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Abstract
Functional magnetic resonance imaging (fMRI) during repetitive right and left hand
finger tapping was used to 1) characterize cortical motor activity in healthy volunteers.
and 2) to compare activation in patients with Parkinson’s disease (PD) to age-matched
controls. Cortical activity associated with repetitive movement was consistently detected
in the contralateral sensorimotor cortex in every subject and scanning session. In the first
study there was no difference in the reproducibility of data acquired from ten different
healthy subjects versus data acquired from a single healthy subject tested in ten
independent sessions. Furthermore. while there was no evidence of impaired cortical
activation in PD. widespread regions of relatively increased activation were consistently
detected in PD patients when compared to age-matched controls. The results of both
studies thus demonstrate that fMRI is a valid and reliable strategy for evaluating changes

in cortical activation using a repetitive motor task.
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L. INTRODUCTION
1.1 General Introduction

Non-invasive functional brain mapping techniques including positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI) are widely used
to investigate change in neural activity associated with cognition, motor control and
sensory stimulation. Although both of these techniques are useful, fMRI is often
preferred since does not require the use of contrast agents or radioactive substances and
has been shown to have spatial and temporal resolution that is significantly better than
those achieved by PET (see Ogawa et al., 1998).
1.2 _Experimental Applications of fMRI
1.2.1. FMRI and motor activation

Blood oxygen level dependent (BOLD) contrast fMRI has provided valuable
information about many aspects of human motor control (reviewed by Mattay and
Weinberger. 1999). Verification of observed fMRI activation through direct motor
mapping during surgery (Jack et al.. 1994: Puce et al., 1995: Yousry et al.. 1995: Pujol et
al., 1996. 1998; Tomczak et al., 2000) support the validity of this technique. In addition
to identifying the neural regions associated with various movement parameters, fMRI
studies can also provide insight into the functional impairments in diseases such as
Parkinson’s disease (PD). While only two fMRI studies of motor activation in PD have
been published to date (Sabatini et al., 2000; Haslinger et al., 2001), the results both
support and build upon the findings from previous electrophysiological (Deecke et al..

1977: Dick et al.. 1987. 1989). single photon emission tomography (SPECT) (Rascol et
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al., 1992, 1994, 1997), and PET (Playford et al., 1992; Jahanashahi et al., 1995; Samuel

et al., 1997a) investigations of motor activation in PD.
1.2.2. Pathophysiology of PD

Parkinson’s disease is a progressive neurodegenerative disorder that disrupts the
synergy of central motor pathways. Specifically, the characteristic symptoms of
Parkinson’s disease, which include bradykinesia, ridigity and resting tremor have been
found to be associated with a diminished supply of the neurotransmitter dopamine
(DeLong, 1990). The loss of dopamine in Parkinson’s disease originates from the
progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta
in the midbrain. and resulting overactivity of the internal segment of the globus pallidus
(GP1) and subthalamic nucleus (DeLong. 1990). As outlined in Figure 1-1. the GPi is
largely inhibitory and projects to the major portions of the thalamus and brainstem
through two separate motor circuits within the striatum. the direct and indirect pathways
(Alexander and Crutcher. 1990).

The direct pathway in the striatum begins with inhibitory GABAergic projections
(co-localized with substance P), from the putamen to the GPi. From the GPi. inhibitory
GABAergic projections extend both to the thalamus and the substantia nigra pars
reticulata, which in turn projects to the thalamus and brainstem (Alexander and Crutcher.
1990). When the direct pathway is stimulated both by excitatory dopaminergic input
from the substantia nigra pars compacta, and excitatory glutamatergic projections from
the sensorimotor cerebral cortex, the activity of the GPi is inhibited. This results in
disinhibition of thalamic neurons and heightened excitation of precentral motor regions.

It is thought that the net effect of this enhanced premotor excitation is the facilitation of



Figure 1-1. Schematic representation of changes in striatal pathways in Parkinson's Disease

Figure 1-1. Schematic representation of changes in striatal pathways in Parkinson's Disease.

(A) In normal striatal circuitry, output from the internal segment of the globus pallidus (GPi) exerts a
chronic inhibitory effect on thalamocortical neurons (ventral lateral thalamus, VL). Activation of the
direct pathway inhibits firing of the GPi, whereas activation of the indirect pathway (through the
external segment of the globus paliidus (GPe) and subthalamic nucleus, STN) stimulates it.
Therefore dopamine from the substantia nigra pars compacta (SNc) stimulates the direct and
inhibits the indirect pathway. (B) In PD, loss of striatal dopaminergic input secondary to degeneration
of SNc neurons diminishes inhibition of the GPi by the direct pathway and increases excitation of the
GPi by the indirect pathway. Thus increased GPi output results in excessive inhibition of
thalamocortical pathways and subsequent diminished output to cortical motor regions.
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cortically initiated movement. Thus, reduced dopaminergic output from the degenerating
substantia nigra pars compacta in PD, would limit the disinhibition of the thalamus and
interfere with movement initiation (reviewed by Albin et al., 1989).

The indirect pathway in the striatum begins with inhibitory GABAergic
projections (co-localized with enkephalin), from the putamen to the external segment of
the globus pallidus (GPe). The GPe in turn. sends inhibitory GABAergic projections to
the subthalamus. From the subthalamus excitatory glutamatergic projections extend to
the GPi (Alexander and Crutcher, 1990). Stimulation of the indirect pathway inhibits the
excitatory input from the subthalamus to the GPi, reducing the inhibition from the GPi to
the thalamus. thereby facilitating cortical initiation of movement. In PD, reduced
dopaminergic innervation from the substantia nigra pars compacta. releases the
subthalmic nucleus from its tonic inhibiton by the GPe. This enhances excitatory
subthalamic drive to the GPi, leading to increased inhibition of thalamic targets and
reduced activity in precentral motor fields. Therefore. impaired dopaminergic input as
seen in PD. would both reduce positive feedback from the direct system, and increase
the negative feedback from the indirect system (reviewed by Albin et al.. 1989).

1.2.3. Supplementary Motor Area (SMA)

While the primary motor area is thought to be predominantly associated with
movement execution, there is considerable evidence that supplementary motor area
(SMA) is particularly critical for the production planning and preparation of self initiated
movements (Brinkman. 1984; Mushiake et al.. 1990; Tanji and Shima. 1994; Chen et al..
1995). Self-initiated movement includes both well-learned movement sequences that are

initiated from memory, as well as movement that is freely selected. For example.
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microelectrode recording studies with non-human primates identified a subset of SMA
neurons that responded preferentially during performance of sequences of arm
movements that had previously been memorized, as opposed to movements guided by
visual cues (Mushiake et al., 1990; Tanji and Shima, 1994). In addition, SMA lesions in
non-human primates have also been shown to result in impaired performance of
remembered sequences of movements while retaining normal ability for learning new
motor sequences using external visual cues (Brinkman, 1984; Chen et al., 1995).

1.2.4. Impaired SMA activity in PD

The role of the SMA in PD is of particular interest. as this region is significantly
affected by input from the striatum. and the motor impairments of patients with SMA
lesions are known to be similar to those associated with PD (Laplane et al.. 1977; Dick
et al.. 1986: Gentilucci et al.. 2000). These motor impairments include difficulty
executing self-initiated movements. while movement that is guided by sensorv cues
typically remains relatively unaffected (Benecke et al., 1997; Georgiou et al.. 1994).
Indeed. electrophysiological studies demonstrated that the amplitude of a scalp recorded
electrical potential previously shown to be associated with SMA activity (Deecke et al.,
1969; Shibasaki et al., 1980), was lower in patients with PD than in healthy controls
during self-initiated movement (Deecke et al., 1977; Dick et al., 1987, 1989).

In one of the earliest functional imaging studies of motor activation in PD.
Playford et al.. (1992) measured rCBF changes using PET while subjects moved a
joystick in trials cued by a regularly paced tone in both ‘free’ and ‘fixed’ conditions. In
the “free’ condition. subjects were free to move the joystick either forward, backwards,

right or left. avoiding repetitive sequences. In the ‘fixed’ condition. subjects were
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instructed to move the joystick forward in every trial. During the ‘free’ condition, PD
patients showed significantly impaired levels of task-related activation in the SMA,
anterior cingulate gyrus, dorsolateral prefrontal cortex (DLPFC), and putamen when
compared to healthy controls (Playford et al., 1992). In contrast, there was no difference
between controls and PD patients in the levels of neural activation during movements in
the *fixed’ condition.

Impaired SMA activity in PD has also been reported in patients that were
required to select the timing of repetitive movements. In a PET study. Jahanashahi et al..
(1995) investigated rCBF changes while subjects repetitively moved the right index
finger, either self-paced or paced by an auditory cue. Compared to healthy controls, PD
patients showed significantly impaired activation of the SMA, anterior cingulate.
putamen. DLPFC. and right parietal cortex. while performing self-paced movements.
When the movements were paced by an auditory cue, there were no significant rCBF
differences between the control group and PD patients (Jahanashahi et al., 1995). The
lack of measured activation differences during finger movements paced by an auditory
cue. as well as the fact that both subject groups performed the movements at an average
of once every 3 seconds, indicates that factors related to movement execution alone did
not affect the results (Jahanashahi et al., 1995).

In summary, the SMA, which receives substantial input from the striatum, has
been shown to be selectively impaired in PD patients both when the direction of
movement (Playford et al.. 1992) and the timing of movement (Jahanashahi et al., 1995)

were not guided by external cues. When external cues were provided, PD patients
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exhibited both relatively normal patterns of neural activation and motor ability (Playford
et al., 1992; Jahanashahi et al., 1995).
1.2.5. Functional dissociation of rostral and caudal SMA

Although PET studies have clearly established the relative hypoactivity of the
SMA in PD. SMA was shown to be comprised of two anatomically and functionally
distinct regions. A dissociation between the rostral SMA, which is located anterior to the
anterior commissure (AC), and the caudal SMA, located posterior to the AC. has been
described both in primates (Matsuzaka et al., 1992; Rizzolatti et al., 1996), and in
humans using both PET (Deiber et al., 1991, 1996, 1998) and fMRI (Tyszka et al., 1994;
Humberstone et al.. 1997; Van Oostende et al.. 1997: Boecker et al.. 1998: Samuel et al..
1998: Deiber et al.. 1999: Lee et al.. 1999).

Anatomical studies found that while the caudal SMA is closely linked with the
primary motor cortex. the rostral SMA has been shown to be interconnected with several
cortical regions including the basal ganglia. anterior cingulate cortex. dorsolateral
prefrontal cortex. lateral premotor cortex and posterior parietal regions (Luppino et al..
1993). This is consistent with reports that the rostral SMA is involved more with the
planning and preparation for movement, while the caudal SMA is associated more with
movement execution. For example, greater activation was detected in the rostral SMA
both during self-initiated movement (Deiber et al.. 1991. 1996. 1999; Humberstone et
al.. 1997; Van Oostende et al.. 1997; Boecker et al.. 1998). and during movement that

was simply imagined and not actually performed (Tyszka et al., 1994; Dieber et al.,
1998).
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In a more recent fMRI study of the temporal nature of activity in the SMA, Lee

etal., (1999) demonstrated that the rostral SMA was activated during the preparation of
movement. while the caudal SMA was active more during the execution phase of the
task. Similarly, Samuel et al., (1998) reported that while the rostral SMA was highly
active during the early stage of the motor task, this activity decreased during repetitive
execution of the movement. Consistent with both the pathophysiology and the motor
impairments in PD, fMRI studies have more precisely localized impaired motor
activation in PD to the rostral SMA (Sabatini et al.. 2000; Haslinger et al.. 2001).
1.2.6. SMA activation following medication and surgery in PD

Functional imaging studies have also provided insight into the effect of various
pharmacological or surgical treatments in PD. SPECT (Rascol et al.. 1992) and PET
(Jenkins et al.. 1992) studies demonstrated improved motor performance and
normalization of impaired SMA activity during self-directed voluntary movement in PD
patients following subcutaneous administration of a dopamine agonist, apomorphine.
Normalization of SMA activation has also been reported following an oral dose of the
dopaminergic medication levodopa. both in PD patients who were previously non-
treated and those who had been receiving levodopa (Rascol et al., 1994; Haslinger et al..
2001). Similar results have been demonstrated in PD patients who underwent surgical
procedures to restore striatal output. Impaired SMA activity in patients with PD has been
shown to improve following pallidotomy (Ceballos-Baumann et al.. 1994: Grafton et al..
1995 Samuel et al.. 1997b), stimulation of the subthalamic nucleus (Davis et al., 1997;
Ceballos-Baumann et al., 1999), and fetal tissue neurotransplantation (Bluml et al.,

1999: Piccini et al.. 2000).
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Impaired activation of the SMA during self-directed voluntary movement in PD
patients (Playford et al., 1992; Jahanashahi et al.,1995; Sabatini et al., 2000; Haslinger et
al., 2001), and the normalization of SMA activation following dopaminergic medication
(Jenkins et al.. 1992; Rascol et al., 1992; 1994; Haslinger et al., 2001). or surgical
treatment (Ceballos-Baumann et al.. 1994: 1999; Grafton et al.. 1995; Samuel et al..
1997b: Davis et al., 1997; Bluml et al.. 1999; Piccini et al., 2000), provides compelling
evidence that in contrast to movements that are determined by external cues. the SMA is
critical for self-directed movement.

1.2.7. Lateral premotor pathways in PD

While many studies have demonstrated that SMA is important for self-directed
movement (Brinkman. 1984; Mushiake et al.. 1990; Tanji and Shima, 1994; Chen et al.,
1995). microelectrode recordings from cells in the lateral premotor cortex in non-human
primates have revealed that approximately half of the premotor neurons increase their
activity preferentially or exclusively in relation to movements made in response to visual
cues (Godschalk et al., 1981; Halsband et al.. 1994). Removal of the lateral prefrontal
cortex in non-human primates results in impaired ability to perform movements that are
visually cued. while the ability to perform remembered movement sequences remains
intact (Petrides, 1982; Passingham, 1985). The lateral premotor cortex is thus primarily
involved in the control of movements that are guided by external cues.

The lateral premotor cortex is ideally situated to process sensory guided
movement. The major source of input to the lateral premotor cortex is the cerebellum
which receives somatosensory input from muscle spindles and tendon receptors. and

information about visual location and motion through the pons from parietal area 7 and
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area V5 (Schell and Strick. 1984; Stein and Glickstein, 1992). The lateral premotor also

receives input from the inferior and superior parietal association areas. However,
although the parietal association cortex also has connections with the SMA, and
prefrontal cortex, it does not receive input from the striatum (Pandya and Yeterian.
1985). Activation of the lateral premotor cortex through either cerebellar or parietal
regions should therefore be unaffected by striatal impairment in PD.

As expected. there is no evidence of impaired activity in the cerebellum, parietal
or lateral premotor regions in PD patients. However, more recent functional imaging
studies have revealed that these regions may contribute to functional compensation in
PD. In addition to impaired SMA activity. there are now reports of diffuse cortical
overactivity in PD patients during performance of self-initiated sequential movements
(Samuel et al.. 1997a: Sabatini et al.. 2000: Haslinger et al.. 2001).

1.2.8. Increased cortical activity in PD

A number of regions have been shown to be significantly more activated during
self-initiated movement in PD patients compared to healthy control subjects. Using
SPECT. increased cerebellar activity was reported during performance of a pre-learned
sequence of finger movements in non-medicated patients, relative to both patients tested
while on medication. and healthy control subjects (Rascol et al.. 1997). Samuel and
colleagues (1997a) also demonstrated using PET. that along with the expected impaired
activation of SMA. the lateral premotor cortex and inferior parietal areas were
significantly overactive bilaterally during performance of a pre-learned sequence of
finger movements in PD patients compared to healthy controls (Samuel et al.. 1997a).

There were no significant differences in the mean motor response times or the error rates
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between the control subjects and PD patients groups in these studies, indicating that
performance factors alone did not affect the results.

In the first published fMRI study of PD, Sabatini et al. (2000) reported that in
addition to relatively impaired activity of the rostral SMA, PD patients exhibited
significantly increased activation bilaterally in the primary sensorimotor cortex, lateral
premotor cortex, inferior parietal cortex. caudal SMA, and anterior cingulate cortex
during performance of a pre-learned sequence of finger movements. A similar pattern of
impaired rostral SMA activity. with more widespread cortical hyperactivity bilaterally.
was also observed in PD patients while performing joystick movements in freely
selected directions (Haslinger et al.. 2001). In addition. Haslinger et al. (2001) confirmed
that both the hypo- and hyperactivity partiaily recovered to normal levels in patients with
PD following a single dose of levodopa.

It has been proposed that heightened cortical activity in PD during movement is
associated with functional compensation for impaired striatal motor pathways in PD
patients (Rascol et al.. 1997: Samuel et al., 1997a: Sabatini et al.. 2000: Haslinger et al..
2001). This idea is largely based upon functional imaging studies of patients recovering
from stroke which suggested that the motor system has the capacity to reorganize
(Chollet et al.. 1991; Weiller et al., 1993; Cramer et al., 1997; Cao et al., 1998; Pineiro et
al.. 2001). Overall, it is evident that understanding how various components of the
motor system are affected in PD using fMRI. will be increasingly useful for evaluating

and optimizing pharmacological and surgical treatment options for patients with PD.
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1.3. Basic Principles of Nuclear Magnetic Resonance Imaging

The basic principles of nuclear magnetic resonance (NMR) imaging that will be
discussed throughout this section have been recently reviewed (Bushong. 1996; Brown
and Semelka. 1999: Haacke, 1999; Zimmerman et al., 2000). and will be briefly
summarized below.

