was identical to that of the one-hand experiment with two exceptions. The MR
and imaging parameters are also the same (3.4x3.4x5mm’ voxels, TE 25ms, TR
1000ms, flip angle 60 degrees). There are the following modifications for this
study: First, the subject held one button in each hand and was instructed to press
both buttons simultaneously for three times. Second, I performed three post-task
fcMRI runs (five minutes each) in these subjects, which allowed us to examine

how long the plastic changes may last (Figure 15).
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Figure 15 Experiment design. The five minutes pre-task rest is followed by the 23 minutes

button-clicking motor task using both hands, followed by 15 minutes post-task rest.

Data Processing

The methods used to process the fcMRI data is the same as reported in
Aim 1. Briefly, all image volumes were realigned to the first volume of the first
fcMRI run. Physiologic fluctuations in the signal time course were removed by
regressing out time courses of the whole-brain white matter, cerebral spinal fluid,
and six motion vectors (Fox et al., 2005; Hong et al., 2009; Chang and Glover,
2010). The time series were then band-pass-filtered to 0.01-0.1 Hz, which is the
bandwidth commonly used in fcMRI processing (Damoiseaux et al., 2006). To

further identify the bandwidth in which the plastic changes are most pronounced,
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I further band-pass-filtered the time-series to 0.01-0.05 Hz for a lower band and

from 0.05-0.1 Hz for a higher band.

Motor cortex ROI were derived from the motor cortex ROI template

created during Aim 1. These ROI were transformed into the subject space. The

Default Mode Network ROI were also derived from the average left and right

parietal cortices ROI generated form Aim 1, then transformed into the subject

space here.

Spatially averaged time courses (after removal of white matter, CSF, and

motion vectors, and band-pass filtered as stated above) were obtained for each

ROI. Two fcMRI indices were computed. CC between bilateral ROIs was

calculated using Pearson correlation. Amplitude of fluctuation (AF) of the time

course was calculated as the temporal standard deviation divided by mean signal

intensity x 100% (Yang et al., 2007). This index is defined for each of the left and

right side ROL.

Results
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The lower frequency band (0.01-0.05 Hz) showed no changes in motor CC
(p=0.229), consistent with the results of the one-hand study. For the higher
frequency band (0.05-0.1 Hz), the CC between bilateral motor cortices showed a
significant increase (p=0.01, paired t test) following the task, from mean of
0.30+0.02 to 0.38+0.03. However, it promptly returned to the pre-task level
during the second post-task (0.2740.02) rest session and through the third session

(0.27+0.02) (Figure 16).
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Figure 16 Left and right motor cortices CC changed significantly in the post-task rest after the
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bilateral motor task, and returned to the pre-task level in the second post-task rest.

In the parietal cortex of the Default Mode Network, CC did not show

significant change through the post-task scan (Figure 17).
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Figure 17 The Default Mode Network’s left and right parietal cortices CC did not change

significantly in the post-task rest after the bilateral motor task.

In the auditory cortex, however, CC increased significantly in the first five

minutes of the post-task (Figure 18).
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Figure 18 Left and right auditory cortices CC increased significantly in the first post-task rest after

bilateral motor task, then return to the pre-task level.

AF showed an increase in both LMC (p<0.001) and RMC (p<0.001). The
effect sizes in LMC and RMC were not different (p=0.233) in the two-hand study,
unlike the findings in the right-hand task, presumably because the two-hand task

strongly activates both sides of the cortex (Figure 19).
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Figure 19 LMC and RMC AF increased significantly in the post-task rest after left-hand motor

task and remained elevated through the third post-task rest.

Left and right parietal cortices showed no pre/post-task differences in AF

(Figure 20).
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Figure 20 Left and right parietal cortices show no significant changes in AF in post-task rest after

left-hand motor task.



61

However, both left and right auditory cortices showed significant increases in

their AF during post-task rests (Figure 21).
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Figure 21 Left and right auditory cortices AF increased significantly in post-task rest after

left-hand motor task, and remained elevated through the third post-task rest.

Discussion

In this Aim, I successfully reproduced the results found in Aiml, even

though the motor task included the left hand as well. At the BOLD signal level,

frequency band of 0.05-0.1 Hz appear to consistently contain the signature, or

“footprint”, of the plastic changes produced by the task. Specifically, in this

frequency range, BOLD signals in a network impacted by the task became more

synchronous and contain larger fluctuation amplitude. These changes also consist
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of at least two components with different temporal behaviors. Functional

connectivity, as measured by CC, can show a recovery effect by returning to the

pre-task level, whereas the amount or intensity of the spontaneous activities, as

measured by AF, persist through at least 15 minutes post-task. The results here

shows that if the dominant part of the network were selectively invoked for the

task, then the plastic changes observed will also appear in the remaining network.

The results here further underscore the sensitivity of fcMRI as a tool for

measuring transient plastic changes in the brain. For the Default Mode Network, it

was not expected to be invoked by the task, and it fcMRI signals showed no

changes. In motor cortex and auditory cortex, however, task as well as the

environment sound both provided stimuli that contributed to the changes in the

resting state fcMRI signals.

Even though the results here appear similar in their magnitudes and general

patterns when comparing to those of the Aim 1, these results do not imply that

there is no difference between right-hand only and both-hand tasks. Therefore, the

purpose of the next Aim is to examine how left-hand task impact the resting brain



functional connectivity in right-handed persons.
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Chapter 4 Specific Aim 3. Plastic Changes in Motor Cortex After

Non-Dominant (Left) Hand Task
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Introduction

The results of Specific Aim 2 show that even if left hand was added to the
motor task, the changes in the resting brain were similar to the case when only
right hand was used. These results, while confirming my hypothesis that motor
cortex can show transient changes in response to a short motor task, also raised a
few questions. For example, did left hand contribute the increased Correlation
Coefficient (CC) between left and right motor cortices and their amplitudes of
fluctuation (AF)? As a model network, if a less dominant part of (left motor
cortex) of the network were selected for the task, does the brain behave differently

in the post-task rest?

