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Abstract of Thesis

Background: In recent years, structural magnetic resonance imaging (MRI) studies
have shown dramatic age-associated changes in grey matter volume, density and cortical
thickness. Calibrated functional magnetic resonance (fMRI) has become a recognized
technique for quantifying both the cerebral blood flow (CBF) and oxygen metabolism
(CMRO,) changes associated with neural activation. It has been used as an advanced
approach for examining the physiological effects of age-related changes in the brain,
which may be difficult to interpret if measured by the blood oxygen level dependent
(BOLD) signal alone. fMRI studies of aging have revealed increased BOLD response to
tasks of executive function with advancing age, which is generally interpreted as
increased neural activity. However, changes in the cerebrovascular system with age can
alter the BOLD signal, complicating this interpretation. Arterial spin labeling (ASL)
allows simultaneous acquisition of BOLD and CBF information and can be used to
quantify the component parts of the BOLD signal.

Aims: Hyperoxia calibration was applied during fMRI to study neurovascular alterations
and correlations with age. We aimed: (1) address if age-related differences in the BOLD
signal develop from age-related neural plasticity or age-related cerebrovascular changes
during a cognitive Stroop task. (2) Understand the underlying physiology of the BOLD
signal change that is seen with aging. (3) Determine regional variation in physiological
changes with age. (4) Determine regional changes in grey matter density and cortical
thickness with increasing age. (5) Assess the impact of this structural change on
physiological change.

Methods: We used calibrated fMRI approach in 55 healthy participants over an age
range of 18~71 years to determine the relative vascular and neuronal contributions to the
age-related BOLD changes in response to a Stroop task. We analysed the structural data
with the new VBM-DARTEL technique. The cortical thicknesses were analysed using
the FreeSurfer tools.

Results: The BOLD response increased significantly with increasing age but the CBF
response did not alter, such that the BOLD increase is attributed to a significant
reduction in CMRO, response with increasing age. Hence, in this study, the BOLD
increase with age should be interpreted as a reduction in neural activity, which would be
consistent with neurodegeneration. The greatest BOLD increases with age were found
in left and right medial frontal gyri and primary motor cortex and were again linked to a
reduction in CMRO,. Age-related decline in grey matter density and cortical thickness
were widespread, but the frontal regions, in general, exhibit greater thickness changes
than parietal, temporal and occipital. The strongest correlations between age and (BOLD
activations, grey matter density, cortical thickness) were found mainly in the frontal
cortices. The cortical structure—function relationships are different for each sex. Finally,
better performance had been observed to be associated with larger frontal grey matter
density and thicker cortex on some executive tasks, and increased frontal CMRO,
response.

Conclusions: This study demonstrates the relationship between structure, function, and
cognition, as well as the need to take into account alterations in vascular-metabolic
coupling and resting blood volume when interpreting changes in the BOLD response
with aging. It also highlights the added benefit that calibrated fMRI offers in terms of
interpreting the underlying physiological changes that give rise to the measured BOLD
response.
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CHAPTER 1: Introdiction

1.1 Introduction

The human brain has always been one of the organs that has most enthused
the interest of researchers throughout the years. Recently, the science of
neuroimaging has made great progress in helping researchers gain a clearer
understanding of age-related brain changes. The aging population increases, it is of
increasing importance to understand how the brain changes with age and how we

might be able to preserve healthy brain function with age.

Neuroimaging has helped to advance understanding of the brain aging
process, in particular the relationship between cognitive decline and physiological
changes. The aging process involves remarkable changes in brain morphology and
function. As a person ages, significant changes occur in cellular metabolism (Simic
et al., 1997), cortical density (Good et al., 2001b, Sowell et al., 2003, Tisserand et al.,
2004, Van Laere and Dierckx, 2001) and cerebrovascular function (Leenders et al.,
1990, Parkes et al., 2004). It is well documented that aging is accompanied by a
decline in cognitive function (Coffey et al., 1992, Golomb et al., 1994, Gong et al.,
2005, Zimmerman et al., 2006), as well as reductions in grey matter volume (Coffey
et al.,, 1992, Pfefferbaum et al., 1994, Raz et al., 1997) and thinning of the cortex
(Fjell et al., 2009, Salat et al., 2004, Thambisetty et al., 2010, Ziegler et al., 2010).
Age-related changes in brain anatomy, neuronal density, or cerebral metabolism
could significantly influence the blood oxygenation level dependent (BOLD) signal

(Huettel et al., 2001), as measured with fMRI.
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Functional magnetic resonance imaging (fMRI) has become an increasingly
important tool. Most fMRI experiments make use of the BOLD signal as an indirect
measure of neural activity which reflects local changes in deoxyhemoglobin content,
which is a complex function of dynamic changes in cerebral blood flow (CBF),
cerebral blood volume (CBV), and the cerebral metabolic rate of oxygen (CMRO,).
Interestingly, structural studies of the aging brain indicate that prefrontal cortices
(PFC) experience the highest degree of age-related atrophy (Cowell et al., 1994, Gur
et al,, 2000, Raz et al., 2004, Salat et al., 1999). However, even with the
susceptibility of the PFC to aging, greater PFC BOLD activation has been revealed
in many fMRI studies of aging (Cabeza et al.,, 2002, Langenecker et al., 2004,
Milham et al., 2002, Reuter-Lorenz et al., 2000, Zysset et al., 2007), suggesting a
compensatory activity in the older group to aid performance. The PFC is an
important neural substrate underlying executive functions such as attention and
working memory, it also has extensive anatomical connections with many cortical
and subcortical regions (Tamraz and Comair, 2006, West, 1996).

The objective of this study is to demonstrate the relationship between
structure, function, and cognition, as well as the care needed when interpreting
changes in the BOLD response with age. It also highlights the added benefit that
calibrated fMRI offers in terms of interpreting the underlying physiological changes
that give rise to the measured BOLD response. The novelty of this study is that we
collected structural, functional and cognitive information from the same participants,
allowing within-subject intra-relationships between these measurements to be

assessed. The aim of this thesis to determine whether, and to what extent, grey matter
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density, neural activity, and/or vascular responsiveness change with age and how

they impact on cognitive function.

The material, literature review and experiments, are presented in six chapters that are

organised as follow:

Chapter 2 gives a brief overview of the anatomical and physiological features of the
human brain focussing on the frontal cortex. This chapter describes cellular changes
observed in the post-mortem literatures on development and age-related changes that
likely underlie the changes observed with magnetic resonance imaging (MRI). It will
then describe changes in brain structure and functional observed in brain-mapping

studies with increasing age.

Chapter 3 presents a basic overview of the physical principles of MRI parameters
used in this study. It includes sections about Arterial Spin Labelling (ASL) and

functional MRI.

Chapter 4 explains the general design of the study. Data of the participants are
presented, together with procedures employed for data acquisition (both MRI and

fMRI). Neuropsychological assessment tests are also described in details.
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Chapter 5 explores the primary focus of this thesis, which is the use of calibrated
fMRI to determine the relative vascular and neuronal contributions to the age-related
BOLD changes in response to a Stroop task. The motivation for this study arose from
the fact that with increasing age the BOLD signal change is seen to increase in
certain key areas such as the frontal cortex. This is often interpreted as an increase in
neural activity and used to support a model of compensatory activity in the older
group to aid performance. According to the compensation hypothesis (Cabeza, 2002,
Cabeza et al., 1997), increased bilaterality in old adults could help counteract age-
related neurocognitive deficits. However the BOLD response is a complex mix of
neural and vascular factors. The first aim of this chapter is to determine whether age-
related changes in the BOLD signal are neural or vascular in origin through the use
of fMRI technique. We aim to understand the underlying physiology of the BOLD
signal change that is seen with age. We also aim to determine regional variation in
these physiological changes with age, as well as the relationship between these

changes and cognition.