1.3.1. Nuclear spin and alignment

NMR imaging is a technique that relies on the properties of nuclear spin in the
presence of an external magnetic field. A small magnetic dipole moment is present in
nuclei with either an odd number of protons or neutrons. These nuclei therefore behave
like tiny magnets, and are thus susceptible to the forces of other magnetic fields.
Although several different types of atoms exhibit this phenomenon. standard NMR
imaging of human soft tissue is based on the single proton of the hydrogen atom (‘H).
which is abundant in the human body and exhibits a strong magnetic moment.

In the absence of an external magnetic field. the phase of the individual magnetic
dipoles of the nuclei in a sample will be randomly oriented producing a net magnetic
moment of zero (Figure 1-2a). However. in the presence of a large external magnetic
field (Bo). the magnetic dipoles of the individual nuclei will orient either parallel (low
energy state) or anti-parallel (high energy state) to the magnetization of the of the
applied field. At any given time. a slightly greater proportion of the magnetic dipoles of
the nuclei will be oriented parallel to the applied magnetic field. The combined
magnetization of the individual nuclei is additive, with the vector of net magnetization

aligned parallel to the applied field (Figure 1-2b).
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When discussing NMR, magnetization is conventionally described using a three
dimensional coordinate system in which the z axis is represented along the vertical
direction. the x axis is represented along the horizontal axis, and the axis oriented
perpendicular to the xz plane is labeled as the y axis. Within this coordinate system. the
vector of the applied static magnetic field (B, is located along the vertically oriented z
axis. The z axis is also referred to as the longitudinal axis, while the Xy plane is referred
to as the transverse plane.

In standard MR imaging the external magnetic field is produced from a large
superconducting magnet. The strength of the magnetic field is measured in units of tesla
(T). where I T is equal to 10 000 gauss (the magnetic field of the earth is about 0.5
gauss). Standard clinical scanners operate at 1.5 T; however many research centres are
now using higher field strength magnets. While the strength of the external magnetic
field ultimately determines the magnetization of tissue. the degree to which tissue
acquires magnetization. referred to as the tissue's magnetic susceptibility. varies in
different types of tissue.

1.3.2. Nuclear spin resonance and radiofrequency excitation

In addition to the alignment of the magnetic moments of individual nuclei and
the magnetization of a sample. force from the external magnetic field will transform
some of the angular momentum of the continual motion of nuclei into precessional. or
rotational motion. The nuclei will therefore also precess around the axis of the external

magnetic field. at a frequency referred to as the Larmor frequency. The Larmor

frequency, symbolized by w, (omega). is proportional to the applied magnetic field with
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Figure 1-2. Proton alignment, precession, and excitation
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Figure 1-2. In the absence of an external magnetic field the small magnetic dipoles of individual nuclei in tissue, such
as the single proton of the hydrogen atom as shown in the corner inset, are oriented randomly (A). In the presence of an
external magnetic field (B,). the dipoles of the individual protons become aligned with B, and as shown in the corner
inset precess around the z axis. The dipoles of individual protons therefore summate creating a net tissue magnetization
vector along the longitudinal plane (z axis) (B). Following the application of a 90° radiofrequency magnetic pulse (B,)
that is oriented at a right angle to B,, as shown in the comer inset the angle of proton precession increases through to
the xy. or transverse plane, which flips the net tissue magnetization vector into the transverse plane (C).
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a proportionality constant termed the gyromagnetic ratio (y) which is unique for each
nucleus, i.e. @, = y B,. For example, the gyromagnetic ratio of hydrogen protons is 42
MHz/Tesla. In the presence of an external magnetic field, hydrogen protons will
therefore precess at a frequency of 42 MHz/Tesla.

The fact that the precessional frequency of each type of atom is known is
essential for NMR. The observed MR signal is induced by disrupting longitudinal
magnetization by briefly applying an oscillating magnetic field (B;) that is typically
oriented along the plane perpendicular to Bo. The oscillating magnetic field used in
standard 'H MR imaging is a pulse of radiofrequency (RF) energy that oscillates at a
frequency equal to the precessional frequency of the hydrogen proton. Since the
oscillations of the RF pulse and the precessional frequency of the hvdrogen nuclei are in
resonance. energy from the RF pulse will be absorbed by the nuclei. As the precessing
protons (also referred to as spins) become excited by this energy. the precessional angle
of the net longitudinal magnetization of the sample increases (Figure 1-2c). If the RF
energy is strong enough. the net longitudinal magnetization will actually rotate away
from By into the transverse (xy) plane. Because the magnetic field produced along the
transverse plane is oscillating it will induce an alternating current in a radio receiver
antenna. The current induced in the receiving coil is proportional to the magnetization in
the transverse plane and is the basis for the MR signal that is used to generate images.
1.3.3. MR signal and spin relaxation

Although immediately after the brief RF pulse protons will be precessing at the
same frequency and phase along the transverse plane, giving rise to a strong MR signal.

the excitation energy will gradually dissipate. The net transverse magnetization. which is
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the source of the MR signal, diminishes as the excitation energy dissipates and the phase
of the spins become dispersed throughout the transverse plane. As the phase of the spins
become dispersed throughout the xy plane, transverse magnetization diminishes until the
point when the phase of spins become evenly distributed and net transverse
magnetization reaches zero. The exponential loss of transverse magnetization that is
measured over time is referred to as the free induction decay (FID).

Due to the continuous presence of the static magnetic field B, along the z axis.
the spins of protons will gradually return to an equilibrium state aligned with By. The
recovery of longitudinal magnetization associated with the return of spins from a high
energy excited state to a low energy state along the z-axis is referred to as relaxation.
There are two main components to spin relaxation. T, and T relaxation.

T, is a time constant characterizing the recovery of longitudinal magnetization
along the z-axis. More specifically, T, is defined as the time required for 63% of the
MR signal elicited from nuclei that are excited in a state of high-energy expenditure to
relax or return to a low-energy state at equilibrium with the external magnetic field
(Figure 1-3b). T, relaxation is mediated by the loss of energy from excited proton spins
to the surrounding macromolecule lattice. Since T, relaxation is mediated by the transfer
of energy between spins and the surrounding lattice of macromolecules, it is also often
referred to as spin-lattice relaxation.

In contrast to T, relaxation which characterizes the recovery of longitudinal
magnetization. T, relaxation describes the decay of transverse magnetization and is
therefore defined accordingly as the time required for transverse magnetization to reach

37% of its initial magnetization (Figure 1-3a). While T, processes are associated with
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the transfer of energy from excited protons to the lattice of macromolecules in the
surrounding environment, T; relaxation is associated with the transfer of energy between
the spins of excited protons and thus is also referred to as spin-spin relaxation. This
transfer in energy is due to both small intermolecular and intramolecular interactions as
well as small inhomogeneities in local magnetic field. Phase dispersion or decay of
transverse signal associated with the presence of local magnetic field inhomogeneity is
referred to more specifically as T.*, and will be discussed in later sections of this
introduction.

Both T, and T relaxation rates depend on the concentration of proteins and
other macromolecules in an image voxel. Any differences in the strength of the MR
signal acquired at a pre-determined time point are therefore attributed to the specific
characteristics of the soft tissue. For example. in tissue such as brain white matter.
interactions between protons. lipid membranes and intracellular organelles facilitate the
dephasing of the nuclear spins which thereby enhances the rate at which longitudinal
magnetization recovers. Similarly. as the amount of free water increases (i.e.. inflamed.
edematous tissue) both T, and T relaxation times increase. Differences in T, and T
relaxation therefore provide a valuable source of contrast in MR images.

While both T; and T, relaxation processes are important aspects of the NMR
phenomenon, the imaging parameters that are chosen for data acquisition determine
which relaxation process dominates the observed signal contrast. The most important
imaging feature is the length of time between the application of the RF pulse and the
acquisition of the MR signal. which is referred to as the echo time (TE). Initially

following the RF pulse, the MR signal is dominated by T, relaxation processes as energy



Figure 1-3. T,decay of transverse magnetization and T, recovery of longitudinal
magnetization
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Figure 1-3. Transverse magnetization (MR signal) decays exponentially due to the loss of phase coherence
among protons after the 90°rf pulse. while longitudinal magnetization recovers as proton spins realign parailel to
B,. Specifically, T, represents the time required for transverse magnetization to decay to 37% of its initial value
(A). while T, is defined as the time required for 63% of longitudinal magnetization to recover (B).
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is transferred between nuclei. Due to this small transfer of energy between nuclei. the
precessional frequency of the protons will eventually begin to vary. Since energy cannot
be transferred between items that are not precessing in resonance, T, processes gradually
dominate as the energy is given up to the surrounding macromolecular lattice and net
magnetization of the sample returns to alignment with the static applied magnetic field.
T, relaxation times are therefore always shorter than T, times.
1.3.4. Spatial encoding

Spatial encoding is required to localize the MR signal in three dimensions.
Spatial encoding is elicited using three separate orthogonal coils that are positioned
along each axis within the bore of the magnet. When current is passed through these
coils they generate small magnetic fields that are added to the main magnetic field. In
contrast to the larger applied magnetic field. which produces a relatively uniform
magnetic field. these coils are specifically designed to generate a linearly varying
magnetic field gradient so that the strength of the magnetic field along each axis will
become position dependent. Since the precessional frequency of nuclei is dependent on
magnetic field strength. the precessional frequency of protons within an imaging voxel
will also vary depending on their position along the applied gradient.

The first spatial encoding step in conventional imaging is achieved by applying a
RF pulse that will selectively excite a narrow range of frequencies (Figure 1-4a). In the
presence of a linear field gradient only a select region along the gradient will be excited
by this RF pulse. Following slice selective excitation, applied along the z axis, phase

encoding is implemented along an orthogonal axis (i.e.. y axis). Phase encoding is



Figure 1-4. Spatial encoding of magnetic resonance images
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Figure 1-4. Spatial information in MR images is encoded through the application of separate magnetic field
gradients along each of the three axes. First, a slice selective rf pulse is applied to define the image plane. in which
initially all spins at all locations precess at the same frequency (A). A phase encoding pulse is then applied along
an orthogonal axis which produces a spatial variation in spin precessional frequency. This results in spatial
variations in the phase of spins as spins that were precessing at faster frequency acquire a phase lead which
remains even after the gradient is tumed off and spins once again precess at the same frequency (B). Final ly.

another magnetic field gradient is applied along the remaining axis as the signal is recorded. This results in
frequency encoding along that axis (C).
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achieved by briefly applying a field gradient that produces spatial variations in the
frequency of precession. When the gradient is turned off, the spins will again precess at
the same frequency. However, spins that were precessing faster when the gradient was
turned on. will have acquired a phase lead compared to more slowly precessing spins.
The phase of nuclei that were precessing faster. will therefore be located at a different
location than nuclei that were precessing at slower frequencies. Conceptually, phase
encoding along the y-axis would divide each selectively excited slice into horizontal
rows of voxels that are each identifiable by a particular spin phase (Figure 1-4b).

Along the other spatial axis a frequency encoding gradient is applied. Since this
gradient is applied during sampling of the MR signal. it is often referred to as the readout
gradient. The readout gradient, which systematically varies the frequency of the spins
along the x-axis during the acquisition of the signal. thereby further encodes the
selectively excited slice into vertical columns (Figure 1-4c). In combination with the
previous phase encoding step. the signal detected at each location within imaging space
will then be encoded with a unique combination of phase and frequency. This
information is used to assign the MR signal to the corresponding spatial location during
image reconstruction.

1.3.5. Spin echo and gradient echo imaging

Despite attempts to improve the uniformity of the external magnetic field, most
physiological samples will still have regions of local magnetic field inhomogeneity.
Since the precessional frequency of spins is associated with the strength of the magnetic

field. variations in the field will be associated with the loss of phase coherence among
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spins and the rapid decay of signal. Spin dephasing associated with small magnetic field
inhomogenieties is specifically referred to as T, relaxation.

The application of a refocusing pulse that is of sufficient strength to rotate the
spins 180° around the transverse plane will essentially reverse the relative phase of
spins. For example, the phase of spins that were precessing at a faster frequency, will
now lag behind the phase of spins that were precessing at a slower frequency. However,
since the relative frequency of precession has not changed, following the 180° pulse the
phase of spins that were precessing at a faster frequency will eventually catch up to more
slowly precessing spins. As the spins become re-phased. the magnetization of the
individual nuclei once again summate resulting in a sharp recovery of transverse
magnetization called a spin echo (Figure 1-5). The 180° pulse therefore minimizes the
phase dispersal associated with local magnetic field inhomogeneities (T, relaxation). In
addition to eliminating the potentially serious loss of signal, spin echo sequences also
ensure that the sampled MR signal is sensitive to anatomy. irrespective of magnetic field
uniformity.

While spin echo imaging is based on the brief application of a 180° RF pulse,
gradient echo imaging sequences refocus spins by reversing the direction of the applied
field gradients. When the gradient directions are reversed, the spins that were in a high
field will now be in low field and vice versa. As the relative frequency of spins will also
be reversed, spins will eventually rephase, thereby producing an increase in signal
similar to a spin echo. For example. spins that were initially precessing at a relatively

fast rate. will precess at a relatively slow rate following gradient reversal. This allows
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Figure 1-5. Spin echo formation following 180° RF pulse

A. Spins precessing in phase immediately following 90°RF pulse !
z !
{

A v .
L]
1
< = >x

B. T,*® dephasing ;
z ,

A v

1

< é\ > X

C. Application of 180° RF pulse

P4
A

< '/QL >x

D. Spin echo formation

>N

< : F——1 > X

epe—

Figure 1-S. Immediatcly following the 90° RF pulse, spins will be precessing in phase at the same
frequency(A). Eventually, the precessional frequency of spins will vary (shorter lines represent spins
precessing at a slower frequency). and the phase of spins will become dispersed throughout the Xy

plane (B). The application of a 180° RF pulse will rotate the phase of spins across the Xy plane.

As a result, the relative phases of fast and slowly precessing spins are reversed (C). Phase of faster
precessing spins will thereforc eventually “catch up™ with the more slowly precessing spins. As the spins
become re-phased, the magnetization of the individual nuclei once again summate resulting in a sharp
recovery of transverse magnetization called a spin echo (D).
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the phase of spins that were previously lagging behind to catch up. Unlike spin echo
imaging, in the presence of gradient reversal the observed MR signal is still dominated
by local magnetic field inhomogeneities. Sensitivity to local magnetic field
inhomogeneity is particularly important for certain types of imaging including Blood
Oxygen Level Dependent (BOLD) fMRI.

1.4 Basic principles of Blood Oxygen Level Dependent (BOLD) fMRI

The basic principles of blood oxygen level dependent (BOLD) fMRI that will be
briefly summarized in this section have been described in a number of comprehensive
reviews (Posse et al.. 1996: Forster et al.. 1998; Ogawa et al., 1998: Raichle. 1998:
Turner et al.. 1998: DiSalle et al.. 1999). In contrast to standard anatomical MR imaging
which often depend on spin echo to minimize signal loss associated with T»* processes.
highly localized magnetic field inhomogeneities associated with the presence of
paramagnetic substances in the blood can provide a valuable source of contrast in
functional MR images. This is due to the fact that the MR signal in images sensitive to
T.", will decrease as the relative concentration of a paramagnetic contrast agent
increases. This T" effect was first described in studies of laboratory animals which
showed that the non-toxic exogenous contrast agent gadolinium could be tracked as it
flowed throughout the cerebral vasculature (Villringer et al., 1986; Belliveau, 1988).

In 1991. Belliveau and colleagues published a study that looked at functional
activity in humans using T, weighted imaging to track an exogenous contrast agent in
the visual cortex. In this study, subjects viewed a visual stimulus while a bolus of
gadolinium was injected intravenously. The passage of the contrast agent through the

visual cortex was monitored by repeatedly acquiring single slice images of the region.
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The relative increase in blood volume associated with visual stimulation was estimated
by comparing the intensity of the MR signal observed during visual stimulation to the
signal observed during a control period. The results showed that blood volume increased
up to 30 percent in the primary visual cortex.

In an important development in the field of functional imaging, Ogawa et al.
(1990a. 1990b). and Turner et al. (1991). demonstrated that T, relaxation and the
amplitude of MR signal could be altered in animals simply by inducing changes in the
oxygenation state of the blood. Changes in the MR signal associated with blood
oxygenation. referred to as blood oxygen level dependent (BOLD) contrast. is directly
related to the relative concentration of deoxyhemoglobin. Unlike oxyhemoglobin which
is diamagnetic and has almost the same magnetic susceptibility as the surrounding
cerebral tissue. deoxyhemoglobin is more paramagnetic and therefore acts like an
endogenous contrast agent (Pauling and Coryell, 1936; Ogawa and Lee, 1990: Ogawa et
al.. 1990a. 1990b). Therefore. as the relative concentration of deoxyhemoglobin
increases. local T> relaxation is enhanced and the intensity of the observed MR signal
decreases. In contrast. an increase in the MR signal is indicative of a relative decrease in
the concentration of deoxyhemoglobin (Ogawa and Lee, 1990; Ogawa et al., 1990a:
1990b).