Materials and Methods

Subjects: 24 right-handed, healthy subjects were recruited for the motor task using
their left hand (n=24, 29+9y.0.,10 male). BOLD fMRI data (3.4x3.4x5mm’ voxels,
TE 25ms, TR 1000ms, flip angle 60 degrees) were acquired using a 3T Philips

MR scanner. The scan session included the pre-task fcMRI scan (under resting
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state), followed by the task, and then concluded with a post-task fcMRI scan. The

pre-task and post-task fcMRI were five minutes. During the 23 minute task period,

the subject performed unilateral motor task, in which they fixated on a white

crosshair and, when the crosshair occasionally changed color to grey for 1000ms,

they are supposed to press a button three times with their left index finger as soon

as they saw the crosshair dim. The color change occurs every 27-32 seconds with

randomized intervals. The two fcMRI runs before and after the motor task were

performed with identical protocols (fixation on a white crosshair, 21 axial slices)

(Figure 22).
/ Compare
Pre- Motor Task, 23 Post-
task task

+++ -+ +]+
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Figure 22 Experiment design. After the five minutes pre-task rest scan, subjects performed 23

minutes of button-clicking task with their left hand, followed by 15 minutes of post-task rest scan.
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Data Processing

Same methods were used to process the fcMRI data in this Aim as was in the

previous Aims. Briefly, all images were realigned to the first volume of the first

fcMRI run in order to calculate six degrees of motion vectors. All images were

then spatially smoothed with 6mm FWHM. The time series contained in each

voxel was further band-pass-filtered in the range of 0.01-0.1 Hz as this bandwidth

is typically used for fcMRI (Damoiseaux et al., 2006). The motor cortex template

ROIs created for Specific Aim 1 was used again on these subjects. The template

ROIs were transformed to each subject’s space. The left parietal cortex and right

parietal cortex template ROIs created for Specific Aim 1 was also applied to these

subjects. The auditory cortex ROIs were derived from the Brodmann Area 41 ROI

in the TT Daemon atlas provided by AFNI. Similarly, these ROIs were

transformed to each subject’s space for this Aim.

Once these ROIs masks were transformed in the subject space, they were

applied to the spatially smoothed fcMRI data to produce the average time series

representing that ROI. As was in the previous Aims, after the artifacts (motion,
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white matter, and CSF) were removed from the time series, the time series was

also filtered in the 0.01-0.5Hz range as a low band, and 0.05-0.1Hz range as the

high band.

Results

The low band (0.01-0.05 Hz) time series showed no changes in their average

motor cortex CC (pre-task CC = 0.41, post-task CC = 0.42, p=0.87), which is

consistent with the results shown in the previous two Aims. For the high band

(0.05-0.1 Hz), however, there is difference with respect to right-hand and

both-hand task results. Specifically, the increase in motor CC is not statistically

significant (pre-task CC = 0.29, post-task CC = 0.33, p=0.45, second post-task CC

= 0.30, third post-task CC = 0.29). Also, the post-task CC declined to the pre-task

level during the second post-task rest. The transient changes observed here were

smaller than in the both-hand experiment and thus the results here are not

statistically significant (Figure 23).
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Figure 23 Left and right motor cortices CC did not change significantly in the post-task rest after

left-hand motor task.

The Default Mode Network (DMN) was also analyzed for the CC between

left and right hemispheres. The high band CC between the left parietal cortex

(LPC) and right parietal cortex (RPC) did not show changes (pre-task CC = 0.24,

first post-task CC = 0.23, second post-task CC = 0.24, third post-task CC = 0.24,

no statistical significance found) (Figure 24).
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Figure 24 Left and right parietal cortices CC did not show significant changes after left-hand

motor task.

I also examined the auditory cortex (Brodmann Area 41) for any CC changes.

The CC between left and right auditory cortices increased from 0.28 to 0.36,

p=0.04, then in the second post-task, CC = 0.33, in the third post-task, CC = 0.31.

(Figure 25).
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Figure 25 Left and right auditory cortices CC increased significantly in the first post-task rest after

left-hand motor task, then return to the pre-task level.

In both left motor cortex (LMC) and right motor cortex (RMC), AF

increased significantly in the first post-task rest and remained elevated through

the third post-task rest (Figure 26).
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Figure 26 LMC and RMC AF increased significantly in the post-task rest after left-hand motor

task and remained elevated through the third post-task rest.

As in the case of CC analysis, AF in the LPC and RPC of the Default Mode
Network were examined and they show no significant changes through the

post-task rest (Figure 27).
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Figure 27 Left and right parietal cortices show no significant changes in AF in post-task rest after

left-hand motor task.



73

For the auditory cortex, the AF increased significantly in post-task rest and
remained elevated through the third post-task rest (left: Pre-task = 0.10%,

ost-task = 0.16%, p<0.001. Right: Pre-task = 0.08%, Post-task = 0.13%, p<0.001)
p

(Figure 28).
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Figure 28 Left and right auditory cortices AF increased significantly in post-task rest after

left-hand motor task, and remained elevated through the third post-task rest.

Discussion

When the less dominant part (right motor cortex of the right-handed subjects)
of the motor network was invoked by task, the “footprint” of the task is less than

that observed in the previous Aims. The functional connectivity changes between
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the two motor cortices measured by CC were not statistically significant.

However, the post-task AF increased significantly in both motor cortices.

These results suggest that AF changes were sensitive to even slight

experience or stimulation to the motor network, and that the less dominant part of

the network can still impact the more dominant counterpart. This naturally leads

into these questions: How different are the post-task resting brain amongst these

different groups? To address this question, I used voxel based analysis and

network analysis approaches to assess global differences in the entire brain, not

just the network defined a priori. The results are reported in the following

chapter.



Chapter 5 Voxel Based Analysis and Network Functional

Connectivity Analysis
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Introduction

The analyses presented thus far were based on spatial averaging of a

pre-defined Region Of Interest (ROI). While this technique is useful in reducing

random noise by averaging, it also restricted the analyses to those areas only. In

this chapter, I used voxel based approach to address the question of what other

regions of the brain showed plastic changes after the motor task? Further, since it

is well known that the human brain is organized into functional networks

(Damoiseaux et al., 2006; van den Heuvel et al., 2008), another important

question to ask is whether or not other part of the brain were modified by my

motor task. Also, to my knowledge, no one has shown whether or not functional

connectivity in the entire brain can be modified by motor task within a single

session.

As a large-scale system, the brain’s organization can change over the

timescale of decades. In a comparison of network organization between healthy

young (mean age 24 y.o.) and old (67 y.o.) subjects, Meunier et al. found that in

the old subjects, their cortical regions including motor network, default network,
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and thalamus were less functionally connected to the rest of the brain than in their

young subjects (Meunier et al., 2009). On a shorter time scale, Lewis et al.

showed that after 2-9 days of visual perception task, functional connectivity

between visual network and dorsal attention network increased significantly

(Lewis et al., 2009). Tambini et al. showed that after 21 minutes of object-scene

and face-scene encoding task, functional connectivity between left posterior

hippocampus and right fusiform face area increased significantly (Tambini et al.,

2010). However, it should not be generalized that performing tasks will

automatically lead to detectable changes in functional connectivity. For example,

Wang et al. conducted a semantic-matching task for 25 minutes, where a word

was first presented by a picture, and the subjects were instructed to judge whether

the picture matched the word or not. When they compared the pre- and post-task

resting states, they did not detect significant changes in the functional

connectivity of the Default Mode Network (DMN) with respect to other networks

(Wang et al., 2012).
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Based on the ROI results presented thus far, it is reasonable to expect that

voxels in motor cortex and auditory cortex to show significant increases in

post-task resting AF. But are there other regions of the brain with significant

post-task AF increases? If so, do these regions show significant increases in their

functional connectivity with one another?