Chapter 6 investigates the link between grey matter density, age and sex using the
new voxel-based morphometry (VBM) registration method; Diffeomorphic
Anatomical Registration using Exponentiated Lie algebra (DARTEL). In addition,
the effect of regional grey matter density on cognition is explored. We hypothesized
that the largest age-related changes in grey matter density would be found within the
frontal lobe (where we had the strongest BOLD activation in chapter 4), and that
decline in cognitive performance would be particularly associated with changes in

grey matter density.
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Chapter 7 illustrates the link between the regional cortical thickness changes and
age. The relationship between cortical thickness and cognition is also considered. We
hypothesized that the largest age-related effects on cortical thickness would be found
within the frontal lobe (the same grey matter regions found in chapter 5), while
decline in cognitive performance tests would be particularly associated with changes
in cortical thickness. We tested for regional differences in cortical thickness among
all subjects and in each sex. We also tested for association between cortical thickness

and brief executive assessment tests.

Chapter 8 summarises and discusses the main findings of this thesis on structural

and calibrated fMRI during a cognitive Stroop task in the normal aged human brain.
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2.1 Aim of Chapter

This chapter provides a brief overview of the basic anatomical and physiological
features of the human brain focussing on the frontal cortex. Further reference can be
obtained from many books on brain biochemistry and neuroanatomy textbooks(Clark
et al., 2010, Crossman and Neary, 1998, Encyclopaedia Britannica, 2008, Kelley and
Petersen, 1997, Kolb and Whishaw, 2003, Martin, 2003, Martini, 1998, Tamraz and

Comair, 2006).

2.2 Brain Structure

2.2.1 Cellular Structure of the Brain

The brain contain several hundred billion neurons (Pakkenberg and
Gundersen, 1997). Most neurons consist of: cell body (soma), nerve fibre (axons)
and the receiving processes (dendrites) (Figure 2.1). The soma contains the nucleus
of the cell and the essential cellular organelles, which are involved in metabolism
and synthesis. Most cell bodies have branches called dendrites, which receive signals
from other neurons through synaptic connection at the dendritic spines. Axons carry
information from one neuron to another, and terminate at the synaptic terminals,
which are attached to the dendrites or soma of another neuron. Signals are transferred
across the synapse by means of a chemical neurotransmitter, whereas electrical

signals transmit information from one part of a neuron to another.
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2.2.3 Lobes of the Brain and Function

Each cerebral hemisphere is divided into four lobes: the frontal, parietal,
temporal and occipital lobes. Each lobe of them controls a different range of
functions. The frontal and parietal lobes are separated by the central sulcus, and the

temporal lobe separated by the lateral fissure.

Frontal Lobe

The frontal lobe (FL) is the largest of the lobes and is the most recently
evolutionary parts of the brain (Tamraz and Comair, 2006). There is a strong relation
between order of developmental myelination and degree of age-related volumetric
atrophy, with regions developing late showing the strongest age-related atrophy
(Raz, 2000). The FL occupies the anterior of the cortex and is bounded posteriorly by
the central fissure and inferiorly by the lateral sulcus. It plays a major role in the
planning and execution of movements (Fuster, 2002, Moscovitch and Winocur,
1995). There are four important gyri in the FL. The precentral gyrus is located
approximately parallel and anterior to the central sulcus. The precentral gyrus
represents the primary motor cortex. The superior frontal gyrus, the middle frontal
gyrus, and the inferior frontal gyrus lie parallel to each other and approximately
perpendicular to the precentral gyrus (Tamraz and Comair, 2006). The FL contains

several functionally distinct regions: motor, premotor and prefrontal (Figure 2.2).

The primary motor area (M1), corresponds with Brodmann’s area (BA) 4, is
located in the dorsal part of the precentral gyrus and in the anterior part of the central
sulcus of each cerebral hemisphere (Figure 2.2) (Tamraz and Comair, 2000). It
works in association with the premotor areas to coordinate and initiate motor

movements (Clark et al., 2005, Goldberg, 1985). M1 can be subdivided into two
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components. M1 located along the midline controls the body below the waist; and
M1 located on the lateral surface of the brain that controls the muscles of the body
found above the waist (Geyer et al., 1996),

The premotor cortex (BA 6 on the lateral surface) is involved in the
generation of a motor sequence from memory that requires accurate timing and also
involved with visuomotor activity (Halsband et al., 1993).

The supplementary motor area (SMA) is located anterior to the M1 on the
medial side of the frontal lobe along the longitudinal cerebral fissure, It corresponds
approximately with BA 6 on the medial surface (Figure 2.2) (Wise et al., 1996). The
SMA can be subdivided into two components. The more caudal component is
associated to movement execution; and the more rostral component that function as a
clearing house for cognitive and motivational information (Rizzolatti et al., 1996).
SMA has also been implicated in actions that are under internal control, such as the
performance of a series of movements from memory (Shima and Tanji, 1998).

The prefrontal cortex (PFC) lies anterior to the motor and premotor areas
(Figure 2.2). It is connected with most other cortices a in specific manner, including
sensory and high-order association areas, and subcortical structures associated with
cognition, memory and emotions (Barbas, 1995, Petrides, 2000). Furthermore, there
are differences in the set of connections of lateral PFC, medial PFC, and
orbitofrontal cortices, consistent with their functional specialization (Barbas, 2000).
PFC cortex is divided into three regions according to function: the dorsolateral
region, the dorsomedial/medial region and the orbital (basal) region. The orbital and
dorsomedial subdivisions of the PFC are included as part of the limbic association

cortex (Kolb and Whishaw, 2003).
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The dorsolateral prefrontal cortex (DLPFC) lies between longitudinal fissure
superiorly and lateral fissure laterally (Figure 2.2). The DLPFC has been described
as a place where past and future gather (Bonaz, 2003). It looks backward in time to
construct memories from sensory input and looks forward in time to construct a
motor plan of action (Fuster, 1995). DLPFC is associated with motor planning,
regulation, organization and working memory (Barbas, 2000, Barbas and
Zikopoulos, 2007, Goldman-Rakic, 1996, Petrides, 2000). DLPFC corresponds
approximately with BA 46. Activity in this area is reported to be associated with
working memory, finger movements and freely generated words (Lau et al., 2004,
Petrides, 2000). Brodmann’s areas 6, 8, and 9 become activated when a working
memory task must be continuously updated (Wager and Smith, 2003). The more
ventral dorsolateral cortex is responsible for preparation during short-term storage
(Owen, 2000). The frontal eye fields are found on the dorsolateral frontal cortex and
correspond with BA 8 (Figure 2.2). The frontal eye fields contribute to voluntary eye
movements (Jeffrey D, 2004).

Broca’s speech area occupies BA 44 and 45 on the inferior frontal gyrus
(Figure 2.2). This region is specialized on the dominant side of the cortex for the
production of speech (Amunts et al., 2004). Broca’s area is involved in word
retrieval as well as in verbal fluency (Amunts et al., 2004, Caplan et al., 2000).

The anterior cingulate cortex (ACC) is a similarly important region in
cognitive control that interacts strongly with dorsolateral prefrontal areas (Barbas et
al., 1999). The ACC has strongly involved in emotions and long-term memory
(Allman et al., 2001, Devinsky et al., 1995). The ACC was also involved during
demanding cognitive tasks and reported to have a key role in cognitive-emotional

interactions (Barbas and Zikopoulos, 2007). The medial PFC in the anterior cingulate
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have strong connections with medial temporal and hippocampal structures associated
with long term memory, and with central autonomic structures associated with
expression of emotions (Barbas and Zikopoulos, 2007).