The first published reports of the use of BOLD contrast fMRI in humans showed
that the MR signal in the visual cortex increased significantly during photic stimulation
(Kwong et al.. 1992: Ogawa et al.. 1992). Following these initial investigations. BOLD
contrast fMRI has proven to be an effective non-invasive method for tracking changes in

blood flow and oxygenation during cognitive activity or stimulation in humans. The
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change in deoxyhemoglobin during neural stimulation is thought to result from the
uncoupling of local blood flow and oxygen utilization. Perhaps the most widely cited
evidence for this is a PET study of visual activation which demonstrated that while local
blood flow and glucose utilization increased in active regions by more than 50%, oxygen
consumption increased only by about 5% (Fox et al., 1986). The large influx of richly
oxygenated blood into vessels surrounding active neurons combined with only a small
increase in oxygen extraction. results in a decline in the relative concentration of
deoxyhemoglobin in stimulated brain regions. As a result, T»* relaxation is delayed, and
the intensity of the MR signal sampled from voxels in the region surrounding active
neurons will be increased relative to the signal measured during a control period (Kwong
etal.. 1992: Ogawa et al.. 1992: Turner et al.. 1993)

1.5. Reliabilitv of fMRI

Reliability. defined as the extent to which a test vields the same result on
repeated trials, is essential for the useful interpretation functional neuroimaging studies.
Reproducibility across sessions may be particularly important due to the potential
clinical research applications that may include comparing patients before and after
treatment. or under different experimentally controlled conditions. To date. most
reliability studies have focussed on quantifying test-retest reproducibility (Ramsey et al.,
1996: Yetkin et al.. 1996, Rombouts et al.. 1997, 1998; Miki et al., 2000).

1.5.1. Reproducibility of size and location of fMRI activation

Ratios of test-retest reproducibility have been used to describe the relative

consistency of data acquired from two trials under identical conditions. For example.

Rombouts et al., (1997) devised a ratio to assess the test-retest reproducibility of the
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overall number of active voxels throughout the whole brain (difference in number of
activated voxels from two sessions, to the total number of voxels activated in either
session). The reproducibility of the exact voxel coordinates from two test sessions was
evaluated using a similar ratio (the number of voxels that were active during both the
first and second trials, to the total number of voxels classified as active in either trial)
(Rombouts et al., 1997). These reproducibility ratios have been used to describe the
reproducibility of activation detected in trials within the same session. and in separate
sessions. For example. in a test-retest study with a sequential motor task. the average
extent of voxel coordinate overlap within the sensorimotor area was only about 20%
across sessions, and 29.5% within the same session (Ramsey et al., 1996).

Test-retest reproducibility ratios have shown that the size of activation is more
consistent than the precise location of the activity during visual stimulation (Rombouts
et al.. 1997. 1998: Miki et al., 2000). However, since the hemodynamic response
associated with BOLD contrast fMRI is not a discrete response. it is reasonable to expect
that the precise voxel coordinates will vary to some degree. In fact. Yetkin et al.. (1996)
confirmed that while the precise overlap of voxel coordinates associated with a repetitive
motor task and visual stimulation were quite inconsistent, each iteration of a task usually
activated voxels located in the same anatomical region of the brain.

1.3.2. Regional patterns of variability

Changes detected with fMRI in the primary sensorimotor cortex have been
repeatedly shown to be more consistent than those detected in secondary motor regions.
Mattay et al.. (1996) measured the relative proportion of voxels that were activated in

subjects who performed a pre-learned sequence of finger movements during three
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identical trials in one scanning session. The relative proportion of voxels that were
activated during all three trials was 70% in the primary sensorimotor cortex, 60% in
SMA, 55% in cerebellum, 22% in premotor cortex, and 44% in parietal cortex.

In a more recent study, Scholz et al., (2000) assessed both within and between
subject variability of motor activity in the basal ganglia. motor cortex, and SMA.
Twenty-two subjects each performed specific motor tasks (self-paced alternating finger
tapping and toe wiggling. writing. cued finger tapping, forearm pronation/ supination,
and saccadic eye movements) on two occasions. The mean percent deviation between
subjects (the standard deviation of the number of activated voxels divided by the total
number of activated voxels) over all of the motor tasks was substantially smaller in the
primary motor cortex (23%) than the SMA (55.1%), or basal ganglia (56.6%). As
expected, the mean percent deviations within subjects were significantly smaller than
between subjects. decreasing substantially to 7.2% in the motor cortex. 21.5% in the
SMA. and 26.4% in the basal ganglia. Alternating finger and toe movements were
associated with the least overall variability while the forearm pronation task was
associated with the most variability.

Reproducibility maps, in which a value is assigned to each voxel that represents
the number of experiments or scanning sessions in which that voxel was classified as
active, have also been used to provide an indication of the regional reproducibility of
activation. This was demonstrated in an elegant study by Tegeler et al. (1999) who
produced reproducibility maps from eight subjects who performed a sequence of finger
movements three times in a single scanning session. Each voxel in the reproducibility

map was assigned a value from 1 to 3 (1 = non-reproducible voxels active only in a
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single run, 2 = moderately reproducible voxels active in two runs, and 3 = highly
reproducible voxels active in all three runs). Highly reproducible voxels were found in
the sensorimotor cortex, SMA and the cerebellum. Moderately reproducible activity was
primarily located in the regions surrounding highly reproducible voxels. Overall, while
motion correction increased the proportion of highly reproducible voxels in all regions
of the brain, the location and number of active voxels in the primary sensorimotor cortex
were most reproducible, followed by the cerebellum, and finally the SMA.

The fact that the primary sensorimotor cortex was more consistently active than
subcortical or premotor regions during all types of motor tasks. is not surprising given
the dominant role of this region in the control of voluntary movement. Furthermore. the
BOLD responses observed in primary cortical regions are typically more robust than that
from secondary or subcortical structures.

1.5.3. Probabilistic models of variance

While BOLD contrast fMRI is sensitive to blood flow and oxygen utilization
associated with neuronal stimulation, the actual activity of individual neurons cannot be
measured non-invasively. Since the true neuronal activity associated with the BOLD
contrast signal is unknown, it is difficult to model the true probability of variability in
fMRI. While several studies have developed unique statistical models to address this
problem (Genovese et al.. 1997: Noll et al.. 1997; and Huu Le and Hu. 1997). these
paradigms are too specialized for a typical imaging laboratory to implement on a regular
basis. For example. Genovese et al., (1997) and Noll et al., (1997) modeled true neuronal
activation using a receiver operator curve which was used to classify each voxel as i)

either truly active or truly inactive, and ii) classified active or classified inactive.



30

Reliability was assessed by estimating the probability that a truly active voxel is
classified active, and the probability that a truly inactive voxel is classified active, to
assess the number of voxels that were truly activated. It is unclear however, if and how

this statistical model would account for the natural physiological fluctuations in human

subjects.
1.5.4. Random effects analysis

An alternative to describing and quantifying variability in fMRI data, is to
implement analyses that are highly sensitive to variability in the data. Indeed. random
effects analysis is considered an optimal method of summarizing multisubject or
multisession fMRI data (Holmes et al.. 1998). and has been used as an indication of the
overall reliability of activation (McGonigle et al. 2000).

Traditional fixed effects analysis of fMRI is based on a single error component
that models the variance of the BOLD response within the session or time series (Friston
et al.. 1995). This is effective for a single subject analysis since scan to scan variance is
the only source of variance. However. when multiple subjects are analyzed. the BOLD
responses from each subject are simply averaged together to create one time series that
summarizes the data from the group. Although the data now includes both scan to scan
variance and between subject variance, the analysis is only sensitive to within-session
variance (Friston et al., 1995). While a fixed effects analysis effectively assesses the
average activity within a group, the results could be biased by signal that is atypical of
the group. For example, an unusually strong response in one session or within one

subject may dominate the average response across sessions. Therefore. the average
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response at that voxel would not be indicative of the typical or consistent activity of the
group (Holmes et al., 1998; McGonigle et al., 2000).

In contrast. random effects analysis of a multisubject or multisession fMRI data
set. models both within-session and between-session components of variance. Random
effects analysis is therefore particularly sensitive to the consistency of responses within a
fMRI data set (Holmes et al., 1998). Therefore, if the results from a group of subjects
were completely inconsistent and unreliable. random effects analysis would show that
there were no significantly active voxels within that data set. A recent study compared
the results from fixed effect and random effect analysis of 33 fMRI sessions, and
demonstrated that many voxels that showed an average activation response did not
survive a random effects analysis (McGonigle et al., 2000). Random effects analysis thus
appears to be a meaningful and practical means of evaluating the consistency of data
across multiple subjects or sessions.

1.6. General summary & research objectives

BOLD contrast FMRI has been shown to provide valuable information about
changes in brain activation associated with the motor impairments in patients with PD
(Sabatini et al., 2000: Haslinger et al., 2001). In addition to confirming the results of
earlier PET studies (Playford et al., 1992; Jenkins et al., 1992: Jahanashahi et al., 1995;
Samuel et al., 1997a), fMRI studies have provided more detailed localization of
relatively increased and decreased motor activity in PD patients (Sabatini et al., 2000;
Haslinger et al.. 2001). Since the true neuronal activity underlying BOLD contrast
cannot be measured non-invasively, studies examining the validity and reliability of

fMRI have focused on describing the reproducibility of activation across sessions
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(Yetkin et al.,, 1994; Mattay et al., 1996; Ramsey et al., 1996; Rombouts et al., 1997,

1998; Tegeler et al., 1999; McGonigle et al., 2000; Miki et al., 2000; Scholtz et al.,
2000). Indeed, a comprehensive exploration of fMRI data will not only identify
potential limitations of an experimental design, but will also facilitate the interpretation
of observed activation.

This thesis is comprised of two studies designed to characterize the feasibility of
BOLD contrast fMRI at a static magnetic field strength of 3 Tesla (3T), both in healthy
volunteers and in patients with early PD. The primary objective of the first study was to
describe the reproducibility of BOLD contrast fMRI associated with a repetitive motor
task. The results of this study confirmed that BOLD contrast fMRI at 3T is a valid and
sensitive tool for localizing cortical activity associated with repetitive movement. In
addition, this project demonstrated that there was no difference in the reproducibility of
data acquired from multiple subjects and data acquired from a single subject tested
repeatedly.

The primary objective of the second study was to compare cortical activity
detected using BOLD contrast fMRI at 3T in patients with early PD and age-matched
control subjects. The results demonstrated that consistent differences between PD
patients and control subjects can be detected using a repetitive motor task. While the
random effects analysis was inconclusive in the second project due to the low number of
subjects, in both studies comparisons of the independent subject data to the results of
fixed effects and random effects analyses, indicated that the average group response may

not be representative of typical activity across subjects and sessions.
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2. FUCTIONAL MAGNETIC RESONANCE IMAGING OF CORTICAL
MOTOR ACTIVITY AT 3 TESLA

2.1. Introduction

The primary objective of this study was to characterize the feasibility and
reproducibility of blood oxygen level dependent (BOLD) contrast functional magnetic
resonance imaging (fMRI) activity associated with a repetitive motor task. fMRI studies
rely on detecting small changes in the BOLD contrast signal that are associated with a
specific cognitive task or sensory stimulation. In addition to variability introduced by the
experimental design. there are several other sources of variability that cannot be
controlled. These include undetectable change in scanner or hardware performance. as
well as small natural fluctuations in individual metabolism and physiology (reviewed by
Turner et al.. 1998). Recent studies examining the reliability of fMRI data primarily
focused on characterizing test-retest reproducibility (Ramsey et al.. 1996: Yetkin et al..
1996: Rombouts et al.. 1997. 1998: Tegeler et al.. 1999: Miki et al.. 2000: Scholz et al..
2000).

It is unclear however, if activation over two or even three sessions is an accurate
indication of the consistency of the results. Furthermore. aside from the subjective
calculation of test-retest reproducibility ratios. it is not known if intra-subject and inter-
subject variability actually differentially influence the location, spatial extent or
amplitude of the BOLD response within a representative set of data. Variability of a
larger data set may be particularly important in fMRI studies at higher magnetic field
strengths where problems with hardware instabilities and image distortions have a larger

impact on the data (Edelman et al.. 1994; Jezzard and Clare 1999).
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One method for identifying reliable responses within a set of data is random
effects analysis, which models the variability both within sessions and between sessions
(Holmes et al., 1998). A random effects analysis is useful since unlike test-retest
reliability studies. it can be easily implemented into the analysis of every data set.
However a limitation of random effects analysis, is that information about significant
between session variability will be lost unless each set of data is first analyzed
individually. For example, as demonstrated by McGonigle et al., (2000), while a
random effects analysis will identify areas that are typically active within a group of
subjects. the results will not identify and localize regions of highly variable activity.
Information about the presence of significant variability is an important consideration
when interpreting and describing observed differences in activity between groups. This
is of particular interest when evaluating the feasibility of an experiment, as inconsistent
regional activity may indicate a problem with methods. equipment or experimental task
(Jezzard and Song 1996).

In order to verify the validity and specificity of fMRI data in the present study. a
motor task was performed once with the right hand and once with the left hand.
Activation in the contralateral primary motor cortex was consistently detected in every
independently analyzed session in the individual data set, and every subject in the group
data set. There was no evidence that data acquired from the same subject tested in ten
independent sessions was more reproducible than data acquired from ten different
subjects. In addition, there were no significant differences in the mean spatial extent or
amplitude of BOLD response between the two groups of individually analyzed data.

However. the results of this study demonstrated that in contrast to a fixed effects analysis
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which resulted in atypically robust activity, a random effects analysis was a more
effective method of summarizing multi-subject or multi-session fMRI data. Overall, it is
evident that detecting motor activity associated with repetitive finger tapping at 3T is not
only feasible, but as the activation across subjects and sessions was both strong and

relatively stable. this task could be used to verify the effectiveness of more complex
experimental protocols.

2.2 Methods

2.2.1. Subjects

Ten healthy right-handed subjects (six male, four female, mean age 256 £ 1.2
years) were tested in independent scanning sessions over a period of several months.
One additional healthy subject (male. age 26 years) volunteered to be tested in ten
sessions over a period of several months. A brief medical history interview conducted
prior 10 testing confirmed that the healthy volunteers had no history of neurological or
psychiatric disease. Informed consent was obtained from all volunteers. This study

received ethical approval from Health Research Ethics Committee of the Faculty of

Medicine.

2.2.2. Motor task

Although each scanning session was implemented on separate days, the motor
task. data acquisition and analysis were kept constant in order to ensure that the
experimental conditions were as similar as possible. The motor task involved repeatedly
moving the tip of the index finger to the tip of the thumb. Each subject was trained prior
to the scanning session to perform the finger tapping at a rate of approximately 1 Hz,

with intermediate amplitude. Although the motor task was self-paced in order to avoid
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confounding effects associated with external pacing cues, subjects were instructed to tap
at a consistent frequency in order to keep differences in movement execution to a
minimum. The frequency of tapping was selected to ensure that all subjects, including
patients could perform the task accurately and with minimal fatigue. Subjects were also
instructed to keep their eyes closed at all times, to remain motionless, and to avoid
thinking about upcoming movements as much as possible during the rest period.
Subjects were observed from the control room during the experimental session to
identify any difficulties with the task or change in performance.
2.2.3. Experimental Design

Each scanning session consisted of two imaging runs. one with the right hand
finger tapping. and one with left hand finger tapping. The order of right and left hand
finger tapping within the scanning sessions was balanced across subjects. Each imaging
run was organized as a block design experiment with four repeating cycles of alternating
rest and activation (Figure 2-1), each lasting 20 seconds. A brief verbal signal was
provided through the headphones to at the beginning of each rest and activation period.
The brain was imaged every 2 seconds. 20 times during each rest and activation block.
producing a image time series of 80 images. The total scanning time of each imaging
run was thereforel60 seconds.
2.2.4. fMRI data acquisition

All images were acquired using a Magnex 3T magnet equipped with actively
shielded gradients. a SMIS operating system. and a quadrature birdcage resonator for
RF transmission and reception. Subjects were positioned in a supine position within the

scanner. A supportive head restraint and optional padding surrounding the head was



Figure 2-1. FMR/ experimental design

46

.........

Rest Activity

.........

/Y““ “““

—H
2s

.........

AAA AL aaas

e

Figure 2-1. Schematic representation of the fMRI ex

repeatingcycles of 10 scans (20s) activity,
for a totai of 160 s.

perimental design. An imaging run consists of 4
beginning with a rest period. Each scanning run therefore lasts



47

used to minimise unintentional head movement. A non-magnetic headphone and speaker
system was used for communication between the subjects in the scanner and the
experimenter in the control room.

Each imaging run began with the acquisition of T,-weighted structural images of
the brain (repetition time. TR=250ms; echo time. TE=I Ims: 256x256. FOV 225mm) in
the transverse, sagittal. and coronal planes. These images were used as a template to
position the slices used for functional images. Functional images were acquired using an
echo planar imaging (EPI) gradient echo sequence (TR=2000 ms: TE=25 ms; 128x128.
FOV 240mm). Each of the 80 functional EPI images acquired during the imaging run
included twenty slices oriented in the transverse direction (5 mm thick. separated by 35
mm. 3mm X 3mm x Smm voxels). Shimming (the process of locally adding and
removing magnetization in order to optimize the uniformity of the external magnetic
field) was performed manually prior to initiation of the imaging run. In addition, during
each imaging run ten additional EPI *dummy’ scans were acquired and discarded prior
to the first image in the functional time series to allow for stabilization of the MR signal.
Following the completion of the first imaging run. where tapping was performed with
either the left or right hand. the process was repeated using the other hand.

2.2.5. Data pre-processing

The functional images were preprocessed and analyzed using Statistical
Parametric Mapping (SPM99) software (Wellcome Department of Cognitive Neurology.
London UK: http:/www.fil.ion.ucl.ac. uk/spm).

As small amounts of head movement are difficult to avoid during scanning

sessions. the first step in the analysis of an image time series is to correct for
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unintentional head movement (Friston et al., 1996). The correction of head movement is
especially important when the experimental task may be correlated with head movement,
as changes in signal associated with head movement may therefore appear as task related
brain activity (Hajnal et al., 1994; Field et al., 2000). In addition, in all scanning
sessions head movement will add additional signal variance, decreasing the sensitivity of
the analysis to true task related brain activity (Friston et al., 1996). Head movement
correction was implemented by applying spatial translations and rotations along the x, .
and z axes to realign each of the 80 images in the fMRI time series to the first image in
the time series (Friston et al.. 1996).