In this chapter, I will first identify the locations of voxels that show

significant changes in its post-task spontaneous amplitude of fluctuation (AF) in

all three previous Aims, and then I will assess their changes in the organization of

brain network in term of functional connectivity changes between all pairs of

brain networks.

Calculation for AF is the same as in previous Aims, namely, AF is defined as

standard deviation / mean intensity x 100 at each voxel time series. For network

analysis, an anatomical template (atlas) is used to parcellate the voxel based

fcMRI data. Voxel time series are spatially averaged based on the atlas. The

pair-wise Pearson correlation is measured for all possible pairs to form a NxN

association matrix. This procedure is applied to both pre-task and post-task rests.
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Then a comparison is made by taking the difference between the two association

matrices (Figure 29).

fMRI Time Series Association Matrix

T R

Time, t

b

Brain Regions

Figure 29 How brain networks connectivity is analyzed. A brain atlas is used to parcellate the
voxel-level fcMRI data into regions. The mean time series for each region is acquired by
averaging all the voxel timeseries. The pair-wise association between two regions is calculated as
Pearson correlation coefficient between the two time series. This is done for all possible pairs of
nodes. The result is the association matrix, with the color being the magnitude of correlation

coefficient between two nodes. (Bullmore and Bassett, 2011)

Materials and Methods
BOLD fMRI data (3.4x3.4x5mm’ voxels, TE 25ms, TR 1000ms, flip angle 60
degrees) were acquired using a 3T Philips MR scanner. Healthy right-handed
subjects were recruited for left-hand (n=24, 29 £ 9 y.o0.,10 male) motor tasks.

The scan session included the pre-task fcMRI scan (resting state),
followed by the task, and then concluded with a post-task fcMRI scan (5 minutes

for post right-hand task, 15 minutes for post both-hand task, 15 minutes for post
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left-hand task). During the 23 minute task period, the subject performed motor

task, in which they fixated on a white crosshair and, when the crosshair

occasionally changed color to grey for 1000ms, they are supposed to press a

button three times with their index finger of their assigned hand as soon as they

saw the crosshair dim. Subjects in Aim One only had a button box held in their

right hand, subjects in Aim Two had a button box held in each hand, and subjects

in Aim Three had a button box held in their left hand. The color change occurs

every 27-32 seconds with randomized intervals. The two fcMRI runs before and

after the motor task were performed with identical protocols (fixation on a white

crosshair, 21 axial slices).

Post-processing

Voxel Based Amplitude of Fluctuation

All images were co-registered to the first image volume of the first fcMRI

run. Images were normalized to the TT avgl52 template in Talairach space

provided by the Analysis of Functional Neurolmages (AFNI) software package.

After band-pass filtering (0.05-0.1Hz), correcting for motion, white matters and
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CSF, the temporal signal remained is considered to reflect the resting state brain

activity. Amplitude of Fluctuation (AF) of each voxel timeseries is calculated as

standard deviation/baseline*100.

The purpose of voxel based analysis is to examine the whole brain for any

clusters with significant pre/post-task differences. Since in all three Aims, the

pre-task fcMRI data were 300s long, only the first 300s of the post-task fcMRI

data were used in both-hand and left-hand post-task scans. All image volumes

were co-registered to the first volume of the first fcMRI. Each image was

normalized to the TT avgl52 template in Talairach space provided by AFNI.

Motion, white matter, and cerebral spinal fluid fluctuations removed from the data.

AF was calculated on a voxel-by-voxel basis to generate spatial maps, which were

then compared between pre-task and post-task conditions. To limit the number of

false positive voxels, I only displayed clusters that showed significantly

pre/post-task difference in the right-hand task, both-hand task, and left-hand task

datasets. Specifically, a voxel-wise threshold of p<0.005 was applied on the
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one-hand-task group comparison to generate a preliminary mask. Another
preliminary mask was generated for the both-hand-task data, and another mask
was similarly generated for the left-hand-task data. An “AND” operation was
performed amongst all three masks and a cluster size of 1350mm’ (corresponding
to a FDR p<0.05) were used to delineate significant clusters (Xu et al., 2007).
Network Correlation Analysis

fcMRI data were processed in SPMS5 (Statistic Parametric Mapping,

http://www.fil.ion.ucl.ac.uk/spm) using Matlab. First, all images were realigned to

the first volume of the first f{cMRI. These images were then spatially smoothed

with 6mm FWHM. Then all the images were spatially normalized to the Montreal

Neurological Institute (MNI) EPI template and were resampled to 3mm cubic

voxels. Then the time series in each voxel is band pass filtered from 0.05-0.1Hz,

and linearly detrended. After these steps, I used an automated anatomical labeling

(AAL) atlas (Tzourio-Mazoyer et al., 2002) to parcellate the brain into 90 regions

of interest (ROIs) (45 in each hemisphere) The time series of each ROI were

extracted by averaging that of all voxels within the ROI. Artifact correction
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(motion, white matter, cerebral spinal fluid) were applied to each time series.

Correlation coefficient between all pairs of the 90 time series were calculated and

presented as a 90x90 color matrix. The index and name of ROIs are in the

Appendix.

Network Functional Connectivity Statistical Analysis

In each experiment group (right-hand task, both-hand task, and left-hand

task), paired t-test between pre- and post-task rest matrices were performed for

the case of post-task > pre-task. A binary mask was acquired by setting the

threshold at uncorrected p-value < 0.005. Then the matrix elements that meet this

threshold in all three groups were identified by AND operation amongst the

binary masks of all three groups. There were 24 elements (ROI pairs) identified,

consists of 16 unique ROIs. The reverse case comparison of pre-task > post-task

were also performed. There was no element which meets the same threshold in all

three groups.

Concept of Network Analysis

The results aforementioned indicate which pair-wise relationship between
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two given regions was significantly altered in the post-task rest. However, these

results do not provide information about each region specifically. For example,

which regions become more functionally connected to the rest of the brain, and

thereby become more integrated in the whole brain’s network? Which regions

become less integrated or more isolated from the whole brain’s network? To

answer these questions, I conducted network analysis. A network can be

considered as a set of nodes and their connected edges. Each node represents a

location. Each edge represents the strength of connection between two given

nodes.

Consider an example network:

Dpoa(i) = _\_‘

JFIE

Figure 30  An example network with seven nodes and their connections. Node 3 and 5 has the
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highest degree. Node 4 has the highest efficiency, and node 3 has the highest betweenness.

In this example network, the number of connections that links a given node to its

neighbors can be defined as the degree of that node. In this example, node 3 and

node 5 have most neighbors.

Another parameter that can be defined for each node is pathlength. It is

defined as the number of edges that must be traversed from a given node to

another node. In the example network shown in Figure 30, from node 6, there are

two ways for to reach node 5. My interest is in the shortest way, which is from

node 6 to node 5 directly. For the convenience, the efficiency of a node is defined

as the sum of the inverse of all the shortest paths between a given node and all

other nodes. In this example, node 4 has the highest efficiency.