The dorsomedial component of the prefrontal cortex (DMPFC) extends from
the SMA to the orbital of the PFC, contains the anterior portion of the cingulate
gyrus, medial portion of superior and middle frontal gyri. The DMPFC is involved in
the combination of motor, sensory, emotional information and is important in
motivation and initiation of activity (Barbas, 2000, Barbas and Zikopoulos, 2007,
Owen, 2000, Petrides, 2000).

The orbitofrontal (basal) region is the most inferior region of the PFC,
extending from the basal part of the frontal pole anteriorly, to the olfactory areas
posteriorly. The orbitofrontal reported to be associated with emotional, social
behavior, and impulse control (Bechara and Van Der Linden, 2005). Inhibitory
conirol also arises from the orbital and medial prefrontal cortex (Fuster, 2002).
Brodmann’s areas included in the orbitofrontal cortex region are 11, 12, 13, and 14

(Figure 2.2) (Fuster, 2002).

Parietal Lobe

The parietal lobe (PL) is bounded anteriorly by the central sulcus, inferiorly
by the lateral sulcus, and posteriorly by the parieto-occipital fissure (Figure 2.2). It
has been heavily involved in the higher cognitive functions of the brain and
concerned with perception of stimuli related to touch, pressure, temperature and pain
(Clark et al., 2010). Moreover, the left parietal lobe might be more specialized in
discriminating visual events that are important for action observation and movement

control (Rushworth et al., 2001). Sensitivity to spatial information when perceiving
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causality was correlated with activation of the right parietal lobe (Shulman et al.,

2010).

The PL consists of the primary somatosensory (somesthetic) cortex (BA areas
1, 2, and 3), the superior parietal lobule (BA 5 and 7), and the inferior parietal lobule
(BA 39 and 40) (Figure 2.2). The superior parietal lobule corresponds with BA 5 and
7. It is found on both the lateral and medial aspect of the cortex. The precuneus
includes BA 7 and 31 on the medial aspect (Figure 2.2). The superior parietal lobule
contains a representation of the body, limbs and a map of the space immediately
surrounding the body (Colby and Goldberg, 1999, Sakata et al., 1997). The lateral
interparietal area next to BA 7 are important in determining the relative behavioral
importance of available visual objects and directing attention to a particularly salient

object (Yantis et al., 2002).

The inferior parietal lobule corresponds with the supramarginal gyrus BA 40
and the angular gyrus BA 39 (Figure 2.2). It has been proposed that inferior parietal
lobule may serve a specialized function in the expression of attention (Ciaramelli et
al., 2010). The inferior parietal lobule functions to encode and retrieve a motor
sequence (Rothi et al., 1985). Increased activation of dorsal posterior parietal cortex
at stimulus encoding predicts success in recognition memory, whereas activation in
ventral posterior parietal cortex at encoding predicts success in incidental memory
and perceptual priming tests (Uncapher and Wagner, 2009, Wimber et al., 2010).
The angular gyrus (BA 39) is mainly involved in transforming visual messages to the
selection of a motor order (Ruby et al., 2002). The temporo-parietal junction includes

portions of the inferior parietal lobule and superior temporal gyrus (Vallar et al.,
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1999). This area is known to play an important role in self-other distinction processes

and theory of mind (Saxe and Kanwisher, 2003).

Temporal Lobe

The temporal lobe (TL) is bounded dorsally by the lateral fissure and
importantly houses the auditory cortex. The transverse gyri (Heschl’s gyrus; BA 41
and 42) are located on the superior surface of the superior temporal gyrus (Figure
2.2). Brodmann’s area 41 corresponds with the primary auditory cortex; and BA 42
constitutes the secondary auditory cortex. The TL also contains the superior BA 22,
middle BA 21, inferior temporal gyri BA 20 and the cortex of the temporal pole BA
38 (Figure 2.2). Language is related to the posterior superior temporal gyrus and is
lateralized to the left dominant side (de Guibert et al., 2011). Speech sounds are
analyzed by the left TL (Binder et al., 2000). Pauses during speech, used in speech
planning and word retrieval, were reported to be associated with activation of the left
superior temporal sulcus BA 22 and 39 (Figure 2.2) (Kircher et al., 2004). The
superior temporal sulcus BA 22 is important in social perception using visual signals
such as movements of the hands, mouth and eyes (Blakemore and Decety, 2001). It
has been found that the right superior temporal area plays a role in spatial awareness

(Karnath et al., 2001).

The posterior portions of the middle and inferior temporal gyri next to the
occipital lobe are heavily involved with visual processing (Blumberg and Kreiman,
2010). The inferior temporal area is found to be activated during sexual arousal and
is related to the perception of the visual stimuli as sexual in nature (Stoleru et al.,

1999). Brodmann’s area 37 is the caudal portion of the middle and inferior temporal
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gyri, which lie inferior to the parietal lobe (Figure 2.2). The left posterior inferior

temporal area BA 37 functions to process letters and words (Buchel et al., 1998).

The fusiform gyrus is strongly activated when viewing images of human
faces (Hasson et al., 2004, Haxby et al., 2001). The posterior lateral fusiform gyrus,
known as the fusiform face area, is a visual area that becomes activated when
viewing faces (Narumoto et al., 2001). The inferior temporal gyrus BA 20 is the last
processing step for the ventral visual system to object feature analysis (Figure 2.2)

(Mega et al., 1997).

The insular cortex lies deep within the lateral fissure and is located between
the temporal lobe and parietal lobe. It has been suggested to be a gateway between
the somatosensory areas and the limbic system and has been included as a
component of the limbic integration cortex (Augustine, 1996). The insula plays a role
in the appreciation of emotional aspects of pain, negative emotions, the processing of
tastes, the memory of procedures, and the control of motor responses as well as
interpersonal behaviour (Wicker et al., 2003, Wright et al., 2004). It is also a part of
the articulatory loop, which is important in processing verbal material (Paulesu et al.,
1993) and is activated during inner-speech generation (Shergill et al., 2000). The
insular cortex is divided into two parts: the larger anterior insula and the smaller
posterior insula. The anterior insula BA 43 is activated during sexual arousal in men
(Stoleru et al., 1999). The posterior insula has been identified as the cardiac control
cortex (Oppenheimer, 1993). The temporal pole, the orbital prefrontal cortex, and the

insula are recognized as components of the paralimbic cortex (Flynn, 1999).
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Occipital lobe

The occipital lobes (OL) form the posterior pole of the cerebral hemispheres,
lying posterior to the parieto-occipital sulcus and the pre-occipital notch laterally
(Figure 2.2). One of the main functions associated with the OL is simple and
complex visual analysis (Sereno et al., 1995, Zeki and Moutoussis, 1997). The OL is
divided into several functional visual areas. The first functional area is the primary
visual cortex BA 17, which occupies a large portion of the medial aspect of the
occipital lobe (Figure 2.2). Brodmann’s areas 17 contains a low-level description of
the local orientation, spatial-frequency and color properties (Kolb and Whishaw,
2003). Brodmann’s areas 18 and 19 are the secondary and tertiary visual areas where
visual processing occurs (Clark et al., 2005, Stuart, 1993, Tamraz and Comair,
2006). These areas are involved in the translation and interpretations of visual
impressions transmitted from area 17 (Zeki and Moutoussis, 1997). Face recognition

and identification of objects occurs here as well (Grill-Spector et al., 1998).
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cavernous sinus (the carotid siphon), and then it continues upward to the surface of
the brain. It bifurcates into the anterior cerebral artery and the larger middle cerebral
artery.