Spatial normalization further corrects for difference in the global size and shape
of the functional images by co-registering each image to a standard template image
(Friston et al.. 1995a: Ashburner et al.. 1999). The functional images obtained from each
individual in this study were co-registered to the EPI template image that is included
with SPM99 (Figure 2-2). The EPI template was created at the Montreal Neurological
Institute (MNI), and is the same size and shape as the templates used in SPM for
displaying activation. Spatial normalization facilitates the comparison of data between
subjects and groups by minimizing differences in the size and shape of cerebral
anatomy. In addition, spatial normalization allows the results to be accurately reported in
co-ordinates of a standard stereotactic space (Friston et al., 1995a).

In addition to changes in the BOLD MR signal associated with neuronal
activation. both thermal changes and cardiac and respiratory cycles can introduce
additional fluctuations in signals, or noise. that can interfere with the detection of the

true BOLD activation signal (reviewed by Turner et al., 1998). While this noise can be
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Figure 2-2. EPI template image (SPM 99) and spatially
normalized EPI images

EPI Template Images

Spatially Normalized EPI Images

Figure 2-2. Coronal (A), saggital (B). and transverse (C) views of the EPI template
image and the EPI images after being spatially normalized to that template.
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problematic, smoothing the data by locally averaging the data with a Gaussian function
has been shown to enhance or increase the strength of the true signal, relative to the
signal associated with noise (Friston et al., 2000). While the increase in signal to noise
from smoothing is at the expense of spatial resolution, assessing images using statistical
parametric maps also requires that the data is sufficiently smooth to meet the
assumptions of the Theory of Gaussian fields (Friston et al., 1995¢c; Worsely et al.,
1995).

In this study each image was spatially smoothed with an 8-mm full width at half
maximum (FWHM) Gaussian kernel. 8-mm FWHM has been shown to be particularly
effective for detecting robust activity within the primary cortical regions and is
considered an acceptable trade-off between sensitivity and spatial resolution (Friston et
al.. 2000). The time series was also temporally smoothed with a high pass filter and a
low pass filter. In addition to minimizing low frequency drifts and high frequency noise
in the time series. temporally smoothing the time series provides a known temporal
autocorrelation function that is modelled at the estimation stage of analysis (Friston et
al.. 1995b; Worsely and Friston, 1995). The MR signal of each image in the time series

was also proportionally scaled to ensure that the signal of each had the same global mean

voxel value.
2.2.6. Statistical analysis

Statistical inference in SPM99 (Friston et al., 1995¢c: Worsely et al., 1995) is
based on the use of the general linear model to perform an independent statistical test for

every voxel in an image. The general linear model, also known as regression analysis, is
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a model that explains the variation of the observed variable (Y) in terms of a linear
combination of explanatory variables (a) and an error term (g):
Y=Ba+eg

In fMRI, there is one observed MR signal (Y) for every scan in the time series
(i.e.,80 scans) at that voxel. Each scan or time point in the time series is also associated
with a specific explanatory value. a. The explanatory variables are defined by a
numerical code or reference function describing the experimental condition to which that
point in the time series corresponds. For example, in this study a box car reference
function (where values of 0 and 1 were assigned to scans acquired during the rest and
activation blocks. respectively) was used to model the experiment. Each observation (Y)
in the time series was therefore associated with a value of 1 or 0 depending on whether it
occurred while the subject was at rest or while engaged in an activation task. The final
parameter in the model, beta (B), is estimated by determining the single value that when
multiplied by each of the explanatory variables is the best overall fit for the observed
signal time course. Following the estimation of . the products of the parameter estimate
and the reference function at each time point are referred to as the fitted values. At each
time point in the time series, the observed variable for that voxel would now have actual
values and fitted values. The r-statistic for each voxel (parameter estimate, p / sum of
the squared difference between the actual and fitted values) is a measure of how well the
observed MR signal at that voxel fits the experimental design.

In this study the experiment was modeled with a box-car reference waveform.

that was convolved with a temporal delay estimated to approximate delay of the
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haemodynamic response. Using the general linear model a r-statistic was calculated for
each voxel. Voxels with t-values that survived a threshold of p<0.05, corrected for
multiple non-independent comparisons, were classified as significantly active.

The locations of activated clusters were displayed on binary statistical images.
referred to as maximum intensity projection images, in which voxels are classified as
either active or inactive (Friston et al., 1995¢). Activity was also superimposed onto
surface renderings of a standard brain that is based on templates developed at the
Montreal Neurological Institute (MNI). While all active voxels are collapsed onto a
single image plane in the maximum intensity projection display, in a surface rendering
the intensity of colour is used as an indication of voxels’ location relative to the brain
surface. Specifically. intensity of colour decays exponentially with the distance of the
active voxel from the surface of the brain. Since information from every voxel in the
brain is included with these methods. they are particularly useful for displaying
widespread activity.

The MNI space utility, developed at the PET Laboratory at the Institute of the
Human Brain (Russian Academy of Sciences. St. Petersburg. Russia) was used to create
reports about the localization of SPM99 activation based on the Talairach atlas
(Talairach and Tournoux, 1988). The MNI space utility transforms the MNI coordinates
which are implemented in SPM99 in mm, into Talairach coordinates using nonlinear
transformations. The Talairach coordinates were used as input into the stand-alone
version of the Talairach Daemon to get the appropriate Talairach Atlas Labels for each
voxel cluster.

2.2.7. Single subject/session analyses
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In an effort to fully assess the within subject and between subject variability, the
data from each of the ten different subjects and from each of the ten scanning session
from the one individual subject were analysed independently. Voxels that survived a
probability threshold of p<0.05 (corrected for multiple comparisons) were classified as
active. In addition to visually assessing the activity, the spatial extent and percent BOLD
signal change associated with each motor task was quantified for each subject in the
multi-subject group (group data set) and for each session from the additional subject
(individual data set). Significant differences between groups were determined using a
one way analysis of variance (ANOVA), and post hoc comparisons were made using
Bonferroni corrected t-tests. Significance for every analysis was accepted at p<0.05.
2.2.8. Multi subject/session analyses

To explore the association between single subject and group activation. a test for
significant motor activity within each data set was assessed using both fixed and random
effects analysis. The rationale for including both types of analysis was to determine if
there was a difference between the average effect and the typical effect within and
between each data set. The fixed effects analysis involves using the general linear model
as described above. However, the observation at each time point for that voxel is based
on the average signal from all of the subjects or sessions. The results therefore provide
an indication of the average effect within the group of data (Friston et al.. 1995¢). A
random effects analysis on the other hand, is implemented by entering the contrast
images from the individually analyzed data into a one-sample t-test. Since the one
sample t-test specifically models between subject or session variance, a random effects

analysis identifies the typical activity across multiple subjects or sessions. Random
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effects analysis therefore accounts for significant variability between sessions by
removing related activity from the statistical parametric map (Holmes et al., 1998). In
both the fixed effects and random effects analyses, voxels that survived a threshold of
p<0.05 were classified as active.
2.3 Results

While subjects in both data sets were tested in independent sessions, it was
assumed that the results of multiple tests of the same subject would be a relatively
effective estimation of variability of responses associated with intra-subject variability.
In contrast, the results from a group of multiple young healthy subjects would be
influenced more by inter-subject variability.
2.3.1. Task performance

Following detailed instructions and a brief practice session, all subjects were able
to perform the tapping task with ease. Although the task was repetitive and the scanning
runs were relatively short. during every scanning run both the rate and amplitude of
finger tapping were observed from the control room to ensure that every subject
consistently performed the task according to the given instructions. As expected, there
were no observed variations in task performance.
2.3.2. Single subject/session analyses

In order to characterize the reproducibility of activation associated with right
and left hand finger tapping, data from each subject in the group data set and each
sessions in the individual data set were first assessed independently using standard single
subject analysis based on the general linear model (Friston et al., 1995¢). Voxels that

survived a threshold of p<0.05 are shown displayed on maximum intensity projection
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images for each of the ten sessions acquired from the individual subject (Figure 2-3), and
each of the ten different subjects (Figure 2-4). Figure 2-5 shows an example of the
BOLD signal change of the peak voxel in the primary motor cortex over a time series of
alternating blocks of rest and repetitive finger tapping.

2.3.2.1. Primary somatosensory and motor cortex activation

Upon visual inspection, it is evident that although the size and focal location of
activation varied. the largest and most dominant cluster of active voxels in every
independently analyzed subject and session was relatively well localized to the frontal
and parietal regions surrounding the central sulcus. This included both the precentral
gyrus. known as the motor cortex which is primarily involved in the control of voluntary
movement. and the postcentral gyrus which is the site of the somatosensory cortex
involved more with processing sensory and proprioceptive information.

Although the somatosensory and motor cortices have relativelv well defined
independent functions. sensation and proprioception are closely linked to voluntary
movement. In fact one of the primary sources of input of the motor cortex is from the
primary somatosensory cortex. In addition, both the motor cortex and somatosensory
cortex form pathways that mediate the opposite side of the body (Nyberg-Hansen et al..
1965). As expected, the results show that cortical activity was lateralized to the cerebral
hemisphere contralateral to the hand that was performing the motor task.

While it is evident that the experimental parameters implemented in this study
are effective for detecting contralateral cortical motor activity. during both right and left
hand tapping the cluster of contiguously active voxels often extended over several gyri

and sulci within the frontal. parietal and even into the temporal regions in some sessions.



A. Right Hand Finger Tapping

Figure 2-3. MIP images of activity associated with right and left hand finger
tapping from each session in the individual data set
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Figure 2-3. Maximum intensity projection (MIP) images showing active voxels associated with right (A)
and left (B) hand finger tapping in each of the ten sessions labelled 1 through 10 in the individual data

set. Active voxels were significant at p<0.05.
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Figure 2-4. MIP images of activity associated with right and left hand finger

tapping from each subject in the group data set

A. Right Hand Finger Tapping

L s R e - N T
,‘.,_,L - P \ " ¥ ‘( . .:v,
1 2 3 5
.I - ‘
LA v PN N —_Y
® < . ‘e
6 7 8 9 10
B. Left Hand Finger Tapping
IL LT R - '
——— IR I —— —— v
W Te T e :
! i . - - ] |
1 2 3 4 5
—_— « LA , v Y.
‘" - ‘ - iy 3
6 7 8 9 10

Figure 2-4. Maximum intensity projection (MIP) images showing active voxels associated with right (A)
and left (B) hand finger tapping in each of the ten subjects labelled 1 through 10 in the group data

set. Active voxels were significant at p<0.05.



Figure 2-5. The change in BOLD signal assaciated with a time series of
alternating blocks of rest and repelitive finger tapping
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Figure 2-5. A plot showing the typical percent change in BOLD signal relative to the global wholie
brain mean in the peak voxel in a time series consisting of alternating blocks or rest and repetitive
finger tapping modelied with a box car reference function. The solid and dashed lines represent the
fitted and adjusted data respectively.
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More refined pre-processing and perhaps more specific motor tasks may be necessary to
isolate more defined localization of activity within the motor cortex.
2.3.2.2. Other regions of activity

Although in the individual and group data sets the majority of active voxels were
observed in the contralateral motor and somatosensory cortices. smaller clusters of
active voxels were detected in other regions of the brain. However, in both the group and
individual data sets. these smaller clusters of active voxels were primarily associated
with left hand finger tapping. For example. within the individual data set. clusters of
active voxels were observed bilaterally in the cerebellum in four out of the ten sessions.
but only during left hand finger tapping. While the cerebellum is involved in the control
of movement. it is unclear why activity was only detected in the individual data set and
only during left hand tapping. It is important to note that there is no evidence of
longitudinal trends across the ten sessions of the individual data set, indicating that
habituation or practice effects were not a factor.

Within the group data set. in addition to robust activity in the frontal and parietal
regions. in three subjects additional smaller clusters of active voxels were observed in
the supplementary motor area and anterior cingulate gyrus. but once again only during
left hand tapping. While this activity cannot be specifically attributed to a particular
performance or physiological factor, these regions were previously shown to be involved
in higher order motor planning and are preferentially associated with more complex
motor tasks (Rao et al., 1993; Shibasaki et al.. 1993; Boecker et al.. 1998).

Although the motor tasks in this study were relatively simple. the presence of

additional foci of activation associated with left hand tapping is consistent with several
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fMRI studies which demonstrated that task performance with the non-dominant hand is

often associated with additional ipsilateral cortical activity (Kim et al., 1993; Solodkin et
al., 2001). It is important to note however, that the objective of including both right and
left hand tapping was simply to provide a comprehensive assessment of the validity and
specificity of the data. Since every subject in this study was right handed, activation

differences between right and left hand tapping can therefore not be solely attributed to

hand dominance.
2.3.2.3. Consistency of motor activation

Upon subjective visual inspection there is no evidence of substantial differences
in the overall consistency of activity between the group and individual data sets. Despite
some small regions of sporadic activity. overall the anatomical location of activity was
consistent across subjects and across sessions. While in both data sets the location of
activity associated with left hand tapping was more variable than right hand tapping.
overall the results demonstrate that BOLD contrast fMRI at 3T is a valid and sensitive
tool for localizing cortical activity associated with repetitive finger tapping movement.
2.3.2.4. Spatial extent of activation

Although variability in the spatial extent or size of the activity across subjects
and sessions is evident through visual inspection, the spatial extent of fMRI activation
was assessed more specifically by quantifying both the total number of significantly
active voxels throughout the whole brain (total voxel count). and within a sensorimotor
region of interest which included both the contralateral primary somatosensory and
motor cortex (regional voxel count). Due to the low spatial resolution of EPI images. the

regional voxel count included all contiguous voxels within the dominant cluster of active
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voxels in the precentral and postcentral gyri, and therefore in some cases also included
voxels from adjacent frontal and parietal gyri.

As shown in Figure 2-6, within the individual data set both the mean number of
active voxels throughout the whole brain and within the contralateral sensorimotor
region were larger during finger tapping with the left hand compared to the right hand.
In contrast, within the group data set both the mean number of active voxels throughout
the whole brain and within the contralateral sensorimotor region were greater during
finger tapping with the right hand compared to the left hand. Overall however, an
ANOVA at p<0.05 showed no significant differences between the total and regional
voxel counts between the right and left hand tapping within or between the group and
individual subject data sets.

Despite the fact that there were no significant differences in the mean total and
regional voxel counts within each data set. the voxel counts associated with right and left
hand tapping from the independently analyzed data from each subject in the group data
set and each session in the individual data set were quite variable. For example, within
the individual data set. the total number of active voxels observed during right hand
finger tapping ranged from 55 to 539 voxels (mean 283.0 *+ 53.8), while the size of
activation in the contralateral sensorimotor region ranged from 55 to 477 voxels (mean
263.7 + 47.6). During left hand finger tapping the total number of active voxels ranged
from 33 to 1034 voxels (mean 469.0 + 103.5) and the size of activation in the
contralateral sensorimotor region ranged from 33 to 589 voxels (mean 332.6 + 58.0).

Within the group data set the total number of active voxels associated with right



Figure 2-6. The mean spatial extent of activity associated with right and left
hand finger tapping in the individual and group data sets.
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Figure 2-6. The mean size of activity within the whole brain (A) and w ithin the sensorimotor region
(B). associated with right (grey bars) and left (white bars) hand finger tapping in the individual and
group data sets were not significantly different at p<0.05. [Error bars represent the standard error ( SE)].
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hand finger tapping ranged from 31 to 1024 voxels (mean 489.8 + 113.0), while the size

of the activation within the sensorimotor region ranged from 31 to 987 voxels (mean
465.2 £ 115.3). During left hand tapping the total number of active voxels within the
group data set ranged from 60 to 898 voxels (mean 347.1 + 79.2) and the size of
activation within the sensorimotor region ranged from 60 to 809 voxels (mean 322.0 +
69.8).

It is important to note that the range of voxels counts in the group and individual
data were both influenced by a few atypical observations within each data set, indicating
that the presence of unexpected or atypical activation was equally prominent in the
group and individual data sets. In addition to demonstrating that the spatial extent of
activity is just as reproducible in a data set made up of different subjects as in a data set
comprised of the same subject. these results also verify that the mean extent of activity
in each data set is comparable. This suggests that the relative presence of intra and inter-
subject variance did not differentially influence the reproducibility of the spatial extent
of activity.
2.3.2.5. Amplitude of BOLD response

In contrast to the spatial extent of activity, the degree of change in BOLD signal
associated with the activation task is not immediately obvious by visual inspection.
Since the data was statistically thresholded at the same level, there was little variability
in the observed t-values within each data set. However, the statistical value at every
voxel is a function of both the size and residual error of BOLD signal change associated

with the activation task (Friston et al., 1995¢). As such. regardless of the statistical value.
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the actual amplitude of BOLD signal change associated with the activation task, which
can be influenced by individual anatomy and physiology, fluctuations in the
neurovascular response, and signal to noise ratio, can still vary between subjects and
sessions (Arguirre et al., 1998).

The BOLD MR signal change associated with the activation task is
conventionally identified from the beta parameter estimated with the general linear
model during at the statistical analysis stage (Friston et al., 1995c¢). Since the signal from
each voxel is scaled to a common global mean value of 100, the estimated size of BOLD
effects is typically described as the percent MR signal change relative to the global mean
intensity.