Another parameter of interest is known as betweenness of a node. It

measures how many shortest paths between all other nodes which pass through

this node. In this example, node 3 has the highest betweenness because there are

more shortest paths going through node 3 than any other nodes.

Given the association matrix, I conducted network analysis first by
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thresholding the matrix from top 10% of the values in the association matrix.
Each value that survived the thresholding is replaced with a value of 1. Those did
not meet the threshold is replaced with a value of 0. This means that each
association matrix now becomes a binary matrix. I then relaxed the thresholding
at the increment of 1%, up to the top 46% of the values in the association matrix
(Tian et al., 2011). Then I sum up all these results across the thresholds. This is
necessary because setting the threshold is arbitrary.

Mathematically, the nodal degree of a node i is defined as:

Dnud“} - Z Eij
JjFi=G

Where ejj is the (i,j)th element in the binary matrix. It’s either 1 or 0.

The nodal efficiency of a node 1 is defined as:

E (i 1 1

And the betweenness of a node 1 is defined as

p ik (1)
Ny (i) = 2 j;;
j#izkeG  Ojk

Where 6jk(i) is the number of shortest path from j to k that passes through i. djk is
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the total number of shortest path from j to k (Achard and Bullmore, 2007).

For these calculations, I used the GRETNA toolbox designed by Wang et al for

Matlab (Wang et al., 2011).

The time series from the ROI results of motor cortex used in the previous

chapters were used as the time series of the Precentral Gyrus and Postcentral

Gyrus nodes in the network analysis.

Results

Amplitude of Fluctuation

Figure 31 illustrates clusters that showed significant post-task AF increase

in all (right-hand-task, both-hand-task and left-hand task) data. Consistent with

the ROI results, sensorimotor and auditory cortices were detected in the

voxel-wise map. Other major brain regions included cuneus, thalamus, secondary

and tertiary visual cortex, and medial frontal gyrus (including premotor cortex and

supplemental motor area). No brain regions showed a significant decrease in AF.
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Post motor task AF
increases

L R

Mid-sagittal plane

Slice positioned with respect to AC-PC line.
p < 0.05 FDR, minimum cluster size 1350 mm?®.

Figure 31 Voxel-based map illustrating regions in which AF during post-task fcMRI (first five
minutes) was significantly greater than that during pre-task. Statistical threshold: p<0.05 FDR
corrected, minimum cluster size 1350 mm”®. Only voxels delineated in right-hand, both-hand and
left-hand experiments are shown. The label next to each slice denotes its location relative to

anterior commissure-posterior commissure (AC-PC) line.

The name and center-of-mass coordinate of the regions indicated above are

in Table 1. Eight regions were identified and their corresponding Brodmann Area
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designations were indicated.

Table 1 Brain regions with significant increases in AF comparing post-task to pre-task periods as

was shown in the previous figure.

Region X (mm) |y (mm) |z (mm)

Left primary motor cortex (BA4) and
) 235 27.5 57.9
sensorimotor area (BA3)

Right primary motor cortex (BA4) and
. -30.7 26.6 55
sensorimotor area (BA3)

Left and right premotor and
-1.7 20.1 53.1
supplementary motor area (BA6)
Left primary auditory cortex (BA41) 47.5 18.7 6
Right primary auditory cortex (BA41)  |-58.3 15.5 5.5
Left and right thalamus -1.9 14.2 9
Left secondary and tertiary visual cortex
(BA18,BA19)

Right secondary and tertiary visual
cortex (BA18, BA19)

RAI/DICOM coordinates of the center-of-mass correspond to the space of
TT-Daemon atlas provided by AFNI. Voxel size 3x3x3mm’. p<0.05 FDR

.. . 3 . .
corrected. Minimum cluster size: 1350 mm’. Brodmann Area designations are

24 6.8 5.7

-18.3 50 -5.5

indicated in parenthesis.

Based on Table 1, it is clear that the regions showing significant AF increases

were functionally related to motor, auditory and visual functions.
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Functional Connectivity

Inter-regional functional connectivity changes in the entire brain were also

examined. Brodmann Areas 1-6 can be thought as motor network regions, while

the Brodmann Areas 21 and 41 can be thought as auditory network regions. The

results here suggest that the most significant increases in functional connectivity

were between the motor-auditory node pairs (Figure 32, Figure 33). For example,

left Precentral gyrus (which includes the primary motor cortex designated by

Brodmann Area 4) and the right superior temporal gyrus (which includes the

primary auditory cortex designated by Brodmann Area 41) show significant

increases in their functional connectivity in all three post-task rests. Also, left

Precentral gyrus shows increased functional connectivity with Heschl gyrus,

which is functionally known to be a central part of the auditory cortex. As

expected, left Precentral gyrus also shows significant increases in its functional

connectivity with other motor network nodes such as right Precentral gyrus, right

Postcentral gyrus, right supplementary motor area and right Rolandic operculum

(Figure 32 A-D).
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For the right Precentral gyrus, where the right primary motor cortex is

located, it shows a similar pattern in the functional connectivity enhancement.

Namely, it's functional connectivity with auditory network nodes such as Heschl

gyrus and superior temporal gyrus increased significantly, and it's functional

connectivity with other motor network nodes such as left Rolandic operculum,

right supplementary motor area, and Postcentral gyrus also increased significantly

(Figure 32 E-H).

There are five edges that represent significant decreases in functional

connectivity with respect to the two primary motor network nodes (Figure 33).

These edges indicate that functional connectivity between motor and thalamus, as

well as motor and caudate nuclei, are decreased in the post-task rest. Specifically,

for the left Precentral gyrus, its functional connectivity with respect to right

caudate nuclei, and left and right thalamus decreased significantly (Figure 33

A-D). For the right Precentral gyrus, its functional connectivity with respect to the

left and right thalamus decreased significantly (Figure 33 E-H).



92

@ Motor network nodes Non-motor network nodes

Figure 32 Nodes showing functional connectivity increases with respect to the primary motor
cortices (PreCG.L and PreCG.R) in the post-right-hand rest and post-both-hand rest cohorts. In
each cohort, the significance of increase in FC was assessed at uncorrected p<0.05. Then with the
surviving edges in each cohort, an AND operation was performed. The edges shown represent the
significant increases of FC in both cohorts. The red nodes indicate motor network related nodes,
while the grey nodes are outside of the known motor network area of the brain. Top panel (A) — (D)
shows FC changes with respect to left primary motor cortex. Bottom panel (E) — (H) shows FC
changes with respect to the right primary motor cortex. (A) Sagittal view from left side (B)
Sagittal view from right side (C) Axial view from top of the brain. (D) Coronal view from the back

of the brain. (E) — (H) follow the same convention.
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Figure 33 Nodes showing functional connectivity decreases with respect to the primary motor
cortices (PreCG.L and PreCG.R) in the post-right-hand rest and post-both-hand rest cohorts. In
each cohort, the significance of increase in FC was assessed at uncorrected p<0.05. Then with the
surviving edges in each cohort, an AND operation was performed. The edges shown represent the
significant increases of FC in both cohorts. The red nodes indicate motor network related nodes,
while the grey nodes are outside of the known motor network area of the brain. Top panel (A) — (D)
shows FC changes with respect to left primary motor cortex. Bottom panel (E) — (H) shows FC
changes with respect to the right primary motor cortex. (A) Sagittal view from left side (B)

Sagittal view from right side (C) Axial view from top of the brain. (D) Coronal view from the back

of the brain. (E) — (H) follow the same convention.