The vertebral arteries join between medulla and pons to form the basilar
artery. It has a number of branches supplying the cerebellum, brain stem and
occipital lobe. The internal carotid and vertebrobasilar systems are joined by the
posterior communicating arteries, which form the Circle of Willis (Figure 2.4). Large
cerebral arteries arising from the circle of Willis branch out into smaller pial arteries
and arterioles. Pial arteries give rise to penetrating arteries and arterioles that enter
into the substance of the brain. Arterioles become gradually smaller, lose the smooth
muscle cell layer, and become cerebral capillaries. The density of brain capillaries is
regionally heterogeneous and varies according to regional metabolic demands (Ward
and Lamanna, 2004). Brain endothelial cells are unique in that they are not
fenestrated and are sealed by tight junctions. Endothelial cells take part in an
important role in the regulation of vascular tone by releasing vasoactive factors, such
as nitric oxide (NO), free radicals, prostacyclin, endothelium-derived

hyperpolarizing factor, and endothelin (Faraci and Heistad, 1998).
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cells, ATP consumption increases, oxidative metabolism increases to restore ATP,
and CBF increases to supply nutrients and carry away metabolic products (Buxton,
2010). However, the mechanisms involved are complex, and this simplistic picture is
no longer thought to be accurate (Attwell and Iadecola, 2002). Some of these

contemporary models are described in chapter 3.

2.4 Aging Brain

2.4.1 Cortical and Neuronal Changes

Neuroimaging has helped to advance our understanding of the aging process.
As we age, notable changes occur in cellular metabolism (Simic et al., 1997), brain
cortex (Chen et al., 2007, Courchesne et al., 2000, Cowell et al., 1994, Good et al.,
2001b, Gur et al., 1991, Pfefferbaum et al., 1994, Raz et al., 2004, Resnick et al.,
2003, Sowell et al., 2003, Sullivan et al., 2004, Tisserand et al., 2004, Van Laere and
Dierckx, 2001) and cerebrovascular function (Leenders et al., 1990, Parkes et al.,
2004). Degeneration of the cortical tissue is generally considered to be a part of the
normal aging process and has been documented in all of the major lobes of the brain
(Cowell et al., 1994, Raz et al., 2004, Tisserand et al., 2002). Many structural studies
of the aging brain agreed that age-related differences are largest in frontal or
prefrontal areas (Coffey et al., 1992, Cowell et al., 1994, Good et al., 2001b, Raz et
al., 2004, Tisserand et al., 2002). The rate of reduction throughout the cortex is not
uniform, but rather region specific with regions such as the PFC being very

vulnerable to age-related changes (Raz et al., 2004, Sowell et al., 2003).
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Grey Matter Changes:

Many volumetric imaging studies examined the effects of aging on brain
tissue found notable grey matter volume changes with age (Courchesne et al., 2000,
Cowell et al., 1992, Cowell et al., 2007, Cowell et al., 1994, Leonard et al., 2008,
Pfefferbaum et al., 1994, Raz et al., 2004, Resnick et al., 2003, Sowell et al., 2007,
Sowell et al., 2003, Sowell et al., 1999). Sowell et al. (2003) used MRI and cortical
matching algorithms to map grey matter density in 176 healthy subjects (age from 7
to 87 years). They reported that cortical grey matter changes do not have the same
general rate of decline throughout the cortex. The visual, auditory, and limbic
regions show a general linear decline in grey matter density; while the frontal and
parietal lobes show non-linear age effects on grey matter density. The posterior
temporal cortices had a unique nonlinear rate of decline. It was characterized by
gradual increase in grey matter density until the age of thirty, and remained stable
until later years when a steep decline in grey matter density began to occur.

Raz et al. (2004) measured volumes of 13 regions of interest and cerebral
hemispheres in 200 healthy subjects using MRI. They found that different segments
of the brain cortex age faster than others. They stated that LPFC was the portion of
the cortex that was most vuinerable to the effects of aging. The primary visual
cortex, the anterior cingulate, and the inferior parietal cortices did not show any age-
related differences. The hippocampus demonstrates a significant decline starting in
the fifth decade of life. Another study done by Resnick et al. (2003) examined the
effects of age and sex on the rates of change for regional brain volumes and
ventricular volume in 92 subjects (age 59-85 years). Using images from 4 years
follow-up, they revealed a significant longitudinal loss of grey matter volume in the

frontal and parietal cortices, compared with temporal and occipital. Grey matter loss
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was most pronounced for orbital and inferior frontal, cingulate, insular, and inferior
parietal regions. Cowell et al. (1994) studied both age and sex effect in regional brain
volumes in 130 subjects (age 18-80 years). They noted that the frontal and temporal
lobes volume decrease with increasing age and males have greater age-related

reduction than females.

White Matter Changes:

There is still disagreement regarding white matter volume decreases in
ageing. Several studies have documented reduced global and regional white matter
volumes with increasing age (Courchesne et al., 2000, Raz et al., 2004, Resnick et
al.,, 2003, Sowell et al., 2003, Sullivan et al., 2004), especially in the frontal lobes
(Raz et al., 1997, Salat et al., 1999). However, other imaging studies have not found
evidence for global white matter volume decreases (Good et al., 2001b, Pfefferbaum
et al., 2000, Raz et al., 1997, Taki et al., 2004).

It has been suggested that white matter volume shows a linear increase up to
the early 20s followed by a flat period stretching into the 60s, and then a linear
decline into the 70s and beyond (Courchesne et al., 2000, Pfefferbaum et al., 2000,
Sullivan et al., 2004). These studies suggest that white matter volume loss
accelerates in the eighth and ninth decades relative to the sixth and seventh. Sowell
et al. (2003), however, found that white matter volume increased until about the age
of 43 with a decline thereafter. Good et al., (Good et al., 2001b) noted trends for
nonlinear age effects in global white matter volume, and regionally, cortical white
matter loss was most prominent in frontal and occipital regions. Taki et al. (2004), on
the other hand, found that white matter volume did not significantly correlate with

age in each sex.
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Cortical Thickness:

A typical interpretation of the brain cortical thinning is that degenerative
processes including loss of myelinated axonal fibers (Nairn et al., 1989), shrinkage of
large neurons (Terry et al., 1987), reduction in synaptic density (Morrison and Hof,
1997) and deafferentation (Bertoni-Freddari et al., 2002) causes a shrinkage of the
cortical thickness. Comparable to the results of the grey matter from some
volumetric studies (Raz et al., 2004, Sowell et al., 2003), age is associated with
widespread thinning of the cerebral cortex (Fjell et al., 2009, Salat et al., 2004).
Furthermore, similar to the results reported by some volumetric studies (Coffey et
al., 1992, Cowell et al., 1994, Gur et al., 2000, Raz et al., 2004, Salat et al., 1999),
cortical thickness of the frontal lobe specifically prefrontal cortex, and temporal lobe
are reduced with age (Fjell et al., 2009, Salat et al., 2004, Thambisétty et al., 2010,
Ziegler et al., 2010). Moreover, a relative thinning of the cerebral cortex in aging is
usually associated with decreased cognitive function (Chee et al., 2009, Dickerson et

al., 2008, Fjell et al., 2006).