As shown in Figure 2-7, the mean BOLD response associated with right hand
finger tapping in the individual data set (mean 3.8% + 0.4), was significantly higher than
the mean BOLD response associated with left hand tapping (mean 2.5% + 0.3), as well
as both right (mean 2.2% + 0.3). and left (mean 2.3% + 0.2) hand tapping in the group
data set. Interestingly however. the estimated BOLD signal change from the individual
data set was also variable. especially during right hand finger tapping in which the
estimated BOLD response ranged from 1.9% to 5.3% of the global mean response. The
BOLD response associated with left hand finger tapping also ranged substantially from
1.3% to 4.5%. In contrast. within the group data set, the range of estimated BOLD
signal change associated with right and left hand finger tapping was comparatively
small. For example. within the group data set the estimated BOLD response associated
with hand finger tapping ranged from 1.2% to 3.8% of the mean global signal.

Similarly. the BOLD response associated with left hand finger tapping ranged from



Figure 2-7. The mean estimated BOLD signal change associated with right and
left hand tapping in the individual and group data sets
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Figure 2-7. The estimated mean BOLD signal change (% signal change relative to global mean) during
right (grey bars) and left (white bars) hand finger tapping in the individual and group data sets. * Denotes

signiticance compared to the right hand tapping condition in the individual data set at p<0.05. [Error bars
represent the standard error (SE)).
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1.0% to 3.3% of the mean global signal.

This suggests that the intensity of the BOLD signal change can vary substantially
between scanning sessions even within the same subject. While this may be indicative of
imaging instabilities or problems with the signal to noise ratio, overall in both the group
and individual data sets the range of BOLD contrast fMRI signal change during the
motor task was within the range reported by previous EPI studies (reviewed by Turner et
al.. 1998).

2.3.3. Multi subject/session analyses

To explore the association between single subject and group activation. a test for
significant motor activity within each data set was assessed using both fixed and random
effects analysis. The anatomical location. cluster size. and Talairach coordinates
(Talairach and Tournoux. 1988) of activation observed following fixed and random
effects analyses of activity associated with right hand (Table 2-1) and left hand (Table 2-
2) finger tapping in the individual data set are listed. Activation detected using fixed and
random effects analysis of right and left hand tapping in the group data set are listed in
Table 2-3.

A comparison of voxels that survived a probability threshold of p<0.05 following
fixed and random effects analyses of both right and left hand finger tapping within the
individual data set (Figure 2-8), and the group data set (Figure 2-9) are displayed on
maximum intensity projection images. In addition, the results of fixed and random
effects analyses from each group associated with right hand finger tapping (Figure 2-10)

and left hand finger tapping (Figure 2-11), have been superimposed onto surface

renderings of a standard brain.



Table 2-1. Anatomical localization of activity associated with right hand finger

tapping in the individual data set

Talairach
Coordinates

Fixed Effects Left Superior Temporal Gyrus 667 64 -38 10
Left Lentiform Nucieus
Left Insula
Left Postcantral Gyrus
Left inferior Panetal Lobule
Left/ Right Cerebellum, Anterior Lobe 476 13 32 -10
Left Parathippocampal Gyrus
Left Pre/Post Central Gyrus 335 -36 -30 65
Right/Left Occipitai Lobe 153 4 .92 -5
Left Thalamus 94 -13 13 15
Left Superior/Middle Temporal Gyrus 61 -53 8 -10
Left Inferior Frontal Gyrus
Left Precentral Gyrus
Right Thalamus 60 15 6 15
Random Effects Left Precentral Gyrus 40 24 -19 75

Table 2-1. Cortical regions showing significant (p<0.05) activity associated with right hand
finger tapping in the individual data set assessed using fixed and random effects analysis.

The anatomical labels and cluster size corresponding to the peak voxel Talairach

coordinates (Talairach and Tournoux, 1988) are reported. In cases where an active cluster
included significantly active voxels in more than one cortical region, these additional
regions are aiso listed under that cluster. The order of listing represents the relative size of

antivity,
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Table 2-2. Anatomical localization of activity associated with left hand
finger tapping in the individual data set

Talairach
Coordinates
Analysis Area Cluster Size x ¥ 2
Fixed Effects Right Precentral/Postcentral Gyrus 1035 3 -19 50
Right SupenorMigdie Frontal Gyrus
Right inferior Parietal Lobule
Right Insula 861 2 -1 5
Right Supenor Temporal Gyrus
Right Lentiform
Right/Left Cerebelium, Anterior Lobe 296 2 -49 0
Right Occipital Lobe
Right Anterior Cingulate Gyrus 128 8 -9 50
Right Inferior Parietal Lobule 84 56 -28 20

Right Postcentral Gyrus
Right Supenor Temporal Gyrus
Left Inferior Parietal Lobule 67 53 34 20
Left Supencr Temporal Gyrus
Left Postcentral Gyrus

Left Lentiform Nucleus 59 26 -8 0
Left Precentral Gyrus 44 28 21 75
Right Middle Occipital Gyrus 43 17 92 10
Left Postcentral Gyrus 35 51 19 25
Right Superior/Middie Temporal Gyrus 3 53 47 10
Right Occipital Lobe, Cuneus 25 9 .73 15
Left Supramarginai Gyrus 20 -58 .56 25

Left Supenor Temporal Gyrus

Random Effects  Right Precentral/Postcentral Gyrus 187 45 17 65
Right infenor Panetal Lobuie
Right Superior Temporal Gyrus 42 60 -8 5
Right Postcentral Gyrus
Right Precentral/Pastcentral Gyrus 30 39 19 S0
Right Cerebellum, Anterior Lobe 21 4 -53 0

Table 2-2. Cortical regions showing significant (p<0.05) activity associated with left hand
finger tapping in the individual data set assessed using fixed and random effects analysis.
The anatomical labels and cluster size corresponding to the peak voxel Talairach
coordinates (Talairach and Toumoux, 1988) are reported. In cases where an active
cluster included significantly active voxels in more than one cortical region, these

additional regions are also listed under that cluster. The order of listing represents the
relative size of activity.
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Table 2-3. Anatomical localization of activity associated with right and left
hand finger tapping in the group data set

Talairach
Coordinates
Analysis Area Cluster Size x ¥y :
Right Hand Tapping
Fixed Effects Left Precentral/Postcentral Gyrus 1691 30 26 70
Left Inferior/Supenor Panetal Lobule
Left pAi3dle/Supenor Fronta! Gyrus
LefURight SMA 52 -2 -15 50
Left Antenor Cingulate Gyrus
Right SMA 48 8 2 60
Random Effects Left Precentral/Postcentral Gyrus 317 41 23 60
Left Infenor Panetal Lobule
Left Superior Parietai Lobule 21 -30 .51 65
Left Hand Tapping
Fixed Effects Right Precentral/Postcentral Gyrus 1337 45 23 60
Right Infenior Panetal Lobule
Right SMA 191 8 6 55
Right Antenor Cinguiate Gyrus
Right inferior Parietal Lobule 136 58 -26 25
Right Postcentral Gyrus
Right Supenor Temporal Gyrus
Right Insuia 20 49 <4 5
Right Precentral Gyrus
Random Effects Right Precentral/Postcentral Gyrus 568 43 36 40

Right Inferior Parietal Lobule

Table 2-3. Cortical regions showing significant (p<0.05) activity associated with right and
left hand finger tapping in the group data set assessed using fixed and random effects
analysis. The anatomical labels and cluster size corresponding to the peak voxel Talairach
coordinates (Talairach and Tournoux, 1988) are reported. In cases where an active cluster
included significantly active voxels in more than one cortical region, these additional regions
are also listed under that cluster. The order of listing represents the relative size of activity.




Figure 2-8. Fixed and random effects analysis of activity associated with right
and left hand finger tapping across sessions in the individual data set

A. Fixed Effects Analysis
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Figure 2-8. Maximum intensity projection (MIP) images showing the difference in activation associated
with right and left hand finger tapping following a within group analysis of the data from the ten sessions in
the individual data set using fixed effects analysis (A) and random effects analysis (B). Active voxels were
significant at p<0.05.
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Figure 2-9. Fixed and random effects analysis of activity associated with right :
and left hand finger tapping across sessions in the group data set ;

A. Fixed Effects Analysis
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Figure 2-9. Maximum intensity projection (MIP) images showing the difference in activation associated with
right and left hand finger tapping following a within group analysis of the data

from the ten subjects in the group data set using fixed effects analysis (A) and random effects

analysis (B). Active voxels were significant at p<0.05.
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Figure 2-10. Fixed and random effects analysis of activity associated with right hand finger
tapping in the individual and group data sets

A. Individual Data Set

Fixed cffects analysis

B. Group Data Sct
Fixed cffects analysis

Figure 2-10. Activation associated with right hand finger tapping in the individual data set (A) and the group data
set (B). Active voxels in each data sct assessed using fixed and random effects analysis are shown superimposed
onto surface renderings of the right and left hemispheres of a standardized brain with the corresponding MIP
images. Surface rendering colour intensity was derived from the statistical value multiplied by an exponential decay
function based on the distance of the active voxel from the surface of the brain.
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Figure 2-11. Fixed and random effects analysis of activity associated with left hand finger
tapping in the individual and group data sets

A. Individual Data Set

Fixed cffects analysis
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Figure 2-11. Activation associated with left hand finger tapping in the individual data set (A) and the group data sct
(B). Active voxels in cach data sct assessed using fixed and random effects analysis are shown superimposed onto
surface renderings ot the right and Ieft hemispheres of a standardized brain with the corresponding MIP images.
Surface rendering colour intensity was derived from the statistical value multiplied by an exponential decay
function based on the distance of the active voxel from the surface of the brain.
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While the results of each type of within group analysis are described in more
detail in the following sections, in both fixed and random effects analyses, robust
activity was observed in the contralateral precentral and postcentrai gyri. This is
consistent with the results from the single subject and session analyses, providing
additional confirmation that BOLD contrast fMRI at 3T is a valid and sensitive tool for
localizing cortical activity associated with repetitive finger tapping.
2.3.3.1. Fixed effects analyses

The traditional fixed effects analysis of the multi-subject and multi-session data
sets was implemented in a similar manner as the single subject analysis. However. the
data from every subject and session within the group was included in the estimation of
the general linear model (Friston et al.. 1995¢). As such. the results from the fixed
effects analysis are indicative of the average activity associated with the comparison. [t
is important to note that the results of the fixed effects analyses are generated based only
on the average activity at each voxel. with no regard to the consistency of that response
across subjects or sessions (Holmes et al., 1998).

Compared to the previously reported results of the independent analyses of right
and left hand tapping in each of the ten sessions of the individual data set. as shown in
Figure 2-8. the fixed effects analysis of the average activity across these ten sessions
revealed much more widespread cortical activity. In addition to active voxels in the
lateral and medial regions of the left frontal cortex and the left inferior parietal lobules.
right hand finger tapping was also associated with large clusters of active voxels in the
left lentiform nucleus, insula. and both the superior and middle temporal lobules, the

right thalamus, and bilaterally in the cerebellum and occipital cortex. While left hand
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finger tapping was associated with similar pattern of activation in the contralateral and
posterior regions. additional activity was also detected in the ipsilateral precentral and
postcentral gyri, inferior parietal lobule, superior temporal lobule, supramarginal gyrus,
and lentiform nucleus.

Within the group data set, the fixed effects analysis of right and left hand tapping
(Figure 2-9) showed large clusters of active voxels in the region surrounding the
contralateral precentral and postcentral gyri. During right hand finger tapping. this
dominant cluster of active voxels extended to the left inferior and superior parietal
lobules. as well as the middle and superior frontal gyri. Additional clusters of active
voxels associated with right hand finger tapping within the group data set were also
detected in the left anterior cingulate gyrus. and bilaterally in the SMA. A similar
pattern of activity was observed during left hand finger tapping within the group data set.
with the dominant cluster of active voxels including voxels in the right precentral and
postcentral gyri. inferior parietal lobule. superior temporal lobule and insula. along with
a smaller cluster of active voxels in the right SMA.

While averaging observed responses has traditionally been a common method of
summarizing and compare group imaging data, the results of this study show that a large
number of voxels that were not significantly active in any of the independently analyzed
data reached significance when the average group response was assessed with a fixed
effects analysis. This demonstrates that the average responses within each data set were
not representative of the typical activity across all subjects and sessions.
2.3.3.2. Random effects analyses

In contrast to fixed effects analysis. a random effects analysis is highly sensitive
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to between subject or session variability. While interest in random effects analysis is
relatively new in the field of functional neuroimaging, random effects analysis is useful
for identifying consistent, rather than overall average, activity across subjects or sessions
in a within group analysis (Holmes et al., 1998).

As shown in the comparison of fixed and random effects analysis of the
individual data set (Figure 2-8) and the group data set (Figure 2-9). differences between
fixed and random effects analysis are obvious. In each case. the random effects analysis
is much more conservative. Specifically, in the individual data set the total number of
active voxels within the whole brain associated with right hand finger tapping declined
from 1846 after a fixed effects analysis. to only 40 after the random effects analysis. The
respective voxel counts associated with left hand finger tapping also declined from 2730
to 80. In the group data set. a similar decline was observed as voxel counts declined
from 1684 to 568 during right hand finger tapping. and from 1791 to 338 during left
hand finger tapping.

Furthermore. compared to the fixed effects analyses, following a random effects
analysis the activation associated with finger tapping in both the individual and group
data sets was generally confined to the contralateral frontal and parietal regions. For
example, in both the individual and group data sets activation associated with right hand
finger tapping was observed in the left precentral gyrus, with additional activity in the
left postcentral gyrus and inferior and superior parietal lobules in the group data set.
Activity associated with left hand finger tapping was observed in the right precentral and
postcentral gyri. and inferior parietal lobules in both the individual and group data sets,

while activity was also detected in the superior temporal lobule and the anterior lobe of
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the right cerebellum in the individual data set.

The relationship between the independently analyzed data to the fixed and
random effects analysis of the group activity within each data set demonstrate the
potential limitations of using a traditional fixed effects analysis to summarize group data.
It is evident that unlike the fixed effects analysis, the results of the random effects
analyses were representative of the typical activity within each group. Overall however,

it is evident that strong motor activity in the primary cortical region was observed at

every level of analysis.
2.4 Discussion

The results of this study provide valuable information regarding the feasibility
and stability of fMRI of motor activity observed using a 3T imaging system. First. the
results of this study demonstrated localization of cortical activity that was consistent
with the known organization of the motor system. and previous functional neuroimaging
studies (reviewed by Mattay and Weinberger, 1999). Second, while the spatial extent
and amplitude of the BOLD response varied to a certain degree. there was no evidence
of meaningful differences in either the mean size or amplitude of activation in data
acquired from ten different subjects versus data acquired from one subject tested in ten
sessions. This suggests that the consistency of activation across individuals and sessions
was acceptable. Finally, while we have demonstrated that the technique was sensitive to
the task of interest. in both data sets it was obvious that a random effects analysis is the
most effective means of summarizing multisession and multisubject activation. This
suggests that the results from more traditional fMRI studies that relied on fixed effects

methods to average activity across groups should be interpreted with caution.
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2.4.1. Activation of the motor cortex

The primary motor cortex has been shown to mediate the control of movement
through the descending fibres of the pyramidal tract which terminate on motor neurons
in the ventral horn of the spinal cord. Most of these corticospinal fibres decussate in the
medulla and therefore innervate motor neurons that control the contralateral side of the
body. (Nyberg-Hansen & Rinvik, 1962). The role of the contralateral motor cortex in the
control of voluntary movement has been previously explored in PET and fMRI studies
which have consistently demonstrated robust activity in the contralateral motor cortex
during a variety of motor tasks (reviewed by Mattay and Weinberger. 1999).
Furthermore. several studies have verified that the fMRI localization of motor activity
acquired in pre-operative patients is consistent with direct surgical mapping of cortical
motor activity (Jack et al.. 1994; Puce et al.. 1995; Yousry et al., 1995: Pujol et al.. 1996;
1998: Tomczak et al.. 2000).

As anticipated in light of the dominant role of the primary motor cortex in the
control of voluntary movement and consistent findings from previous functional imaging
studies. we observed strong activation in the contralateral motor cortex at every level of
analysis. This indicates that the experimental protocol was effective, and may be useful
for testing and verifying future more complex fMRI experimental protocols.

2.4.2. Activation of the somatosensory cortex

In addition to activity in the primary motor cortex, active voxels were also found
in the contralateral somatosensory cortex in several subjects and sessions. Since both
tactile sensation and proprioception are closely linked to voluntary movement. this

finding is not unexpected. In fact. there is evidence that even with highly specific motor
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and sensory tasks it is difficult to dissociate activity of the precentral and postcentral

gyri. For example, activity in both the contralateral primary somatosensory and motor
cortices were reported during continuous tactile stimulation of the palm with no
movement (Yetkin et al., 1995). Furthermore, both regions were also active during
finger to thumb tapping when subjects touched the fingertip with the thumb. and when
the same movements were performed without touching the fingertips (Jansma et al.,
1998). Aside from the involvement of somatosensory and proprioceptive feedback in the
control of voluntary movement, it is also possible that the inability to distinguish
between the adjacent gyri is influenced by the low resolution of echo planar imaging

(EPI) fMRI images (Edelman et al.. 1994).
2.4.3. Activation of other cortical regions

While the dominant clusters of active voxels in the independently analyzed data
were localized to the primary cortical regions, following the fixed effects group analyses
smaller clusters of active voxels were also detected in several other regions. This
included the SMA and anterior cingulate gyrus. which were shown in previous studies
to be preferentially active during more complex sequential movements (Rao et al., 1993;
Shibasaki et al., 1993: Boecker et al., 1998).