The names of all nodes in Figure 32 and Figure 33 are listed in Table 2. It

can be noted that for both left and right primary motor cortices, their functional
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connectivity increased not only with each other, but also with the nodes such as

superior and middle temporal gyri in both ipsilateral and contralateral sides.

Further, it is notable that midbrain regions such as thalamus show decrease in its

functional connectivity with respect to either primary motor cortex.
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Table 2 Nodes with significant FC changes with respect to the primary motor cortex Precentral
Gyrus (L and R, respectively). Grey shades indicate increases in FC, while the uncolored indicate
decreases. NC: No Change. NA: Not Applicable. Threshold was set at uncorrected p<0.05 in both
right-hand AND both-hand cohorts.

Nodes Precentral Gyrus L Precentral Gyrus R

Precentral Gyrus L

Precentral Gyrus R

Rolandic Operculum L

Rolandic Operculum R

Supplementary Motor Area R

Superior Frontal Gyrus Medial R
Insula R

Postcentral Gyrus L

Postcentral Gyrus R

SupraMarginal Gyrus L

SupraMarginal Gyrus R
Caudate Nuclei R
Thalamus L ! !
Thalamus R
Heschl Gyrus L
Heschl Gyrus R

Superior Temporal Gyrus L

Superior Temporal Gyrus R

Superior Temporal Gyrus Pole R
Middle Temporal Gyrus L

Middle Temporal Gyrus R

Middle Temporal Gyrus Pole R
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Network analysis — first and second cohorts

Since the right-hand and both-hand task cohorts showed significant increases
in their motor cortex FC while the left-hand task cohort did not, I performed the
network analysis first based on the first two cohorts only.

In each cohort, the changes in the nodal parameters — degree, efficiency, and
betweenness — were assessed at uncorrected p < 0.05. The results then were
compared using AND operation between the two cohorts. Therefore these are

changes that are common in the both cohorts.

Sup. Front.

A B c %5 D

Heschl Gyr. p .

L ] £
e ‘e W

& ° T./.

@
Thalamus }

@ Positive changes @ Negative changes

Figure 34 Nodes with significant changes in the nodal degree during the post-task rest for both
right-hand task and both-hand task cohorts. Within each cohort, the significance was assessed at
uncorrected p < 0.05. The results were then combined via AND operation. (n=22 in right-hand
cohort, n=24 in both-hand cohort). Red nodes show positive changes in nodal degree, whereas
blue nodes show negative changes. (A) Sagittal view from left side (B) Sagittal view from right

side (C) Axial view from top of the brain. (D) Coronal view from the back of the brain.
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Figure 35 Nodes with significant changes in the nodal efficiency during post-task rest for both
right-hand task and both-hand task cohorts. Within each cohort, the significance was assessed at
uncorrected p < 0.05. The results were then combined via AND operation. (n=22 in right-hand
cohort, n=24 in both-hand cohort). Red nodes show positive changes in nodal efficiency, whereas
blue nodes show negative changes. (A) Sagittal view from left side (B) Sagittal view from right

side (C) Axial view from top of the brain. (D) Coronal view from the back of the brain.
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Figure 36 Nodes with significant changes in the nodal betweenness during post-task rest for both
right-hand task and both-hand task cohorts. Within each cohort, the significance was assessed at
uncorrected p < 0.05. The results were then combined via AND operation. (n=22 in right-hand
cohort, n=24 in both-hand cohort). Red nodes show positive changes in nodal betweenness,
whereas blue nodes show negative changes. (A) Sagittal view from left side (B) Sagittal view

from right side (C) Axial view from top of the brain. (D) Coronal view from the back of the brain.
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Discussion

These voxel based results are consistent with the ROI analyses done in the

Aims 1-3. Namely, the plastic changes in the motor and auditory cortices were

observed regardless of analysis methods used, as indicated by the spatial pattern

of the voxels clusters with significant AF increases. Further, the inter-regional

functional connectivity analysis shows that there is a strong interaction between

regions of the brain where motor and auditory networks are.

Table 2 shows the nodes that are involved in significant functional

connectivity increases with respect to the motor cortex. There are seven nodes that

can be categorized as a part of motor network (Precentral Gyri, Rolandic

Operculum, Supplementary Motor Area, and Postccentral Gyri), and ten nodes

that can be categorized as a part of auditory network (Supramarginal Gyri, Heschl

Gyri, Superior Temporal Gyri, Superior Temporal Gyrus Pole and Middle

Temporal Gyri), and four nodes that can be categorized as the regions that serve

as sensory relay (Thalamus and Caudate Nuclei). Of the nodes that show

significant increases in their functional connectivity with respect to the Precentral
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gyrus on either side, Precentral gyrus, Postcentral gyrus, Rolandic Operculum,

Supplementary Motor Area were grouped to the sensorimotor network (BA1, 2, 3,

4, 5, 6). More specifically, the Precentral gyrus can be further assigned to the

primary motor network (BA4). And the nodes such as Heschl Gyrus, Superior

Temporal Gyrus, Superior Temporal Gyrus Pole, Middle Temporal Gyrus and

Supramarginal Gyrus (which includes Wernicke’s area) are grouped to be the

auditory network.

Because these changes were not present in the sham cohort, these results

provide strong evidence for the transient plasticity due to motor task. So how did

motor task footprint transfer into auditory network? Auditory-motor interactions

are well known given that it is the basis to musical training in musicians. When a

musician plays an instrument, the motor network controls the manual movements

to create the sound. As the sound reaches the auditory cortex, the musician can

adjust motor movements to achieve the desired sound output. Therefore motor

and auditory networks are tightly coupled during activation (Zatorre et al., 2007).

Auditory cortices are anatomically connected to the motor system. Based on
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data from non-human primates, it is known that direct connections exist from the

auditory regions in the superior temporal gyrus to dorsal and lateral premotor area

(Chavis and Pandya, 1976). And naturally both dorsal and lateral premotor areas

are highly interconnected between them as well as with the primary motor cortex

(BA4) and the supplementary motor area (BA6) (Dum and Strick, 2005).

The results of my conjunction analysis of the two experiment groups show

that their functional connectivity is enhanced even after a 23 minutes simple

motor task.