Neuronal Changes:

As well as gross structural changes in brain volune, neuronal changes in the
brain cortex have also been examined in aging. As noted earlier (Terry et al., 1987),
neuronal shrinkage, rather than cell loss, accounts for the cortical volume loss
observed during the normal aging process. The number of neurons in the adult brain
has been shown to decrease or shrink with age and certain regions seem to be more
exposed to loss than others (Uylings and de Brabander, 2002). Studies examining

specific regions and different types of cells confirm that there is a significant loss of
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neurons with age (Simic et al., 1997, West, 1993). The frontal cortex has been shown
to be especially liable to neural degeneration (Uylings and de Brabander, 2002).
Post-mortem studies of human brains have shown that a decrease in neurons
corresponds to a decrease in overall cortical volume (Gur et al.,, 1991, Harding et al,,
1998, Pakkenberg and Gundersen, 1997). Uylings and Barbander (2002) discussed
whether changes in the number of cortical neurons, dendrites, and synaptic density
were general or specific. The results indicated that the frontal cortex and portions of
the hippocampal region are the most affected by neuronal aging. They concluded that
the brain regions that are critical for learning and memory are those that have the
greatest loss of neurons, dendrites, and reduction in synapse. In contrast, the visual
cortex was relatively spared from neuronal degeneration. They suggested that the
synapse is the portion of the neuron that is most easily affected by aging and so is
likely to have the most significant impact on changes in cognition. When comparing
neuronal changes in healthy subjects and those with Alzheimer’s disease, Uylings
and Barbander (2002) found that the association cortices are the areas most affected
by both the normal aging process and Alzheimer’s disease. However, the primary
visual cortex and the somatosensory cortex appear essentially spared from this type
of change.

Grachev et al. (2001) tested the hypothesis that brain chemical increases
during normal development become reduced as part of the aging process. Their
results indicated that chemical conceniration was highest in the prefrontal cortex for
both groups. However, compared with the younger adults, older subjects had a
significant decrease in chemical concentration in the dorsolateral prefrontal, orbital
frontal, and sensorimotor cortices. In contrast, brain regions such as the cingulate,

insula, and thalamus showed no age related difference. Surprisingly, while there was
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a marked loss of neurotransmitters in the PFC in the older subjects, the loss of
neuronal volume in the PFC was relatively small. They suggested that the changes in
chemical concentration might be connected with patterns of neural regression, such
as a decrease in axons, dendrites, synaptic connections, neural death, and general

neural atrophy.

2.4.2 Functional Changes

Functional neuroimaging studies have examined the effect of age during rest
and during cognitive test performance. Studies of brain function using techniques
such as positron emission tomography (PET) and functional magnetic resonance
imaging (fMRI) have revealed consistent changes in the level and pattern of brain
activity with age.

Some studies reported that older adults show lower levels of blood
oxygenation level dependent (BOLD) activation, in a wide variety of tasks and brain
regions, than younger adults (Logan et al., 2002, Madden et al., 1996). Two different
interpretations have been proposed for this low BOLD activation (Logan et al.,
2002). One is that aging is associated with an irreversible loss of neural resources.
Another one is that resources are available but poorly recruited. Notably, however,
greater frontal cortex BOLD activation has been revealed in many fMRI studies of
aging, suggesting increased neural activity, (Cabeza et al., 2002, Langenecker et al.,
2004, Milham et al., 2002, Zysset et al., 2007). Another common cbservation is that
older adults show nonselective recruitment of brain regions. That is, older adults
regularly show the recruitment of different brain areas in addition to those activated

in the younger adults when performing the same task. This bilateral activation of
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brain regions, has been classified into a model of neurocognitive aging referred to as
Hemispheric Asymmetry Reduction in Older Adults (HAROLD) (Cabeza, 2002).
This model suggests that, under similar condition, cortical activity tends to be less
lateralized in older than younger adults. Cabeza (2002) suggested that these changes
in cortical activation is not task specific but rather represents a general aging
phenomenon. As the phenomenon became established, two contrasting views
emerged which served to explain the mechanisms that drove HAROLD

(compensation and dedifferentiation).

According to Cabeza (2001), the compensation mechanism looks at
neurological changes in aging as a means to counter act cognitive deficits that often
accompany aging. Examples of compensation would include increased bilateral
activation and greater recruitment of the PFC for memory tasks as evident in the
study Cabeza et al. (2000). The alternative view to compensation, dedifferentiation
mechanism, looks at changes in neural activation as a sign of declining organization
in the cortex. This view interpreters changes in activation as a reflection of older
individuals difficulty in engaging and maintaining highly specialized neural
pathways (Cabeza, 2002). An fMRI study done by Milham et al. (2002) investigated
the changes in neural activation during the performance of the color-word Stroop
task. Specifically, this involved looking at the neural components involved in
attention control in younger and older subjects. The results found that older subjects
had decrease responsiveness of those portions of the cortex, specifically the
dorsolateral prefrontal and parietal cortices, which are associated with attentional
control. The older subjects had more extensive activation in the ventral visual cortex
and interior inferior PFC. The occurrence of additional neural activation in the older

subjects combined with reduced attention ability lend support to the dedifferentiation
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hypothesis. Milham et al. (2002) suggested that the lack of discrete activation in the

cortex for the specific task resulted in reduced performance.

Cabeza (2002) discussed two contrasting views on the origin of changes in
functional asymmetry, namely the psychogenic view and neurogenic view. The
psychogenic view argues that changes in cortical activation result from older
individuals engaging different cognitive strategies from their young counterparts,
while the neurogenic view argues that the changes are a result of alterations in actual

neural mechanisms (Cabeza, 2002).

HAROLD model is supported by functional neuroimaging evidence in a
variety of cognitive tasks, including episodic memory retrieval (Cabeza et al., 1997,
Madden et al., 1999), episodic encoding (Logan et al., 2002), working memory
(Reuter-Lorenz et al., 2000), perception (Grady, 2000, Grady et al., 1994), and

inhibitory control (Nielson et al., 2002).

One further observation is that the brain response in posterior regions has
been found to be lower in older adults, whereas anterior regions show greater
response than in younger individuals. This relative shift from posterior to anterior
involvement has been termed the Posterior—Anterior Shift with Aging (PASA),
which has been typically attributed to functional compensation (Dennis and Cabeza,
2008). PASA was first reported by Grady et al. (1994)in a PET study that
investigated perception of faces and locations. In both conditions, older adults
showed weaker activity than younger adults in occipitotemporal regions but greater
activity in anterior regions, including the PFC. They suggested that older adults
recruited anterior regions to compensate for sensory processing deficits in

occipitotemporal regions.
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Many PET and fMRI studies have found the PASA pattern across a variety of
cognitive functions, including attention (Cabeza et al., 2004), visual perception
(Huettel et al., 2001) visuospatial processing (Nyberg et al., 2003) working memory
(Grossman et al.,, 2002) episodic memory encoding (Dennis et al., 2007) and

episodic memory retrieval (Cabeza et al., 2004).

Previous PET and fMRI studies have found differences in frontal cortex
activation between young and healthy older adults during a variety of cognitive
functions. Such as, older adult showed stronger PFC activation during attentional
tasks (Cabeza et al., 2004, Langenecker et al., 2004, Madden et al., 2002, Milham et
al., 2002, Nielson et al., 2002). However, older adult showed weaker activity in the
visual cortex but more activity in PFC (Grady, 2000, Grady et al., 1994, Huettel et
al., 2001, Madden et al., 1997). In episodic memory encoding study, PFC activity
was less asymmetric in older adult than in younger adult (Grady et al., 1995). During
episodic memory retrieval, age-related decreases in activation were found in right
PFC and right parietal regions, whereas age-related increases in activation were
found in the left PFC, bilateral anterior cingulate and cuneus regions (Cabeza et al.,
2004, Cabeza et al., 1997, Madden et al., 1999).