Since the motor tasks in this study were repetitive, the demands of both
movement programming and execution should have been minimal. It is important to
note however, that with a few exceptions, additional activity was only detected within
each data set following fixed effects analyses of the average response across subjects or
sessions. For example, following fixed effects analyses in both data sets, active voxels

were distributed throughout the contralateral frontal, parietal, and temporal lobules. In
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addition, within the individual data set, activity in the ipsilateral cortex and in the
occipital and cerebellar regions, that was detected in only a few sessions, was
remarkably strong during both right and left hand tapping following the fixed effects
analysis. In contrast, the results of the random effects analysis were more closely
representative of the typical activity in each subject or session. As previously
demonstrated by McGonigle et al., (2000). this illustrates a limitation of using a
traditional fixed effects analysis to summarize multisubject or multisession data.

2.4.4. Variability

While fMRI data is typically used to identify significant differences in the MR
signal between distinct tasks or groups. there is a certain degree of unavoidable
variability in the MR signal that is unrelated to the experimental question. This
variability (reviewed by Turner et al.. 1998). can be associated with individual
differences in the size and location of various sulci within the brain, as well as small
intra-individual fluctuations in neurovascular response. Between scanning sessions there
is often additional variability associated with image acquisition and processing
procedures (such as re-positioning of subject within the scanner/ signal to noise ratio.
head motion. and hardware or system stability).

Although several test-retest studies reported that the size of activation was more
reliable than the location of activation. the location of active voxels were defined by the
specific X. y. z spatial coordinates of the voxels (Yetkin et al., 1996; Rombouts et al.,
1997, 1998, Miki et al.. 2000). For example if the location of an active voxel varied by |
mm along one axis, it was not classified as a replicated response even though the activity

from each session was still localized to the same anatomical region. Conclusions based
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on this type of reliability assessment are therefore limited, since in most experimental
applications fMRI activation is localized to anatomical structures, not specific spatial
coordinates. Furthermore, the reproducibility ratios used in these studies only concerned
reproducibility between two or three trials with no consideration of chance variability.

In the present study. the independently analyzed data show that while the
anatomical localization of activation associated with repetitive finger tapping was
relatively consistent. there were obvious variations in the spatial extent of activity
between subjects and sessions. In fact. even in data from the same subject. the numbers
of active voxels throughout the whole brain and within the sensorimotor region varied
substantially across sessions. Since there was no evidence of any change in task
performance. differences in activation in the primary cortical regions was likely
influenced by either natural fluctuations in individual neurovascular response or
technical issues related to data acquisition. These limitations will be explored in more
detail in the general discussion.

As expected due to the repetitive nature of the task. in both data sets the most
consistent activity was detected in the contralateral primary sensorimotor cortex.
However, although in both data sets smaller clusters of activity were occasionally
observed in other regions. there was no evidence that the data acquired from ten different
subjects was more variable than data acquired from a single subject tested in ten
sessions. Furthermore. the results also demonstrate that small differences in the relative
variability within each data set did not affect the activity detected when the each data set

was analyzed as a group using random effects analyses.
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2.4.5. Conclusions

The results of this study have demonstrated the feasibility of investigating motor
activity at 3T. In summary, while it is evident that a random effects analysis was the
optimal method of summarizing multi-subject or multi-session data. the independent
analyses of single subject and single session data provides more detail about the
consistency of activation. It is difficult to quantitatively assess the validity and reliability
of BOLD contrast fMRI since the true neuronal activity underlying the observed BOLD
signal is unknown. However, during both right and left hand tapping robust activity was
detected in the contralateral sensorimotor cortex in every subject and session. In
addition. there was no evidence that the data acquired from multiple subjects was more
variable than data acquired from a single subject tested over several sessions. This
suggests that the validity and consistency of the data was acceptable. Recent
developments with combined intracellular recording and fMRI in primates (Logothetis et
al.. 2001). will undoubtedly contribute to our understanding of the neuronal activity
associated with BOLD contrast signal. allowing for a more accurate assessment of the

quality and precision of fMRI data.
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3. FMRI OF MOTOR ACTIVITY IN PATIENTS WITH PARKINSON'’S
DISEASE AND HEALTHY AGE-MATCHED CONTROL SUBJECTS

3.1. Introduction

The primary objective of the present study was to compare the cortical activity
detected using BOLD fMRI at 3T in groups of patients with early Parkinson’s disease
(PD) and age-matched control subjects during performance of a repetitive motor task
with the right and left hands. PD is a progressive neurodegenerative disorder associated
with impaired motor ability. Patients with PD experience muscle rigidity and slowness
of movement that is particularly severe during self-initiated sequences of movement.
while movements that are guided by sensory cues are relatively unimpaired (Benecke et
al.. 1987: Georgiou et al.. 1994).

Functional imaging studies comparing patients with early PD to healthy aged
matched control subjects have consistently shown changes in cortical activation
associated with the disease. The most prevalent finding has been relative hypoactivity of
the SMA in patients during performance of movements that are self-directed or not
guided by any visual or auditory sensory cues. This includes sequences of movements
that are performed from memory (Rascol et al.. 1992, 1994, 1997; Samuel et al.. 1997a:
Sabatini et al.. 2000: Haslinger et al., 2000). and tasks where the direction (Playford et
al., 1992) or timing (Jahanashahi et al., 1995) of movements were freely selected by
patients.

SMA activity has been shown to return to the level of healthy control subjects in
PD patients following pharmacological (Jenkins et al.. 1992; Rascol et al.. 1992, 1994:

Haslinger et al., 2001) and surgical treatment (Ceballos-Baumann et al.. 1994, 1999;
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Grafton et al., 1995; Davis et al., 1997; Samuel et al., 1997b; Bluml et al., 1999; Piccini

et al., 2000). As previously discussed, impaired SMA activation in patients with PD is
consistent with the pathology and symptoms of PD. More recently however, several
studies have shown that in addition to impaired SMA activity, patients with PD also
exhibit relatively increased activity in several regions including the lateral premotor
cortex. parietal cortex. cerebellum, bilateral primary motor cortex, and caudal SMA
(Rascol et al.. 1997; Samuel et al., 1997a; Sabatini et al., 2000; Haslinger at al.. 2001).
It has been suggested that this hyperactivity in PD patients is associated with functional
compensation for disrupted striatal motor pathways. At this time however. the basis for
this compensation is not known. It is possible that despite the lack of observable
impairments in task performance (i.e.. rate or amplitude), there are differences in the
cognitive and physiological demands of the task for PD patients and age-matched
control subjects.

Previous functional imaging studies of motor activation in PD patients have only
looked at activity associated with complex sequential motor tasks, either sequential
finger tapping (Rascol et al., 1992. 1994. 1997: Samuel et al., 1997a; Jahanashahi et al..
1995: Sabatini et al.. 2000) or freely selected joystick movement (Playford et al.. 1992:
Haslinger et al., 2001). In addition, it is unclear if abnormal motor activation in PD
patients is associated only with tasks performed with the akinetic hand. In an effort to
fully characterize cortical activation associated with repetitive motor task in PD patients
and age-matched control subjects. the data from each control subject and PD patient in
this study were first analyzed individually. followed by both fixed and random effects

analyses of group effects. The inclusion of single subject analyses provided insight into
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the reproducibility of activity in PD patients and age-matched control subjects, while
simultaneously verifying the validity of the data.
3.2. Methods
3.2.1. Subjects

Six right handed patients diagnosed with early PD (four male, two female, mean
age 56.5 £ 5.21 years) were studied. Data from one additional PD patient was discarded
due to severe motor impairment, while two other patients withdrew from the study prior
to scanning due to difficulties unrelated to the disease. The clinical details of the patients
that were studied are shown in Table 3.1. All patients were studied in the ‘off" condition.
and when applicable patients were instructed to ensure that they avoided taking levodopa
at least 8 hours prior to their visit to the research centre. At the time of testing observed

neurological symptoms in PD patients ranged from undetectable to mild unilateral

resting tremor.

Six right handed healthy control subjects (four male, two female, mean age 55.5
+ 3.06 years) were also studied. A brief medical history interview conducted prior to
testing confirmed that the healthy control subjects had no history of neurological or
psychiatric disease. Informed consent was obtained from all PD patients and control

subjects. This study received ethical approval from the Health Research Ethics

Committee of the Faculty of Medicine.
3.2.2. Motor task. experimental design, data acquisition, and analyses

The motor task, experimental design, data acquisition, and analysis implemented
in this study were described in Sections 2.2. in the previous chapter. In the present

study. the data from the each of the six PD patients and control subjects were first



Table 3-1. Clinical characteristics of patients with Parkinson's disease

Disease Duration

Patient Age (years) (years) Medication Hoehn & Yahr
1 F 72 55 none 2

2 (M) 73 4.5 levodopa 2.5
3 M 53 4 levodopa

4 (M) 50 2 none 1.5
5 M 47 5 levodopa

6 (F) 44 15 none 1

Abbreviations: M = male; F = female.
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analyzed independently with a standard single subject analysis. The results of the single

subject analyses were assessed first through visual inspection, and in more detail by
quantifying the number of active voxels within the whole brain, the number of active
voxels within the motor region, and the percent BOLD signal change associated with the
task relative to rest. ANOVA with Bonferroni post hoc analysis was used to identify any
significant differences in these measures between the group of control subjects and PD
patients. In addition, the data from the PD patients and control subjects were analyzed
as separate groups using both fixed and random effects models. Finally, the contrast
images from each individual analysis was entered into a two-sample t-test to identify
significant differences between PD patients and control subjects. Significance for the
ANOVA and t-tests were accepted at the level of p<0.05.

3.3. Results

3.3.1. Task performance

Following task instructions and a brief practice session all control subjects and
PD patients were able to perform the tapping task with ease. During every scanning run
the rate and amplitude of finger tapping were observed from the control room to ensure
that every subject consistently performed the task according to the given instructions.
There were no observed variations in task performance during any of the scanning
sessions in PD patients or control subjects.
3.3.2. Head movement

Although it is difficult to specifically measure head movement during a standard

fMRI experiment. the estimated image realignment transformations were developed to

correct any differences in image location related to head movement (Friston et al., 1996).
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While the estimated realignment parameters are actually descriptions of the corrections
that were made to realign each image in the time series, the severity of the required
correction are indicative of the relative stability of the image location throughout the
time series. As such we chose to explore these parameters in order to determine if there
were any significant differences in image stability. An ANOVA (p<0.05) was used to
test for significant differences in the mean and maximum realignment parameters
between control subjects and PD patients during left and right hand tapping. As shown in
Figure 3-1. there were no significant differences in the mean degree of movement or
maximum head movement between tasks or groups. In fact. the mean estimated
realignment parameters were similar during finger tapping with the right and left hands
in both the control subjects and PD patients. In both groups however. mean estimated
realignment parameters were slightly greater when the task was performed with the left
hand.
3.3.3. Single subject analvses

Data from each control subject and PD patient was first analyzed independently.
Voxels that survived a threshold of p<0.05 are shown on maximum intensity projections
in Figure 3-2.
3.3.3.1. Location of activity

Upon visual inspection it is evident in each of the PD patients and control
subjects that the majority of active voxels were located in the contralateral sensorimotor
cortex. As shown in Figure 3-2b. activation associated with right hand tapping in the
control subjects was well localized to the precentral and postcentral gyri. In contrast.

during left hand tapping most of the control subjects showed additional activity in the



Figure 3-1. Maximum and mean estimated head movement associated
with right and left hand finger tapping in PD patients and control

subjects.
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Figure 3-1. The maximum (A) and mean (B) head movement (mm) as estimated from the
image realignment parameters associated with right (grey bars) and lett (white bars) hand

finger tapping were not significantly different in PD patients and controls at p<0.03. [Error

bars represent the standard error (SE)|.
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Figure 3-2. MIP images of activity associated with right and left hand finger
tapping from each subject in the PD and control groups
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Figure 3-2. Maximum intensity projection (MIP) images showing active voxels associated with
right and left hand finger tapping in each of the six PD patients labelled ! through 6 (A), and
each of the six healthy aged matched control subjects labelled 1 through 6 (B). Active voxels

were significant at p<0.0S.
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superior temporal gyrus and inferior parietal lobule, while two subjects also showed
activity in the SMA and ipsilateral motor cortex.

In the PD patients, activity associated with both right and left hand tapping was
more widely distributed throughout the cortex (Figure 3-2a). For example, in addition to
large voxel clusters in the sensorimotor cortex, clusters of active voxels in the SMA and
anterior cingulate gyrus were detected in every PD patient. In addition. activation in the
ipsilateral cortex was found in one subject during right hand tapping and in two subjects
during left hand tapping. Cerebellar activity was also observed in some control subjects
and PD patients during both right and left hand tapping.
3.3.3.2. Spatial extent of activation

In order to fully characterize the data from single subject analyses in PD patients
and control subjects. the mean spatial extent of cortical motor activity in each group was
compared (Figure 3-3). Variability in the spatial extent of activity within and between
the groups of PD patients and control subjects was assessed by quantifying both the total
number of significantly active voxels within the whole brain and within a sensorimotor
region of interest which included the contralateral primary somatosensory and motor
cortices. Due to the relatively low spatial resolution of EPI images. the regional voxel
count also included all active voxels that were contiguous with active voxels in the
precentral and postcentral gyri.

Although the majority of active voxels in control subjects were located within the
sensorimotor area, there was a rather large range of total and regional voxel counts.
Within the group of control subjects the total number of active voxels associated with

right hand finger tapping ranged from 28 to 392 voxels (mean 188.3 + 55.4). while the
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Figure 3-3. The mean spatial extent of activity associated with right and left
hand finger tapping in PD patients and control subjects
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Figure 3-3. The mean size ot activity within the whole brain (A) and within the sensorimotor regions
(B). associated with right (grey bars) and left (white bars) hand finger tapping were both significantly
greater in the group of PD patients compared to controls. In both (A) and (B). mean voxels counts
significantly greater than those associated with right hand tapping in controls is indicated by the

symbol *. while # denotes voxel counts sigi ficantly greater than those associated with left hand tapping

in controls. Significance was accepted at p <0.05. [Error bars represent the standard error (SE)].
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voxel count within the sensorimotor region ranged from 28 to 355 voxels (mean 171.1 £
52.7). This is consistent with the image appearance, where with a few minor exceptions
all active voxels were located in either the precentral or postcentral gyri. During left
hand tapping the total number of active voxels ranged from 92 to 491 voxels (mean
325.5 + 68.6) and the size of activation within the sensorimotor region ranged from 44 to
491 voxels (mean 246.0 + 75.9).

Within the group PD patients, the total number of active voxels observed during
right hand finger tapping ranged from 293 to 1236 voxels (mean 770.8 £ 155.0). while
the size of activation in the contralateral sensorimotor region ranged from 135 to 1004
voxels (mean 513.5 + 119.5). During left hand finger tapping the total number of active
voxels ranged from 403 to 1341 voxels (mean 879.5 + 161.8) and the size of activation
in the contralateral sensorimotor region ranged from 159 to 828 voxels (mean 455.5 +
108.8).

An analysis of variance indicated that there were significant differences between
the groups of PD patients and control subjects in both the mean total (p=0.001) and
regional voxel counts (p=0.05) (Figure 3-3). Post-hoc tests verified that the mean total
voxel count associated with right hand tapping and left hand tapping in the group of PD
patients was significantly greater than the mean total voxel count associated with right
(p=0.003: p=0.001) and left (p=0.017: p=0.004) hand tapping in the group of control
subjects. In addition. the mean regional voxel count associated with right hand tapping
in the group of PD patients was significantly greater than the mean regional voxel count

associated with both right (p=0.017) and left hand tapping (p=0.043) in the group of
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control subjects. Although the mean regional voxel count associated with left hand
tapping in the group of control subjects was also substantially lower than that of the
group of PD patients, the difference was not significant at the p<0.05 level.
3.3.3.3. Amplitude of BOLD response

To identify all potential sources of data variability across groups, we also
examined the mean estimated percent BOLD signal change, associated with finger
tapping in each group. As shown in Figure 3-4. in the group of control subjects the mean
estimated BOLD response was similar during right and left hand finger tapping. The
mean estimated BOLD response associated with right hand finger tapping ranged from
1.0% to 2.8% (mean 1.5% £ 0.3) of the mean global signal, while the response
associated with left hand finger tapping ranged from 0.8% to 2.1% (mean 1.3% + 0.2) of
the mean global signal.

In contrast. the mean estimated BOLD response in the group of PD patients was
more variable. especially during right hand finger tapping in which the response ranged
from 0.7% to 1.9% (mean 1.3% + 0.2) of the global mean response. The BOLD
response associated with left hand finger tapping also ranged from 1.2% to 1.9% (mean
1.6% + 0.13). While the overall range of estimated BOLD response associated with
right and left hand tapping was lower in the group of PD patients relative to control

subjects, there were no significant differences in the mean response between groups or

tasks.
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Figure 3-4. The mean estimated BOLD signal change associated with right and left
hand finger tapping in PD patients and control subjects
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Figure 3-4. The estimated mean BOLD signal change (% signal change relative to global mean) during
right (grey bars) and left (white bars) hand finger tapping in PD patients and heaithy controls. There were
no significant differences between the tasks or groups at p<0.05. [Error bars represent the standard error
(SE)].
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3.3.4. Group analyses

To explore the association between single subject and group activation in the PD
patients and control subjects, a test for significant motor activity within each data set was
assessed using both fixed and random effects analysis. The anatomical location, cluster
size. and Talairach coordinates (Talairach and Tournoux, 1988) of activation observed
following fixed and random effects analyses of activity associated with right hand (Table
3-2) and left hand (Table 3-3) finger tapping in the group of PD patients are listed.
Activation detected using fixed and random effects analysis of right and left hand
tapping in the group of control subjects are listed in Table 3-4.

A comparison of voxels that survived a probability threshold of p<0.05 following
fixed and random effects analyses of both right and left hand finger tapping within the
group of PD patients (Figure 3-5) and control subjects (Figure 3-6) are displayed on
maximum intensity projection images. In addition. to directly compare the data of the
PD patients and control subjects, the results of fixed and random effects analyses
associated with right hand finger tapping (Figure 3-7), and left hand finger tapping
(Figure 3-8). are shown superimposed onto surface renderings of a standard brain.