Functional Connectivity Changes in Temporal Cortex

Both correlation analysis and network analysis point to temporal cortex as a

major location where significant changes took place. In these analyses, Superior

Temporal Cortex (ST) and Middle Temporal Cortex (MT) showed significant

changes in their functional connectivity with motor network nodes in the brain, as

indicated by the comparison of pre-task and post-task association matrices (Figure

32). Also, nodes in the auditory network such as Heschl Gyrus became more
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functionally connected to the rest of the brain as indicated by its increase in nodal

degree and efficiency (Figure 34, Figure 35). What is the role of this part of the

brain in the context of the motor task in my experiments?

A possible explanation is that ST and MT are the regions where multisensory

(sensorimotor, auditory and visual pathways) convergence takes place (Karnath,

2001; Stein and Stanford, 2008). It has been shown using direct electrode

recording in primate that temporal cortex consists of neurons receiving visual,

somatosensory and auditory inputs (Baylis et al., 1987). Later, using fMRI,

Stevenson et al showed that the BOLD evoked response in ST in humans, when

combination of audio and visual stimuli were presented, surpassed the sum of the

BOLD response to audio or visual stimuli presented independently (Stevenson et

al., 2007). Although it is well known that ST and MT are parts of the auditory

network (Kaas and Hackett, 2000; Poremba et al., 2003), there are cells in this

region which can also be activated by visual stimuli (Baylis et al., 1987,

Schroeder and Foxe, 2002; Schroeder et al., 2003). Using direct electrode

recording in macaques, Ledberg et al showed that perception of visual queue and
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the motor response selection were the results of concurrent processes in visual,

motor and executive areas (Ledberg et al., 2007). Their results showed that neural

activities in the superior temporal regions are associated with both visual stimuli

and motor response. It is possible that the changes I observed were the result of

attention to the visual queue during the task.

Another possible explanation for the role of ST and MT can be ascribed to

the functional connectivity of motor and auditory networks (Zhang et al., 2012). It

is also well known that motor and auditory network may be co-activated during

either motor or sounds stimulation. For example, Using fMRI technique,

Baumann et al found that when non-musicians moved their fingers using their

right hand on a mock keyboard without auditory feedback, their auditory cortex

was activated. When they were listening to a piece of music, their supplementary

motor area and premotor cortex in both hemispheres were also activated

(Baumann et al., 2005). Chen et al showed that both superior temporal gyrus and

premotor cortex showed evoked response proportional to the level of sound (Chen

et al., 2006). Foxe et al showed that superior temporal cortex was activated in
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both auditory and somatosensory stimulation conditions. Specifically, they

showed that both left and right superior temporal gyri, the region where auditory

cortex is mapped, could be activated by either a motor task (moving fingers in

right hand) or sound (Foxe et al., 2002). Kawashima et al showed that superior

temporal cortex responded to finger tapping task (Kawashima et al., 2000). Lahav

et al showed activation in the frontoparietal motor related network when their

subjects listen to music (Lahav et al., 2007). Meta analysis showed that during

finger tapping task, motor and auditory networks often were co-activated (Witt et

al., 2008). In the resting state, Zhang et al showed that posterior supplementary

motor area (SMA) is functionally connected to auditory cortex (Zhang et al.,

2012). Taken together, these studies suggest that either motor or auditory

experience can activate both motor and auditory networks.

The two explanations aforementioned — multisensory convergence and

motor-auditory network functional connectivity - need not to be mutually

exclusive. By integrating information from inputs via visual, auditory, and

somatosensory pathways together, the brain will be able to enhance the
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identification of the stimuli in terms of its spatial and temporal relationship with

the individual, and also enhance the response accuracy to the stimuli. This is

consistent with the analogy to the musical performance by professional musicians

(Zatorre et al., 2007). For example, a pianist during a performance is constantly

integrating the fine somatosensory (tactile/vibratory feedback), auditory (tone or

pitch) and visual (reading notes or hand position on the keyboard) inputs during

their musical performance.
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Summary

It is well known that certain changes have occurred to the brain comparing

before and after a task/learning. However, the exact neuronal processes that are

altered are poorly understood, especially for human studies in which available

tools are limited. The present study demonstrated that a 23-min motor task can

alter post-task motor functional connectivity and further elucidated the temporal

course of its return to pre-task level. These data suggest that the brain is

constantly re-organizing itself based on life experience and that a short-duration

task is sufficient to leave a “foot-print” on the brain. However, if not maintained

or strengthened, such alterations will dissipate with time.

Spatial distribution of the plastic changes

From the voxel-wise map, it is clear that the pre/post-task differences are

not a whole-brain phenomenon. Instead, they are distributed in specific brain

regions. The plastic changes were primarily observed in areas activated by the

task, such as primary sensorimotor cortices, supplementary motor areas, thalamus,
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and auditory cortices. Visual areas also showed changes, which can be attributed

to the color change of the fixation crosshair during the task period.

In the voxel-wise results, I display only the clusters that showed a change

in right-hand, two-hand and left-hand task datasets in order to reduce false

positive clusters. More spurious voxels could be seen when examining the map in

each group. One can expect that in the three different groups, their maps may

show systematical differences due to slight different neural circuits involved in

the tasks. I focus on the common regions in this study because the purpose of this

initial report is to establish that there is a detectable plastic change in the motor

cortex.

Neural underpinnings of the CC and AF changes in the fcMRI data

Recent evidence suggests that resting-state BOLD signal fluctuation in

fcMRI most likely reflects a corresponding fluctuation in gamma-band local field

potential (LFP) of the spontaneous neural activity (Logothetis et al., 2001;

Mukamel et al., 2005; Niessing et al., 2005; Nir et al., 2007; Privman et al., 2007;



108

Nir et al., 2008; Shmuel and Leopold, 2008). Therefore, an increased fcMRI CC

value during the post-task period could indicate a higher synchronization of LFP

between left and right motor cortices, a finding previously suggested by a direct

neural recording study (Hoffman and McNaughton, 2002). Note that, because

fcMRI is a slow hemodynamic signal, it cannot distinguish whether the

connection between bilateral motor cortices is excitatory or inhibitory (Ferbert et

al., 1992). Instead, this signal only suggests that, during time periods when there

is a greater gamma-band LFP fluctuation in the left motor cortex, the fluctuation

in the right motor cortex is also greater.

The AF data indicate that the bilateral motor cortices are not only more

synchronized, but each of them also manifested a greater spontaneous neural

activity during the post-task period. Both the AF and CC results could be due to

an aggregation of neurotransmitter receptors in the synaptic terminal or

enlargement in dendritic spine due to the recent use (Cingolani et al., 2008;

Lushnikova et al., 2009; Yoshida et al., 2009), which may be the source of the

“footprint” observed in the present study. This may also explain the presence of
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the effect in the right motor cortex following the right-hand-only task. It is

possible that even though the right motor cortex was not activated during the

right-hand task, the enhanced inhibitory inputs from the left cortex may have

resulted in a higher GABA concentration in the synaptic terminals in the right

cortex. However, further experimental work is needed to confirm this conjecture.