As well as looking at functional changes with age, a number of groups have
considered changes in the baseline physiological properties of the brain, including
CBF and cerebral metabolic rate of oxygen (CMRO,). Conflicting results have been
observed concerning baseline CBF and CMRO,, as resting CMRO, may either
remain constant (Goldstein and Reivich, 1991) or decline with age (Marchal et al.,
1992, Yamaguchi et al., 1986). The observed age-related decreases in resting-state

CBF, as measured with PET (Leenders et al., 1990), are consistent with the ASL
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studies that have shown regionally dependent decreases in CBF with advancing age
(Parkes et al., 2004).

One problem with previous fMRI studies of aging is that the magnitude of
BOLD response varies across brain regions, subjects, and populations. This
variability may be secondary to neural activity, and could reflect vasculature
differences. Calibrated fMRI provides an opportunity to separate neural and vascular

contributions to the BOLD signal, as described in Chapter 3.
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3.1 Aim of Chapter

A detailed description of the nature of the MR signal and MR physics is beyond the
scope of this thesis. Essentially, however, to provide essential background to help
understand the basic methodological of the blood oxygenation level dependent
(BOLD) response that is used in fMRI a brief basic review of MR physics is
presented. Further reference can be obtained from MRI and fMRI physics texts
(Buxton, 2002, Chavhan, 2007, Haacke et al., 1999, Jezzard et al., 2001, McRobbie

et al., 2007, Westbrook et al., 2005).

3.2 Magnetic Resonance Imaging

3.2.1 Introduction

In 1938, Isidor Isaac Rabi documented the first observation of Nuclear
Magnetic Resonance (NMR) during a molecular beam experiment (Rabi et al.,
1938). Soon after that the property of (NMR) was first described by Felix Bloch and
Edward Purcell in 1946 (Purcell et al., 1946, Bloch, 1946) who then were awarded
the Nobel Prize in physics In 1952. Later in 1973, Lauterbur (1973) and Mansfield
(1973) used the principles of NMR to establish Magnetic Resonance Imaging (MRI),
for which they also received a Nobel Prize in 2003. The basis of the current MRI
techniques didn’t appear until 1975 when Richard Ernst proposed MR imaging using
phase and frequency encoding and used the Fourier Transform for image processing.
A new imaging technique, functional magnetic resonance imaging (fMRI), came

about in 1990 (Kwong et al., 1992, Ogawa and Lee, 1990). This technique allows the
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mapping of the function of different regions of the brain. Today MRI technology is
continually improving and is used in basic science and clinical research as well as
medical practice.

There are many diffusion MRI techniques, each of which are sensitive to a
different property of the tissue. For example, diffusion imaging is sensitive to the
microscopic diffusion of water; fIMRI or blood oxygenation level dependent (BOLD)
imaging is sensitive to changes in deoxyhaemoglobin concentration. They are all
based on the same fundamental principles of NMR and make use of similar

equipment.

3.2.2 The physical basis for MRI

The atom consists of a nucleus spinning about it own axis, electrons orbiting
the nucleus and spinning on their axis. The nucleus of an atom consists of two
particles: protons that have a positive charge and neutrons that have no net charge.
Because the nucleus is positively charged and is spinning, it develops magnetic
properties and behaves like a bar magnet (Chavhan, 2007, Haacke et al., 1999). It has
a magnetic moment which means it will interact with an external magnetic field. The
magnetic moment is a vector quantity having both magnitude and direction. All
nuclei with an odd number of protons are magnetically active such as 1H, 13C, 19F,
31P, and 23Na (Chavhan, 2007, Haacke et al., 1999). In this thesis (and the vast
majority of MRI), we only consider the MR signal arising from the hydrogen (1H)
nuclei in water, which contains a single proton. Because of the spin characteristics of
the hydrogen proton, if it is placed in the bore of the external magnetic field, the
magnetic moment of the proton will align either parallel or anti-parallel with the
direction of the magnetic field (Bo) (Chavhan, 2007, Haacke et al., 1999). In addition
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Where wo is known as the precessional, Larmor or resonance frequency. The symbol
y refers to the gyromagnetic ratio, which is a constant unique to every atom. For
hydrogen protons, y = 42.56 MHz per Tesla. Therefore the precessional frequency of

the hydrogen proton at 3 Tesla is wp = 128 MHz. Increasing magnetic fields will

increase the precessional frequency (Chavhan, 2007, Haacke et al., 1999).

When placing many protons in a magnetic field, these randomly moving
protons align antiparallel and a slight majority aligns parallel (Sands and Levitin,
2004). The parallel orientation has a slightly lower energy state. An increase in the
strength of the magnetic field will increase the proportion of protons in the parallel
direction. It is this excess of protons in the lower energy state that are accessible to
us in an MRI experiment. Using an MRI system with a stronger magnetic field will
allow us to gain access to more protons, so increasing the signal in our measurements
(Chavhan, 2007, Haacke et al., 1999).

The magnetisation of the protons in the antiparallel direction will cancel an
equal amount of magnetisation from protons in the parallel direction. The remaining
magnetisation will be parallel to the direction of (Bo). This is the net magnetization
vector (NMV) (Chavhan, 2007). The NMV is composed of two components of
magnetization; one the magnitude of the magnetization in the direction of By is
referred to as the longitudinal magnetization, and the other one in the magnetization
orthogonal to By is known as the transverse magnetization (Haacke et al., 1999).

In an NMR experiment, a person is placed in a uniform magnetic field and an
oscillating radio frequency (RF) pulse is applied into the tissue. This pulse excites
nuclei away from their resting state into higher energy state. At its resonant
frequency, a nucleus can absorb electromagnetic energy from the RF pulse that can

affect the direction of its magnetization. As a result, if the RF pulse is applied at the
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resonant frequency of the sample and in a plane orthogonal to By, the net
magnetization of the sample will tip toward a direction orthogonal to Bo. Eventually,
the magnetization recovers back to align with the direction of Bo with a time constant
T (Chavhan, 2007, Westbrook et al., 2005). Throughout the recovery period, the
molecules continue to rotate around the axis of the external magnetic field. Two
processes with time constant T; and T describe the relaxation back to the low energy
state. The T, constant (longitudinal relaxation) (Figure 3.2) measures the relaxation
in the direction of the By magnetic field. T, depends upon tissue composition,
structure and surrounding. T; relaxation is fastest when the motion of the nucleus
matches that of the Larmor frequency. As a result, T; relaxation is dependent on the
main magnetic field strength that specifies the Larmor frequency. Higher magnetic
fields are associated with longer T, times. The T, (Spin — spin or spin dephasing)
constant (Figure 3.2) measures the transverse relaxation of the dipole that is
perpendicular to the By field. When the NMYV is precessing in the transverse plane it
induces a signal in the receiving coil. This signal is called free induction decay (FID)
signal (Chavhan, 2007, Westbrook et al., 2005). The signal decays because the
protons experience slightly different magnetic fields and so begin to precess at
slightly different frequencies. Thus, they move out of phase with each other and the
NMYV decays. The decay is exponential and is described by the time constant To* (T

two star) (Haacke et al., 1999).