Once again. in both PD patients and control subjects, activity was primarily
localized to the cerebral hemisphere contralateral to the hand that was active. This is
consistent with the results from the single subject and session analyses. providing
additional confirmation that BOLD contrast fMRI at 3T is a valid and sensitive tool for
localizing cortical activity associated with repetitive movement. The results of each type

of within group analysis are described in more detail in the following sections.
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Table 3-2. Anatomical localization of activity associated with right hand finger
tapping in the group of PD patients

Talairach
Coordinates
Analysis Area Cluster Size «x ¥ z
Fixed Effects Left Precentral/Postcentral Gryus 7538 36 23 55
Right/Left SMA
RightLeft Antenor Ciguiste Gyrus

Right Precantral/Postcentral Gyrus
Left Supenor Temporal Gyrus
Left Infenor/Supenor Panetal Lobule
Left Migdie/Inferior Frontal Gyrus
Right Precentrai/Postcentral Gyrus 306 60 30 30
Right Infenor Panetal Lobule
Right Supencr Temporal Gyrus

Left Superior/Middle Frontal Gyrus 93 -23 45 a5

Left Middie/Inferior Frontal Gyrus 91 28 47 -5

Right Inferior/Superior Parietal Lobule 81 32 62 45
Right Supramarginal Gyrus

Right Middle Temporal Gyrus 69 6 62 20
Right Panetal Lobule. Precuneus

Right Lentiform Nucleus 67 28 -13 -5
Right Parahippocampal Gyrus

Right Postcentral Gyrus 43 49 32 50
Right Infenor Parietal Lobule

Right Inferior Frontal Gyrus 41 43 28 10

Left Parietai Lobe, Precuneus 40 <13 75 35

Left Middle Frontal Gyrus 31 36 24 30

Right Lentiform Nucleus 26 26 2 5

Right Cerebeilum, Anterior Lobe 24 6 -51 -10

Right Paracentral Lobule 22 17 -41 50

Random Effects Left Precentral/Postcentral Gyrus 50 30 -24 45

Left Precentral/Postcentral Gyrus 44 36 -32 65

Right/Left Anterior Cinguiate Gyrus a3 0 4 50

Right Supramarginal Gyrus 23 41 45 20
Right Inferior Parietal Lobule

Left Inferior Parietal Lobuie 23 -39 47 55

Left Superior Parietal Lobule 20 23 -60 55

Table 3-2. Cortical regions showing significant (p<0.05) activity associated with right hand finger tapping in
the group of PD patients assessed using fixed and random effects analysis. The anatomical labels and cluster
size corresponding to the peak voxel Talairach coordinates (Talairach and Tournoux, 1988) are reported. in
cases where an active cluster included significantly active voxeis in more than one cortical region, these
additional regions are also listed under that cluster. The order of listing represents the relative size of activity.



Table 3-3. Anatomical localization of activity associated with left hand

finger tapping in the group of PD patients

Analysis

Fixed Effects

Random Effects

Area

Right Postcentral/Precentral Gyrus
Right infenor Panetal Lobule
Right Supenor Parietal Lobule
RightLeft SMA
Right Antenor Cingulate Gyrus
Right Supenor Temparal Gyrus
Right Supramargina! Gyrus
Right Midd!e Frontal Gyrus
Right Thaiamus
Right Lentiform Nucleus
Right Insula
Left Lentiform Nucleus
Left Thalamus
Left Superior Temporal Gyrus
Left Insuta
Left infenor Panetal Lobule
Left Precentral Gyrus
Left Midale/Supenor Frontai Gyrus
Right Angular Gyrus
Right Miadle Temporal Gyrus
Right Supenor Occipital Gyrus
Left Superior Frontal Gyrus
Left Thalamus
Right Superior/Middie Frontal Gyrus
Right Precentral Gyrus
Right InfenorMiddie Frontal Gyrus
Left Postcentral Gyrus
Left infenor Parietal Lobule

Right insula
Right Inferior Frontal Gyrus

Cluster Size «x

2763

707

175

140

63

54

41

41

29

29

41

Tatairach
Coordinates
y

39 -24
21 -19
23 -13
-56 -39
-28 -21
3 .77
-13 13

6 -28
32 a8
56 4
60 -24
34 1

>
-

65

20

70

30

75

35
3s

25

Table 3-3. Cortical regions showing significant (p<0.05) activity associated with left hand
finger tapping in the group of PD patients assessed using fixed and random effects
analysis. The anatomical labels and cluster size corresponding to the peak voxel

Talairach coordinates (Talairach and Tournoux, 1988) are reported. in cases where an
active cluster included significantly active voxels in more than one cortical region, these

additional regions are also listed under that cluster. The order of listing represents the
relative size of activity. Abbreviations: SMA, supplementary motor area.

102



Table 3-4. Anatomical localization of activity associated with right and left hand
finger tapping in the group of control subjects

Talairach
Coordinates
Analysis Area Cluster Size x ¥y :
%
Right Hand Tapping
Fixed Effects Left Precentral/Postcentral Gyrus 729 30 24 70
Left Middie Frontal Gyrus
Left inferior Panetal Lobule
Left Precentra! Gyrus 37 -53 4 20
Left infenor Frontal Gyrus
Random Effects Left Precentral/Postcentral Gyrus 79 28 -26 €5
Left Hand Tapping
Fixed Effects Right Precentral/Postcentral Gyrus 937 51 -38 45

Right infenior Panietal Lobule
Right Supramarginal Gyrus
Right Supernor Temporal Gyrus

Right SMA 151 17 15 50
Right Antenor Cingulate Gyrus

Left Precentral Gyrus 61 -47 2 15
Left insula
Left Infenor Frontal Gyrus

Left Inferior Parietal Lobule 52 -83 32 30

Right Thalamus 44 21 -28 0
Right Parahippocampal Gyrus

Left inferior/Superior Parietal Lobule 43 30 498 60
Left Postcentral Gyrus

Left Precentral Gyrus 33 -56 2 25
Left Infenor Frontal Gyrus

Right Superior Temporal Gyrus 23 56 0 0

Random Effects No Suprathreshold Voxels

Table 34. Cortical regions showing significant (p<0.05) activity associated with right and
left hand finger tapping in the group of contro! subjects assessed using fixed and random
effects analysis. The anatomical labels and cluster size corresponding to the peak voxe!
Talairach coordinates (Talairach and Tournoux, 1988) are reported. In cases where an
active cluster included significantly active voxels in more than one cortical region, these
additional regions are also listed under that cluster. The order of listing represents the
relative size of activity. Abbreviations: SMA, supplementary motor area.
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Figure 3-5. Fixed and random effects analysis of activity associated with right
and left hand finger tapping across sessions in the group of PD patients

A. Fixed Effects Analysis

Right Hand Tapping Left Hand Tapping
i L R L R |
i S
i

B. Random Effects Analysis

Right Hand Tapping Left Hand Tapping

L R L R
s IS
! " i .
PR -'*\ # i - [ B
A s‘: . = j
R SRR D
' / k I3
Aal 2 .

Figure 3-5. Maximum intensity projection (MIP) images showing the difference in activation associated with
right and left hand tapping following a within group analysis of the data from the six PD patients using fixed
etfects analysis (A) and random effects analysis (B). Active voxels were significant at p<0.05.
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Figure 3-6. Fixed and random effects analysis of activity associated with right and
left hand finger tapping across sessions in the group of healthy control subjects

A. Fixed Effects Analysis
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Figure 3-6. Maximum intensity projection (MIP) images showing the difference in activation associated with
right and left hand finger tapping following a within group analysis of the data from the six control subjects
using fixed effects analysis (A) and random effects analysis (B). Active voxels were significant at p<0.05.
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Figure 3-7. Fixed and random effects analysis of activity associated with right hand finger
tapping in the group of PD patients and the group of control subjects

A. PD patient group
Fixed effects analysis

8. Control subject group
Fixed effects analysis

Figure 3-7. Activation associated with right hand finger tapping in the group of PD patients (A) and the
group of control subjects (B). Active voxeis in each group assessed using fixed and random effects
analysis are shown superimposed onto surface renderings of the right and left hemispheres of a
standardized brain with the corresponding MIP images. Surface rendering colour intensity was derived
from the statistical value multiplied by an exponential decay function based on the distance of the active
voxel from the surface of the brain.
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Figure 3-8. Fixed and random effects analysis of activity associated with left hand finger
tapping in the group of PD patients and the group of control subjects

A. PD patient group

B. Control subject group
Fixed effects analysis

Figure 3-8. Activation associated with left hand finger tapping in the group of PD patients (A) and the
group of control subjects (B). Active voxels in each group assessed using fixed and random effects
analysis are shown superimposed onto surface renderings of the right and left hemispheres of a
standardized brain with the corresponding MIP image. Surface rendering colour intensity was derived
from the statistical value muitipliied by an exponential decay function based on the distance of the active
voxel from the surface of the brain.
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3.3.4.1. Fixed effects analyses

A fixed effects analysis of a multisubject data set is implemented in a similar
manner as the single subject analysis. However, the data from every subject in the group
is included in the estimation of the model. As such, the results from a fixed effects
analysis is indicative of the average activity of the data set (Friston et al., 1995). As
shown in Figure 3-7. the results of the fixed effects analysis of activity associated with
right and left hand finger tapping showed a substantial difference between the group of
PD patients and control subjects. Perhaps the most remarkable observation is the large
extent of activity associated with finger tapping in the group of PD patients. A total of
8336 and 4078 voxels were classified as active in PD patients during right and left hand
tapping. respectively. As shown in Figure 3-5a. while the most robust activity detected
within the group of PD patients was localized to the contralateral sensorimotor cortex.
large clusters of active voxels were also found extensively throughout the ipsilateral
cortex and in the medial frontal regions.

Within the group of control subjects (Figure 3-6a), the results of the fixed effects
analysis more closely resemble the responses of individual analyses of motor activity in
these subjects. As expected however, since a fixed effects model of group activity
simply combines the data from multiple subjects into a single analysis (Friston et al..
1995). the extent of activity associated with finger tapping was more spatially extended.
For example, while the mean number of active voxels associated with right hand tapping
in the six single subject analyses was only 188.33 (% 55.43). 766 voxels were classified
as active following the fixed effects analysis of the average group response. The 1344

voxels classified as active from the fixed effects analysis of activity associated with left
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hand tapping in the group of control subjects included several smaller clusters of active
voxels in the ipsilateral and medial regions of the cortex. Overall however, there is a
clear distinction evident between the within group analysis of the average activity of PD

patients and control subjects when assessed using a fixed effects model for statistical

inference.
3.3.4.2. Random effects analyses

The results of the group analyses using a random effects model are more difficult
to interpret. For example. while a random effects analysis of activity in the group of
control subjects showed a cluster of active voxels restricted to the precentral and
postcentral gyri. there were no significantly active voxels associated with left hand
finger tapping (Figure 3-5b). Unlike fixed effects analysis, since a random effects
analysis is sensitive to between subject variability. the power of the analysis is
dependent on the number of subjects in the group (Holmes et al.. 1998). Given that when
analyzed independently clusters of significantly active voxels associated with left hand
tapping were detected in every control subject. it is likely that the random effect analysis
was inconclusive due to the low number of subjects in the group.

The analysis of the activity in the group of PD patients using a random effects
model was also inconclusive. While right hand finger tapping was associated with small
clusters of active voxels in the contralateral precentral gyrus, postcentral gyrus, inferior
and superior parietal lobes, anterior cingulate gyrus, and ipsilateral inferior parietal lobe
and supramarginal gyrus. the only active region associated with left hand finger tapping
was the right insula. As the results of the independent analysis of each of the PD

patients showed robust and reproducible activation during both right and left hand
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tapping, it is again evident that more subjects are needed to increase the sensitivity of the
random effects analysis of group activity.

3.3.5. Between group analysis

Since the between group comparison is based on a random effect analysis with a
two sample t-test (Holmes et al., 1998), it is not surprising that there were also no
significant differences between PD patients and controls in this analysis. There is
nevertheless strong evidence from the independent analyses of the PD patients and
controls that there are significant and meaningful differences between the two groups.

Further investigation of these obvious trends with larger subject groups is clearly

warranted.
3.4. Discussion

One of the main objectives of this study was to determine if there were any
significant differences in the cortical activity in patients with early PD and healthy aged
matched controls during a repetitive motor task. In both groups. robust activation was
detected in the contralateral sensorimotor cortex. While there was no evidence of
impaired cortical activity in PD patients. compared to age-matched controls every PD
patient showed additional clusters of activity during both right and left hand tapping.
However. although the mean spatial extent of activation across the whole brain and
within the sensorimotor cortex was significantly higher in PD patients compared to
controls. there were no differences in the mean amplitude of the BOLD response. In
addition. fixed and random effects analyses of the activity within each group

demonstrated that while a fixed effects analyses provided an inaccurate representation of
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the typical responses within each group. the random effects analyses were inconclusive
due to the low number of subjects in each group.
3.4.1. Repetitive finger tapping

Since PD patients generally experience difficulty with sequential, self-initiated
movement, it is not surprising that functional imaging studies of PD are dominated by
investigations of sequential motor tasks (Playford et al.. 1992; Rascol et al.. 1992, 1994,
1997: Jahanashahi et al.. 1995: Samuel et al.. 1997a; Sabatini et al.. 2000: Haslinger at
al.. 2001). In addition. one of the earliest PET studies comparing PD patients to healthy
control subjects. reported that a sequential task was more sensitive to impaired activity
in PD patients than a repetitive task (Playford et al.. 1992). Furthermore. functional
imaging studies involving sequences of finger tapping (Rascol et al.. 1992, 1994, 1997:
Jahanashahi et al.. 1995: Samuel et al.. 1997a) or joystick movement (Playford et al..
1992) in PD patients consistently reported relatively impaired activity in the SMA. a
region preferentially active during self-initiated sequential movement (Deiber et al..
1991. 1999: Rao et al.. 1993: Van QOostende et al.. 1997). Several more recent fMRI
studies. including an event related fMRI study. localized this impairment in PD patients
to the rostral. or more anterior subdivision of the SMA (Sabatini et al.. 2000; Haslinger
atal., 2001).

While only sequential motor tasks have been studied thus far. with the increased
sensitivity of fMRL. it is possible that differences between PD patients and controls
could also be detected during the performance of repetitive movement. Unlike sequential
movement which is known to be difficult for PD patients. repetitive movement is

relatively easy for both PD patients and healthy controls (Benecke et al., 1986: Georgiou
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et al.. 1994). Compared to sequential motor tasks, a repetitive motor task should
therefore also minimize any undetectable variability in task performance and demands
among subjects, improving the accuracy of observed data.
3.4.2. Single subject versus group analyses

While group analyses are important for generalizing the results of an activation
study to a larger population, this may aiso conceal important details about the data
(Holmes et al.. 1998; McGonigle et al.. 2000). In this study. activity associated with
right and left hand finger tapping was detected in the contralateral sensorimotor cortex in
every PD patient and control subject when analyzed individually. This suggests that the
data is both valid and consistent.

While there was no obvious evidence of impaired cortical activity in any of the
PD patients during repetitive finger tapping. compared to age-matched controls PD
patients exhibited more widespread cortical activity. This included clusters of active
voxels in the caudal SMA and anterior cingulate gyrus detected during both right and
left hand tapping in every PD patient. Two PD patients also showed additional ipsilateral
activity during left hand tapping. Although the clinical characteristics of the six PD
patients in this study varied to some degree, there was no association between the
duration of disease or history with dopaminergic medication and observed motor
activation.

Previous functional imaging studies have reported relatively increased cortical
activity in PD patients during sequential motor tasks (Rascol et al.. 1997; Samuel et al..
1997a: Sabatini et al.. 2000; Haslinger et al.. 2001). In addition to impaired SMA

activity. relatively increased activity in the lateral premotor cortex and inferior parietal
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region were first reported in a PET study of PD patients during performance of a pre-

learned finger tapping sequence (Samuel et al., 1997a). In the first published fMRI study
with PD patients. Sabatini et al., (2000) reported increased activity in PD patients during
performance of a pre-learned finger tapping sequence in “most of the other known
cortical motor areas™ (p.401). This included the caudal SMA. anterior cingulate. lateral
premotor. primary sensorimotor and parietal cortices. An event related fMRI study also
found increased activity in the bilateral motor cortex, caudal SMA, lateral premotor
cortex and superior parietal cortex in PD patients during performance of freely selected
joystick movements (Haslinger et al.. 2001). In addition. in the first fMRI study of the
effect of levodopa. Haslinger et al.. (2001) showed that both impaired SMA activity and
hyperactivity in PD patients partially recovered to the level of control subjects following
the administration of levodopa (Haslinger et al.. 2001).