It is also interesting to note that the recovery of CC seemed to precede the

recovery of AF. That is, the bilateral motor cortices lost synchrony while still

maintaining a high spontaneous fluctuation. The high fluctuation is present for at

least 15 minutes after the termination of the task, and may continue into the sleep

period on the same night. Future study should evaluate the AF on the next day to

examine whether the AF has returned to baseline level.

Consistent with my hypothesis (that resting brain can provide meaningful

information regarding its previous use), my results identified significant

strengthening in human brain networks. Through these results, it is clear that: (1)

The brain’s plastic changes in its spontaneous activity during rest can be

considered as the “footprint” of previous task. (2) This footprint is specific to the
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functional networks of the brain stimulated by the task. (3) This footprint can be

consistently imaged using fMRI technique. Therefore, even within the time as

short as an hour, where fundamental structural changes at a neuronal level are not

expected, brain can exhibit remarkable and significant reconfiguration and

strengthening of functional connection after the task. In other words, human

brain’s organized pattern is a dynamic property that can be a biomarker to plastic

changes in the brain. This finding can be a basis of a method for predicting the

outcome of training and learning effect in vivo.

Using motor cortex as a model, I have shown that the strongest changes in

the brain organization and connection are between motor and auditory networks.

Functional connectivity between left and right motor cortices is shown to be

sensitive to short task. Through my experiment design and statistical analysis, |

was able to show that these changes are not due to the settling effect and these

changes are likely the results of previous task. Further, my network analysis show

that the effect of motor task extended to auditory cortex in such a way that not

only motor-auditory functional connectivity is increased, but so is the functional
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connectivity within the auditory cortex itself.

Brain network analysis

The network analysis evaluated how the motor tasks change the functional

connectivity in the entire brain, and how each region (node) of the brain was

changed in their functional connectivity with respect to the rest of the brain. This

analysis reveals that while the most of the brain were robust, there are nodes

whose functional connectivity with the rest of the brain was modified.

The task required motor action based on a visual queue. Primary motor

cortices show significant increases in their functional connectivity with each other,

as well as with many other nodes in the brain. Most of these other nodes are

located in the superior and middle temporal cortices (ST and MT), where

multisensory convergence takes place (Karnath, 2001; Stein and Stanford, 2008).

From the anatomical perspective, it is known that direct connections exist from

auditory regions in the superior temporal gyrus to the premotor area (Chavis and

Pandya, 1976), and premotor areas are highly connected to the primary motor
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cortex (Dum and Strick, 2005). Neurons receiving visual, somatosensory and

auditory inputs are known to converge in the temporal regions of the brain based

on direct electrode recording in primates (Baylis et al., 1987; Schroeder and Foxe,

2002; Schroeder et al., 2003). Stevenson et al showed that evoked fMRI response

in human ST, when both audio and visual stimuli were presented, surpassed the

sum of the evoked response to either audio or visual stimuli presented alone

(Stevenson et al., 2007). Clearly motor and auditory cortices are functionally

connected. Therefore it is not surprising that the nodes such as Heschl Gyrus,

where the auditory cortex is, show increases in the nodal degree and efficiency.

This means its overall functional connectivity with the rest of the brain became

higher in the post-task rest. An important aspect of the task was the demand of

visual attention. Visual information travels via the ascending retinal ganglion cells,

relaying through the lateral geniculate nuclei in the thalamus, then from optic

radiation tract through the superior and middle the temporal cortex before it enters

the primary visual cortex. In the higher visual area such as lingual gyrus, where

the integration from primary visual and motor sensory areas took place, it shows
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increased betweenness. This suggests that lingual gyrus node became more

important in the routing of primary sensory inputs during the post-task rest.

The task also requires the subject’s attention to make the decision for motor

task execution. Orbital part of the superior frontal gyrus, which contains

Brodmann Area 11, appears to fit this function. This node, alone with thalamus,

showed decreases in their nodal degree and efficiency. This suggests that for these

nodes, their functional connectivity with the rest of the brain is reduced. It is

possible that the reduction in functional connectivity can be thought as trimming

of less relevant functional connections.

Another explanation for my observation of the significance of ST and MT in

the functional connectivity changes during the post-task rest can be ascribed to the

functional connectivity of motor and auditory networks (Zhang et al., 2012).

Zhang et al used fctMRI in human to show that posterior supplementary motor

area (SMA) is functionally connected to auditory cortex. Baumann et al showed

that auditory cortex was activated even though their non-musician subjects were

moving their right hand fingers on a mock keyboard without auditory feedback.
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And when the subjects were listening to a piece of music, their motor and

premotor areas in both hemispheres were activated (Baumann et al., 2005). Such

pattern of coactivation may also be observed without using music as the auditory

stimuli. For example, Chen et al used simple tone to show coactivation of

superior temporal gyrus and premotor cortex (Chen et al., 2006). Lahav et al

found that listening to the music alone is sufficient to activate motor related

network including Broca’s area, premotor cortex and parietal cortex (Lahav et al.,

2007). But this needs not be limited to music. Foxe et al showed that ST was

activated whether the sensorimotor or white noise stimulation were introduced

(Foxe et al., 2002). Kawashima et al showed that ST was coactivated with motor

network using a task requiring right hand finger click based on visual queues

(Kawashima et al., 2000). Therefore based on their anatomical interconnections in

the ST and MT regions, and their functional overlap, it is reasonable to suggest

that motor experience can enhance motor network’s functional connectivity with

nodes that categorized as auditory network.

Primary motor area (M1) did not show significant nodal parameter changes.
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This may be because M1 is simply a center for motor execution and feedback.

And even though its functional connectivity with most of the ST and MT nodes

were increased, it is not enough to have an impact on M1’s overall functional

connectivity with the rest of the brain. The two explanations aforementioned need

not to be mutually exclusive. As the inputs via difference senses converges in ST

and MT, the brain makes decisions based on the nature of the stimuli perceived,

such as its spatial and temporal nature with the individual, and the motor

execution is fine tuned accordingly.

Future Works

The findings of the present study need to be interpreted in view of a few

limitations. Given the low difficulty level of my button-press task, I do not have a

behavioral measure to demonstrate any improvement in performance comparing

post-task to pre-task period. Thus, the task used does not qualify to be considered

as training and, consequently, it is not clear whether the fcMRI changes represent

a learning process or they are simply a history of use in the neural circuits.

Additionally, despite indirect evidence arguing against an imagery activation
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effect, this issue should nonetheless be further considered in future studies using

experimental designs such as a distraction task following the primary task.

Future studies can also take advantage of the current experiment design with

modified task in such a way that is more challenging, so that all subject’s

performance can be stratified with a broader range. This will enable the

determination of behavioral correlate between fcMRI parameters and their

performance.

Another obvious application of my experiment design is for the comparison

of changes post-task rest between patients and healthy control, or between young

and old adults. In the former case, if a clear difference in their brain’s post-task

changes can be found, then my experiment design and analysis methods could be

further extended to assess whether or not a single imaging session such as mine

could be used to predict their recovery or treatment effect trajectories. In the latter

case, my experiment design and analysis may help understand how functional

connectivity between each region could change throughout life time, and identify

the functional connectivity changes that are relevant to the task of interest, so that
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early intervention or practice strategy can be implemented to deter functional

decline.