T,* relaxation is the loss of transverse signal due to the dephasing of
individual spins, and combines the effect of T, dephasing with that due to
inhomogeneities in the external magnetic field (Logothetis and Wandell, 2004).. It is
characterized by loss of transverse magnetization at a rate greater than T,. In the

brain, these inhomogeneities increase in the presence of deoxygenated blood, causing
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3.3 Arterial Spin Labeling Signal (ASL)

There are two techniques for measuring absolute quantification of blood flow
using MRI: Arterial Spin Labeling (ASL) and dynamic contrast-enhanced {DCE)
bolus tracking (the injection of an exogenous endovascular tracer). ASL is a non-
invasive and non-ionising MRI technique which has provided reproducible
measurements of cerebral blood flow (CBF) directly (Petersen et al., 2006). ASL
utilizes the magnetic properties of the blood itself to obtain image contrast by taking
the difference of two sets of images. First, the arterial blood inflowing towards the
slice of interest is magnetically tagged just below the slice of interest by applying
inversion pulses. After a time TI, the tagged image is acquired when the labelled
blood has reached the slice of interest. Then, a second image of same slice of interest
is acquired again without tagging the inflowing arterial blood to create another image
(called the control image). Finally, the difference between the control image and the
tag image will produce a perfusion-weighted image. This image will reflect the
amount of arterial blood delivered to each voxel within the slice within the transit
time.

There are mainly two approaches to ASL perfusion imaging: Continuous
ASL (CASL) and Pulsed ASL (PASL). The CASL technique utilizes continuous
inversion of the arterial blood by applying continuous RF pulse, whereas PASL
employs a single inversion pulse. Several versions of PASL exist, including
EPISTAR (echo planar imaging and signal targeting with alternating radiofrequency)
(Figure 3.3) and FAIR (flow-sensitive alternating inversion recovery) (Buxton, 2002,
Deibler et al.,, 2008, Jezzard et al.,, 2001, Petersen et al., 2006). The PICORE
(Proximal inversion with a control for off-resonance effects) technique was used in

this study (Wong et al., 1997), which is a variation of the EPISTAR technique.
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For both CASL and PASL, an important source of systematic errvor in the
quantitation of perfusion is the delay between the application of the tag and the
arrival of tagged blood into the imaging slice. This error known as ‘transit time
effect’” (Wong et al., 1998). Several modifications of PASL have been used to
eliminate this effect. One such modification is the quantitative imaging of perfusion
using a single subtraction version II (QUIPPS II) technique. This technique was
proposed by Wong and designed to control the duration of the arterial bolus width
(Wong et al., 1998). The QUIPSS II modification to PASL is to add a series of
saturation pulses, after the inversion pulse and before the imaging excitation pulse,
which hits the same tagging band as the inversion pulse. The difference in the
magnetization between tag and control images is proportional to perfusion. The
QUIPSS II modification is used to remove transit delay sensitivity. The current
research used Q2TIPS to quantify perfusion. Q2TIPS is known as (QUIPSII with
thin-slice TI; periodic saturation). It is a variation on the QUIPSSII, which offers
improved accuracy of CBF measurement (Luh et al., 1999). In Q2TIPS the saturation
pulse, which is applied to the tagging region at time TI; in QUIPSSII, is replaced
with a train of thin slice saturation pulses at the distal end of the tagging region.

As the ASL technique relies on biophysical models to quantify the
physiologic parameters from measured MR signals, several fundamental assumptions
have been used in these techniques to simplify the quantification procedures. Single-
compartment models had been employed in ASL assuming an instant water
exchange between blood and brain tissue and constant cerebral blood volume (CBV)
in both steady and dynamic states (Buxton et al., 1998, Detre et al., 1992). Other
studies have attempted to improve quantification of CBF by using a two-

compartment model and assuming limited permeability (Parkes and Tofts, 2002,
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Zhou et al., 2001). For this study, the perfusion-weighted images were converted into
quantitative CBF maps using a single blood compartment model described by Parkes
and Tofts (2002). This model assumes that the labelled water does not cross the
capillary wall or leave the voxel during the inversion time. This model requires only
one inversion time, and does not depend on arrival time or vessel wall permeability.
Parkes and Tofts (2002) reported a high level of accuracy (<10% error) in CBF
estimates in grey matter using this model, in comparison to a full two-compartment
model.

The ASL method measures a physiological quantity, CBF, which is tightly
linked to neural activity, and can be used to significantly enhance the interpretation
of fMRI experiments. As compared to BOLD, ASL measures also have the potential
for providing better localization of the sites of neural activity (Duong et al., 2001,
Luh et al., 2000), due to the fact that ASL measures come from the capillary bed,
whereas BOLD measures come from the veins. ASL measures CBF, and provides
measurements of both the baseline value and the changes with activation value,
whereas BOLD is a complex signal giving only a non-quantitative marker of changes
in neural activity. ASL has the potential to better reflect neural activity as compared
to BOLD. One ASL study suggest that the relation between CBF changes and neural
activity may be more linear than the relation between BOLD and neural activity
(Miller et al., 2001). Several studies have shown that ASL measures can exhibit
decreased inter-subject and inter-session variability as compared to BOLD, possibly
reflecting a more direct link between CBF and neural activity (Aguirre et al., 2002,
Tjandra et al., 2005, Wang et al., 2003). However, ASL techniques have been limited
in use for the reason that they have a low signal-to-noise (SNR); because the

inflowing blood magnetization is typically only about 1 percent of the tissue,
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differences cause dephasing of the MR proton signal (Thulborn et al., 1982), leading
to a reduction in the value of T;* and consequent reduction in the MR signal, by
creating microscopic field gradients within and around those voxels containing the
blood vessels (Ogawa and Lee, 1990, Ogawa et al., 1990b). While oxyhaemoglobin
is diamagnetic and does not produce the same dephasing, changes in oxygenation of
the blood can be observed as the signal changes in T,* weighted images (Jezzard et
al.,, 1994, Ogawa et al., 1990a, Turner et al., 1991). Regionally increased neuronal
activity leads to increased local CBF, CBV and metabolic rate of oxygen
consumption (CMRO,). These all contribute to changes in local blood oxygenation
and so alter the BOLD signal (T,* weighted signal) (Kwong et al., 1992, Ogawa et
al., 1993).

During neural activity it would be expected that while oxygen consumption is
increased, the level of deoxyhaemoglobin in the blood would also increase, and the
MR signal would decrease. However what is detected is an increase in MR signal,
implying a decrease in deoxyhaemoglobin due to the decreases in oxygen extraction
fraction (OEF) and a much larger increase in CBF, which bring with it more
oxyhaemoglobin, and in turn leads to an increase of the MR signal (Kwong et al.,
1992, Ogawa et al., 1992). These are all supported by a previous PET study (Fox et
al.,, 1988) which showed that changes in CBF and CBV upon activation are not
accompanied by any significant increase in tissue oxygen consumption. Moreover,
Vilh’hinger et al. (1993), using near infrared spectroscopy (NIRS), reported an
increase in oxyhaemoglobin, and a decrease deoxyhaemoglobin upon activation. The
CMRO; is increased by only ~15% whereas the CBF is increased ~50% (Raichle et
al., 2006). An increase in the total amount of haemoglobin is also observed,

reflecting the increase in blood volume upon activation (Villringer et al., 1993).
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Therefore the net effect during increased neural activity is a regional decrease in
paramagnetic deoxyhaemoglobin and a consequent increase in BOLD signal.

The BOLD signal intensity change in hemoglobin oxygenation can be
measured by a variety of pulse sequences using a fast GE sequence, such as EPI
(Stippich et al., 2002). EPI is an imaging sequence that allows the collection of a
complete two-dimensional image, following a single excitation pulse. GE sequences
usually achieve higher BOLD-signals predominantly from venous origin; whereas
spin echo (SE) sequences measure lower BOLD-signals predominantly arising from

the capillary bed in brain parenchyma (Hulvershorn et al., 2005b, Hulvershorn et al.,

2005a).