While all three previous fMRI studies of PD patients have shown relatively
increased activity associated with performance of self initiated sequences of movement.
the results from this preliminary study demonstrate that relatively increased cortical
activity in PD patients is also associated with repetitive movement with both hands.
regardless of the lateralization of akinetic symptoms. Although the results from the
random effects analyses were inconclusive, it is important to note that aside from the
event related fMRI study by Haslinger et al., (2001), the only other fMRI study of PD
reported only the average activity within the group of six PD patients and six age-
matched control subjects (Sabatini et al., 2000). This may explain why the results were
in agreement with the data from the present study that was either analyzed individually

or using a fixed effects analysis.
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3.4.3. Functional compensation

It has been suggested that increased activity observed in PD patients during
movement is associated with functional compensation for disrupted SMA activity
through the recruitment of cortical regions unaffected by striatal impairment (Rascol et
al., 1997; Samuel et al., 1997a; Sabatini et al., 2000; Haslinger et al., 2001). This idea is
supported by PET studies of recovered stroke patients who were shown to recruit the
ipsilateral motor cortex when performing a movement with the affected hand (Chollet et
al.. 1991: Weiller et al.. 1993; Cramer et al.. 1997: Cao et al.. 1998; Pineiro et al., 2001).
However. in the present study there was no evidence of impaired cortical activation in
any of the PD patients. Furthermore, increased activity in PD patients was associated
with both right and left hand tapping. regardless of the lateralization of motor
impairment. An alternative explanation is that heightened cortical activity in PD is
associated with increased effort required to complete the task consistently and
accurately. In order to consider this possibility. the functional significance of the regions
associated with increased activity in PD will be briefly discussed.
3.4.3.1. Lateral premotor and parietal cortex

The lateral premotor cortex is involved in movements triggered by external
sensory cues, and is therefore generally associated with sensory guided movement
(Godschalk et al.. 1981; Petrides, 1982; Passingham, 1985, 1988 Deiber et al., 1991;
Mushiake et al., 1991; Halsband et al., 1994). The parietal cortex has also been shown to
be important for the production of coordinated motor output by mediating the attentional
control required to produce movements at the appropriate time and in an appropriate

response to stimuli (Deiber et al.. 1991: Jenkins et al., 1994).
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There is evidence that activity in the lateral premotor and parietal cortices
increases with task demands. For example, Winstein et al., (1997) demonstrated that
lateral premotor and parietal activation increased linearly with task difficulty during
visuomotor reaching movements in healthy subjects. In a related PET study, in both PD
patients and healthy controls activation of parietal and lateral premotor regions increased
during performance of sequential movements as the number of items in the sequence
increased (Catalan et al.. 1999). However. for sequences of all lengths. the foci of
activation in lateral premotor and parietal regions were larger in PD patients relative to
controls (Catalan et al.. 1999). This suggests that although there were no differences in
task performance. the task was generally more demanding for PD patients. While
increased sensory or proprioceptive feedback may be a contributing factor. it is evident

that heightened activity in these regions would be associated with increased task

demands.
3.4.3.2. Caudal SMA

Unlike the rostral SMA. which has been shown to be relatively impaired during
sequential movement in PD patients. the caudal SMA was reported to be more active in
PD patients relative to healthy controls (Sabatini et al.. 2000; Haslinger et al., 2001).
While the rostral SMA is highly interconnected with striatal motor pathways, the caudal
SMA receives input from the parietal lobe and has reciprocal connections with the
primary sensorimotor cortex (Luppino et al., 1993). Therefore. while the rostral SMA is
primarily associated with movement preparation. the caudal SMA is active more during
movement execution (Samuel et al.. 1998. Lee et al., 1999). Increased activity in the

caudal SMA would therefore be expected during the performance of motor tasks that
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required greater effort. Indeed, increased force or frequency of movement were shown to
be associated with increased activity in the primary motor cortex and caudal SMA, but

not in the rostral SMA (Dettmers et al.. 1995; Blinkenberg et al.. 1996; Sadato et al..
1996: Jenkins et al., 1997).
3.4.3.3. Anmterior Cingulate

The anterior cingulate cortex, located below the rostral SMA, was shown to be
more active during novel motor tasks. and thus decreased with task habituation
(Colebatch et al.. 1991: Deiber et al.. 1991: Tyszka et al.. 1994: Van Oostende et al..
1997). The anterior cingulate was also found to be correlated with the relative degree of
emotional. attentional. or motivational involvement of the subject during the task
(Devinsky et al.. 1995). Although the role of the anterior cingulate is not as well
understood as other regions. it is reasonable to expect that activity in this region would
increase during tasks that required more effort and attention.
3.4.4. Conclusions

Since the present study is the first fMRI investigation of repetitive tapping with
both the right and left hands in PD patients, the results provide additional insight into
previous fMRI studies of functional compensation in PD during sequential movements
(Sabatini et al.. 2000: Haslinger et al.. 2001). Although the group analyses were limited
due to the low number of subjects in each group, the independent analysis of each
subject and the fixed effects group analysis showed evidence of abnormal activity in PD
patients during performance of repetitive finger tapping with the right and left hands.

While there was no evidence of impaired task performance or cortical activity in

PD patients. relatively increased activity was detected in several regions during both
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right and left hand tapping, regardless of the patients medication history or lateralization
of motor symptoms. Surprisingly, all patients with PD showed large clusters of active
voxels in the anterior cingulate and SMA, regions that have previously been shown to be
relatively impaired in PD patients compared to age-matched control subjects (Playford et
al., 1992; Jahanashahi et al., 1995; Samuel et al., 1997a). However, two more recent
fMRI studies have localized this impairment in PD patients to the rostral region of the
SMA (Sabatini et al.. 2000; Haslinger et al.. 2001), while activity in the caudal SMA
was actually heightened (Sabatini et al.. 2000; Haslinger et al., 2001). Therefore.
increased activity in this study was likely also associated with the caudal SMA. Along
with additional activation in a number of other regions. including the primary motor
cortex. these results suggest that performing the repetitive motor task accurately and
consistently was more demanding, and thus induced greater activation in regions
associated with movement execution in PD patients compared to healthy age-matched
controls.

In addition the sensorimotor cortex and caudal SMA. which are associated with
movement execution. PD patients also showed additional activity in the parietal cortex
and anterior cingulate cortex. These regions were previously shown to be more active
during tasks that require greater attention (Colebatch et al.. 1991; Deiber et al., 1991;
Tyszka et al., 1994; Devinsky et al., 1995; Van Oostende et al., 1997). Even though
there was no evidence of impaired movement or cortical activity, a repetitive motor task
may be more difficult for PD patients to perform automatically. This may have been
influenced both by mildly impaired motor processes and/or the patients cognitive state.

For example. it is possible that patients with movement disorders are more aware of their
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movement especially within the context of clinical evaluation. As such, even a simple
motor task could be associated with increased attention and effort in PD patients.
Unfortunately it is difficult to control the cognitive mind set and relative automaticity
associated with a task. It may be interesting to look for a correlation between increased
activity and individual experience with the task. Another option may be to try to reduce
the automaticity of the task or increase the attention to task in healthy controls by
introducing an unrelated task to be performed simultaneously.

Overall. it is evident that differences in cortical activation in PD patients and age-
matched control subjects can be consistently detected in the individually analyzed data
using a repetitive motor task. However. since the data from the random effects analyses
were inconclusive due to the low number of subjects in each group. further investigation
of the observed trends in a larger data set would be useful. In addition, more subtle
experimental designs may provide more information about the functional significance of

increased cortical activity in PD patients during motor tasks.
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4. GENERAL DISCUSSION

4.1. Technical issues and limitations

There are technical issues associated with fMRI that are important to consider
when interpreting fMRI resuits. These include image artifacts and spatial distortions
associated with echo planar imaging, as well as the influence of inflow effects, draining
veins, and physiological noise on the MR signal. Although each of these issues will be
only briefly summarized here. they are described in more detail in several reviews
(Edelman et al.. 1994: Jezzard and Song. 1996; Turner et al.. 1998; Jezzard and Clare.
1999).

4.1.1. Image artifacts and distortion

Echo planar imaging (EPI) is a method of rapid MR imaging that was originally
developed by Mansfield (1977). In standard MR imaging, a single line of phase encoded
data is acquired following each separate RF pulse. The imaging time therefore depends
on the resolution of the image, which is in turn determined by the total number of phase
encoding steps, and the time between RF excitations (repetition time, TR). In contrast,
during EPI imaging the initial RF pulse is followed by a continuously oscillating readout
gradient (see Edelman et al., 1994). The entire spatially encoded data set can therefore
be sampled following a single RF pulse. Since each line of phase encoded data is
acquired consecutively, the total imaging time is significantly reduced.

EPI is a popular imaging sequence for fMRI because of its speed, for example in
the present study 20 image slices were acquired in 2 seconds. However, EPI images are
particularly vulnerable to image artifacts. Since EPI is highly sensitive to the T

dephasing that is the basis for BOLD contrast. it is also sensitive to magnetic field
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inhomeogeneities associated with susceptibility differences between air, bone and

tissue. Significant signal loss is therefore often seen in regions around the skull base and
in the frontal area near the paranasal sinuses.

Inhomogeneity within the imaging plane also causes geometrical distortions of
the image. More specifically, changes in the resonant frequency associated with
magnetic field inhomogeneities within the frequency or phase encoding directions can
cause the location of the signal to be misassigned, often appearing as a stretched image.
EPI images are particularly vuinerable to geometric distortions due to the low receiver
bandwidth (frequency per point in phase encoding direction). While these spatial
distortions are typically worse at higher field strengths, they can be minimized prior to
data acquisition by global shimming. which involves optimizing the external magnetic
field to correct for field inhomogeneities. In addition. most post-processing software
packages include warping schemes to correct for major spatial distortions.

In this study, spatial distortions were commonly observed in brain regions known
to be particularly vulnerable to image artifacts. This included both the anterior region of
the frontal cortex. and the region near the base of the skull that typically affected image
slices within the occipital and cerebellar regions. While spatial normalization helped
minimize image distortions by co-registering the images to a standard image template.
this technique did not completely correct for spatial distortions (see Figure 2-2).
Moreover. it is unclear if and how this post-processing technique affects the MR signal
and observed cortical activation. Overall however, although spatial distortions were
often observed in certain brain regions as described above. the cortical motor regions

appeared to be relatively unaffected by spatial distortions and artifacts. Additional
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activation in subcortical regions such as the basal ganglia would also have been of

interest. especially when studying PD patients. However. imaging the basal ganglia
using EPI is complicated both by relatively small changes in signal intensity compared
to cortical areas, and the high concentration of iron, and artifactual noise resulting from
the close proximity of this region to the ventricles (reviewed by Mattay and Weinberger.
1999).

The other common image artifacts are low intensity duplicate images called
Nyquist ghosts that appear out of phase with the real image. Ghosting is caused by
gradient eddy currents or field inhomogeneities which can result in slight differences in
the timing of odd and even echoes acquired under the rapidly alternating positive and
negative readout gradient. When the images are reconstructed. slight mismatches in the
timing of odd and even echoes may result in a phase shift which causes part of the signal
to appear 90° out of phase. or one half image away from the real image. Although
correcting the phase mismatch during image reconstruction is an effective way to
suppress ghosting artifacts, effective shimming and optimal gradient stability can also
significantly minimize problems with ghosting. This is important since data analysis can
be compromised if the intensities of the ghosts are correlated with the experimental task.
4.1.2. Inflow effects. draining veins. and physiological noise

Acquisition parameters are important when imaging with EPI. In an EPI
experiment with a short repetition time, the spins of stationary protons may become
saturated, which means that they have insufficient time to fully recover longitudinal
magnetization before the next excitation. During the next excitation. fresh unsaturated

(fully recovered) spins of blood flowing into the region will contribute more to the signal
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than partially saturated protons already present in the region. thereby possibly

interfering with the localization of neuronal activation. The effect of blood flow can be
minimized using sequences with a longer repetition time. These sequences aliow all the
proton spins time to fully recover before the next excitation. Inflow effects are therefore
generally assumed to be particularly problematic with repetition times that are less than
one second (as reviewed by Jezzard and Song 1996; Jezzard and Clare 1999). The
repetition time of 2 seconds that was implemented in this study should have helped
minimized inflow effects.

Another concern with fMRI is that observed brain activity may actually be
mislocated in large draining veins which have little or no close relationship with the
truly active neurons. Indeed. ftMRI studies have shown that the BOLD signal changes in
macrovessels are larger than microvessels. In addition to minimizing the inflow effects.
localization may be improved by including a minor diffusion weighting to remove the
signal from draining veins while preserving the signals from capillaries and parenchyma
(Boxerman et al.. 1995: Song et al.. 1996).

Physiological changes associated with cardiac and respiratory cycles can also
influence the signal. Cardiac pulsations are directly associated with periodic blood flow
and a pulsatile motion within vessels. Respiration is also associated with generalized
changes in blood oxygenation as well as movement effects related to the physical act of
breathing. These ettects are especially disruptive in experiments with repetition times
that are short relative to the cardiac and respiratory cycles (i.e.. TR<l second). where
changes in signal associated with these effects will appear as peaks in images. While

these etfects cannot be avoided. retrospectively filtering these frequencies can minimize
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signal associated with physiological noise (Le and Hu, 1995: Biswal et al.. 1996).

While it is likely that corrections for physiological noise. inflow. and draining
vein effects would influence observed motor activation. no such measures were
implemented in this study. It is therefore possible that some of the reported variability in
the size or extent of the observed BOLD contrast signal in this study could be due to

variable influence of physiological noise both within and between subjects and imaging

sessions.
4.2. Limitations of standard block-design fMRI experiments

In addition to the technical limitations associated with fMRI. there are also
limitations related to experimental design. Standard block-design studies are effective
for localizing cortical activity associated with a task. however the results provide no
information pertaining to individual responses. Event related fMRI. in which a
functional image is acquired following each single stimulus presentation or task
execution rather than a block of continual activation, provides an alternative approach
for activation studies.

In contrast to the rather limited options of a block design experiment. such as that
implemented in this study. event related fMRI is capable of providing more information
about the activation associated with various components of movement selection.
preparation. and execution during motor tasks with varying degrees of physiological and
cognitive demands. For example. event related experimental paradigms can be used to
track the time course of changes in different regions of the brain (reviewed by Buckner.
1998). This could facilitate the evaluation of the processes or mechanisms contributing

to widespread cortical overactivity in PD patients as reported both in this study. and in
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previous functional imaging studies (Samuel et al., 1997; Sabatini et al., 2000;

Haslinger et al., 2001).

4.3. General conclusions

4.3.1. Feasibility of investigating motor activity using fMRI ar 3T

The experiments described in this thesis were designed to provide a
comprehensive assessment of the technical feasibility and reproducibility of fMRI of
motor activity at 3T. Assessing both single subject and group effects in each project
provided an opportunity to fully characterize the consistency of the data and to identify
potential limitations of the experimental design and analysis.

In both studies. cortical activity associated with repetitive finger tapping with the
right and left hands was consistently detected in the contralateral sensorimotor cortex.
This is consistent with the well established findings from previous fMRI studies
(reviewed by Mattay and Weinberger. 1999). In addition. the results clearly
demonstrated that there was no difference in the reproducibility of data acquired from
multiple subjects versus data acquired from a single subject tested in several sessions.
Thus. BOLD contrast fMRI at 3T is a valid and sensitive tool for localizing cortical
motor activity.
+4.3.2. Changes in cortical activation in PD

Results of this fMRI investigation of motor activation in patients with early
Parkinson’s disease demonstrated for the first time that differences between PD patients
and healthy aged matched controls can be detected using a simple repetitive motor task.
While there was no detectable impaired activity in this study. the individually analvzed

images showed more widespread cortical activation in PD patients compared to controls.
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Consistent with previous reports (Samuel et al.. 1997: Sabatini et al.. 2000: Haslinger

et al.. 2001). increased activity was detected in the parietal cortex, lateral premotor and
primary motor cortex. caudal SMA, and anterior cingulate cortex. Previous reports
attributed increased activity to compensatory recruitment of non-striatal motor pathways
in PD (Samuel et al.. 1997: Sabatini et al.. 2000: Haslinger et al.. 2001). It is important
to note however. that increased activity was detected in PD patients during both right
and left hand tapping. regardless of the lateralization of motor symptoms, and the
duration or severity of disease. While there were no obvious changes in cortical
activation associated with the patients’ medication history. the number of medicated
versus non-medicated subjects was essentially too small to determine this unequivocally.

Heightened activity in PD patients was primarily localized to regions associated
with movement execution (i.e.. caudal SMA. sensorimotor cortex). and task related
attention or motivation (i.e.. anterior cingulate. parietal regions). It is therefore possible
that although the task was relatively simple. performing the task accurately and
consistently was more challenging for PD patients. While previous functional imaging
studies have restricted their experiments to sequential tasks which are effective for
detecting impaired (rostral) SMA activity in PD (Jenkins et al.. 1992; Playford et al..
1992: Rascol et al.. 1992. 1994. 1997: Jahanashahi et al.. 1995: Samuel et al.. 1997;
Sabatini et al.. 2000: Haslinger et al.. 2001). we have demonstrated that repetitive motor
tasks are also useful for investigating more diverse changes in cortical activation.
However. since the data from the random effects analyses were inconclusive due to the
low number of subjects in each group. these preliminary results clearly warrant further

investigation. both with larger group sizes. and more specific experimental paradigms.
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Our data suggests that there may be a reduction in BOLD signal change with

increasing age in healthy subjects. The mean BOLD signal changes associated with right
and left hand movement in the group of younger healthy subjects (mean age 25.6 years)
described in Chapter 2 were 2.2% and 2.5% compared to 1.5% and 1.3% in the older
healthy control subjects (mean age 55.6 years) described in Chapter 3. Although
presently little is known about age-related changes in the size or amplitude of BOLD
signal changes associated with movement. it would be interesting to determine what
these changes were. and how they differ in PD patients and healthy controls. In
addition. it is obvious that more detailed information is needed regarding the influence
of task demands on cortical motor activation in PD. Our understanding of the
physiological and/or cognitive processes associated with the changes in activation in PD
will therefore undoubtedly benefit from the development of more elegant experimental
paradigms with larger groups of subjects.

In sum. we have demonstrated that BOLD fMRI at 3T is a teasible. reliable and
consistent strategy to evaluate changes in cortical activity in both healthy volunteers and
individuals with PD. Our results are compatible with what has been previously described

in the literature and may provide new insight into the pathological changes underlying

PD.
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