Appendix 1 List of ROI for network correlation analysis

orbital part

Labels |Regions Description Abbreviation
1 Precentral L Precentral gyrus PreCG.L
2 Precentral R Precentral gyrus PreCG.R
Superior frontal gyrus,
3 Frontal Sup L SFGdor.L
- dorsolateral
Superior frontal gyrus,
4 Frontal Sup R SFGdor.R
- dorsolateral
Superior frontal gyrus,
5 Frontal Sup Orb L . ORBsup.L
orbital part
Superior frontal gyrus,
6 Frontal Sup Orb R . ORBsup.R
orbital part
Frontal Mid L Middle frontal gyrus MFG.L
Frontal Mid R Middle frontal gyrus MFG.R
. Middle frontal gyrus, .
9 Frontal Mid Orb L . ORBmid.L
- T~ orbital part
. Middle frontal gyrus, .
10 Frontal Mid Orb R . ORBmid.R
- -~ orbital part
Inferior frontal gyrus,
11 Frontal Inf Oper L [FGoperc.L
- T - opercular part
Inferior frontal gyrus,
12 Frontal Inf Oper R IFGoperc.R
opercular part
. Inferior frontal gyrus, i
13 Frontal Inf Tri L . IFGtriang.L
- T~ triangular part
_ Inferior frontal gyrus, )
14 Frontal Inf Tri R . [FGtriang.R
- T T triangular part
Inferior frontal gyrus, ,
15 Frontal Inf Orb L ] ORBIinf.L
- T orbital part
Inferior frontal gyrus, _
16 Frontal Inf Orb R ORBinf.R
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17 Rolandic_Oper L Rolandic operculum ROL.L
18 Rolandic_Oper R Rolandic operculum ROL.R
19 Supp_Motor Area L. |Supplementary motor area |[SMA.L
20 Supp_Motor Area R |Supplementary motor area |[SMA.R
21 Olfactory L Olfactory cortex OLF.L
22 Olfactory R Olfactory cortex OLF.R
_ Superior frontal gyrus,
23 Frontal Sup Medial L . SFGmed.L
~  |medial
_ Superior frontal gyrus,
24 Frontal Sup Medial R . SFGmed.R
~  |medial
Superior frontal gyrus,
25 Frontal Med Orb L ) ] ORBsupmed.L
- - medial orbital
Superior frontal gyrus,
26 Frontal Med Orb R i ] ORBsupmed.R
- T~ medial orbital
27 Rectus L Gyrus rectus REC.L
28 Rectus R Gyrus rectus REC.R
29 Insula L Insula INS.L
30 Insula_R Insula INS.R
. Anterior cingulate and
31 Cingulum_ Ant L . ) ACG.L
-~ paracingulate gyri
. Anterior cingulate and
32 Cingulum_Ant R i i ACG.R
- paracingulate gyri
i ) Median cingulate and
33 Cingulum Mid L ) . DCG.L
- - paracingulate gyri
) . Median cingulate and
34 Cingulum Mid R ) . DCG.R
- a paracingulate gyri
35 Cingulum_Post L Posterior cingulate gyrus |PCG.L
36 Cingulum_Post R Posterior cingulate gyrus [PCG.R
37 Hippocampus_L Hippocampus HIP.L
38 Hippocampus R Hippocampus HIP.R
39 ParaHippocampal L |Parahippocampal gyrus PHG.L
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40 ParaHippocampal R |Parahippocampal gyrus PHG.R
41 Amygdala L Amygdala AMYG.L
42 Amygdala R Amygdala AMYG.R
43 Calcarine L Calearine fissureand 1} ¢
N surrounding cortex
. Calcarine fissure and
44 Calcarine R ] CAL.R
- surrounding cortex
45 Cuneus L Cuneus CUN.L
46 Cuneus_R Cuneus CUN.R
47 Lingual L Lingual gyrus LING.L
48 Lingual R Lingual gyrus LING.R
49 Occipital Sup L Superior occipital gyrus  [SOG.L
50 Occipital Sup R Superior occipital gyrus  |SOG.R
51 Occipital Mid L Middle occipital gyrus MOG.L
52 Occipital Mid R Middle occipital gyrus MOG.R
53 Occipital Inf L Inferior occipital gyrus I0G.L
54 Occipital Inf R Inferior occipital gyrus I0G.R
55 Fusiform L Fusiform gyrus FFG.L
56 Fusiform R Fusiform gyrus FFG.R
57 Postcentral L Postcentral gyrus PoCG.L
58 Postcentral R Postcentral gyrus PoCG.R
59 Parietal Sup L Superior parietal gyrus SPG.L
60 Parietal Sup R Superior parietal gyrus SPG.R
Inferior parietal, but
61 Parietal Inf L supramarginal and angular |IPL.L
gyri
Inferior parietal, but
62 Parietal Inf R supramarginal and angular |IPL.R
gyri
63 SupraMarginal L Supramarginal gyrus SMG.L
64 SupraMarginal R Supramarginal gyrus SMG.R
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65 Angular L Angular gyrus ANG.L
66 Angular R Angular gyrus ANG.R
67 Precuneus L Precuneus PCUN.L
68 Precuneus R Precuneus PCUN.R
69 Paracentral Lobule L. |Paracentral lobule PCL.L
70 Paracentral Lobule R |Paracentral lobule PCL.R
71 Caudate L Caudate nucleus CAU.L
72 Caudate R Caudate nucleus CAU.R
Lenticular nucleus,
73 Putamen L PUT.L
- putamen
Lenticular nucleus,
74 Putamen R PUT.R
- putamen
) Lenticular nucleus,
75 Pallidum L ] PAL.L
- pallidum
. Lenticular nucleus,
76 Pallidum R . PAL.R
- pallidum
77 Thalamus L Thalamus THA.L
78 Thalamus R Thalamus THA.R
79 Heschl L Heschl gyrus HES.L
80 Heschl R Heschl gyrus HES.R
81 Temporal Sup L Superior temporal gyrus  |[STG.L
82 Temporal Sup R Superior temporal gyrus  |[STG.R
Temporal pole: superior
83 Temporal Pole Sup L TPOsup.L
temporal gyrus
Temporal pole: superior
84 Temporal Pole Sup R TPOsup.R
temporal gyrus
85 Temporal Mid L Middle temporal gyrus MTG.L
86 Temporal Mid R Middle temporal gyrus MTG.R
. Temporal pole: middle )
87 Temporal Pole Mid L TPOmid.L

temporal gyrus




Temporal pole: middle
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88 Temporal Pole Mid R TPOmid.R
~— T 7 |temporal gyrus

89 Temporal Inf L Inferior temporal gyrus ITG.L

90 Temporal Inf R Inferior temporal gyrus ITG.R
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