3.4.2 Neural correlates of BOLD

fMRI relies on the BOLD signal which is the result of a complex relationship
between changes in CBF, CBV, and CMRO, accompanying neural activity (Kwong
et al., 1992, Ogawa et al., 1993), In brief, the basic idea of brain activation when
stimuli evoke increased activity in neuronal cells, adenosine triphospate (ATP)
consumption increases, oxidative metabolism increases to restore ATP, and CBF
increases to supply nutrients and carry away metabolic products. However, the
mechanisms involved are very complex. Many studies have identified a coupling
between blood flow and metabolic rate; specifically, the blood supply is tightly
regulated in space and time to provide the nutrients for brain metabolism. Present
data indicate that local field potentials (LFP’s, an index of integrated electrical
activity), form a better coupling with blood flow than the action potentials that are

most directly associated with neural communication (Logothetis et al., 2001). A

61



CHAPTER 3: Functional Imaging of the Brain

recent review by Iadecola (2004) summarizes the role of activity-induced signalling
mechanisms that not only involve neurons but also astrocytes and vascular cells. One
view originated by Roy and Sherrington (1890) stated that functional activity
increased blood flow, which is controlled directly by energy demand. This
relationship between local neural activity and subsequent changes in CBF is known
as neurovascular coupling (»). Regional blood flow is sensitive to variations in the
concentrations of ionic and molecular metabolic vasoactive factors (Roy and
Sherrington, 1890). Attwell and Iadecola (2002) suggested that a glutamate induced
Calcium (Ca2") influx in postsynaptic neurons activates the production of vasoactive
factors. These vasoactive factors, such as potassium (K'), nitric oxide (NO), ATP,
carbon dioxide (CO;) and arachidonic acid metabolites, may directly or indirectly
alter blood flow by either dilation or constriction of the blood vessels (Attwell and
Iadecola, 2002). An alternative view suggested that local blood flow is controlled
directly by neuronal signalling via neurotransmitters (Attwell and Iadecola, 2002).
This mechanism suggests that astrocytes play a role in detecting synaptic activity and
modulating blood flow (Harder et al., 1998, Iadecola and Nedergaard, 2007, Koehler
et al., 2009). A number of chemical processes within the astrocyte link the rate of
glutamate cycling to the production of vasoactive chemical factors (Raichle and
Mintun, 2006).

Interpretation of BOLD measurements is greatly enhanced with the
application of ASL techniques used to image the CBF response to neural activity.
Taken together, the ASL and BOLD signals provide an added insight into the

dynamics and composition of the hemodynamics response to neural activity.
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3.4.3 The calibrated-BOLD method

Davis et al. (1998) introduced the calibrated-BOLD method which
determines the CMRO; response as well as the CBF response with activation by
combining the ASL and BOLD techniques. The combination of ASL and BOLD can
provide much more information than either one alone, and it has become a primary
tool for investigating the physiological mechanisms that underlie the BOLD response
(Brown et al., 2007b, Chiarelli et al., 2007a, Davis et al., 1998, Hyder, 2004, Hyder
et al,, 2001, Leontiev and Buxton, 2007, Leontiev et al., 2007, Restom et al., 2008).
Recently, a new approach to calibration using hyperoxia has been introduced which
offers a number of possible benefits, including increased comfort for the participant,

and no reliance on the noisy ASL signal for calibration (Chiarelli et al., 2007c).

3.4.3.1 Quantification of oxygen metabolism change

The BOLD technique is sensitive to changes in blood oxygenation, which
depends on the changes in CBF, CBV, and CMRO,. The BOLD signal change
correlates strongly with changes in CBF, but it does not provide a direct quantitative
measurement of CBF (Detre and Wang, 2002). The BOLD response associated with
brain activation depends on three physiological factors: (1) the CBF response (the
CBF during activation normalized to the CBF in the baseline state); (2) the fractional
change in CMROg; and (3) a local calibration factor M that depends on the amount of
deoxyhaemoglobin present in the baseline state.

The parameter M was first described by Davis, et al. (1998). Because the
parameter M may vary regionally, and also depends on the echo time used in
gradient-echo or spin-echo fMRI experiments, the parameter M must be measured

for each brain region for the particular experimental acquisition (Chiarelli et al.,
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2007¢, Leontiev et al.,, 2007). To measure M, the CO; inhalation (hypercapnia),
breath holding or O, inhalation (hyperoxia) experiment can be performed.

The hypercapnia approach relies on the stimulated increase in CBF to
generate a measurable change in BOLD signal. The hypercapnia method produces
large potential inconsistency in the calculated calibration parameter M (Hoge et al.,
1999a), due to the use of ASL imaging for CBF measurement, which is a low signal-
to-noise ratio (SNR) technique (Chiarelli et al., 2007a, Chiarelli et al., 2007b). Breath
holding has been used as a technique for causing short periods of mild hypercapnia
(Kastrup et al., 1999b) and demonstrated the potential to reduce inconsistency in
IMRI studies (Kastrup et al., 1999a, Thomason et al., 2007). The hyperoxia
calibration method involves inhalation of pure oxygen air as an isometabolic
stimulus (Chiarelli et al,, 2007b). Hyperoxia generates an increase in BOLD
response by the reduction in deoxyhaemoglobin resulting from the saturation of
venous blood with oxygen (Chiarelli et al,, 2007b). Chiarelli et al. (2007Db)
demonstrated that variability in M has a large impact on the measured CMRQ,—CBF
coupling constant from a neural activation task, as well as an impact on the linearity
of the relationship between these two variables. Importantly, parameter M keeps the
same meaning in the hyperoxia as for the hypercapnia-calibrated approach.
Therefore, calibration can be performed using hyperoxia, which was used in the
current work, to obtain M. M can be estimated using the Chiarelli et al. model

(2007c¢), as given in Equation 3.2.

-1

ABOLDyy |, _(CBFyp * ([dHb],, , CBF,
BOLD, CBF, | \ [dHb], CBF,,

Equation 3.2
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Where ABOLDyp is the change in the BOLD signal during hyperoxia, CBFyo is the
CBF during hyperoxia, and [dHb]uo is the concentration of deoxygenated
haemoglobin in the venous vasculature during hyperoxia. The subscript 0 refers to
these parameters at baseline.

With determination of M it is possible then to calculate CMRO; changes with
a functional paradigm. Under the assumption that CMRO, does not change during
the calibration procedure, a theoretical model developed by Hoge et al. (1999b)
describing how deoxyhaemoglobin affects the BOLD signal, has led to a relatively
simple expression describing the change in BOLD signal in relation to the change in
CBF and CMRO; and stating that the fractional BOLD signal change
(ABOLD/BOLDy) can be modelled as a function of the relative changes in CBF and

CMRO; according to Equation 3.3.

ABOLD _, . _ CBF “# CMRO, *
BOLD, CBF, CMRO,,

)

Equation 3.3

Where ABOLD refers to the change in BOLD signal during activation and CBF and
CMRO; are the values for these parameters during activation. The subscript 0
denotes the baseline values. In steady-state, the parameter a is the Grubb constant
(assumed to be 0.38, accounting for an assumed fixed relationship between changes
in CBV and CBF (Grubb et al.,, 1974). $ describes the oxygenation and field
strength dependence of the BOLD effect and was assumed to be 1.5 (Boxerman et
al., 1995, Davis et al., 1998). The parameters o and B are assumed to be global

properties with the same values in each subject (Brown et al., 2007a). The parameter
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M is the calibration constant, which corresponds to the maximum BOLD change for

complete removal of deoxyhaemoglobin in the voxel.

In conclusion, imaging sequences based on BOLD contrast are currently the
predominant method for fMRI of the brain (Liu and Brown, 2007). The use of
simultaneous measurements of CBF and BOLD responses to a stimulus (i.e.
hyperoxia) can provide information that is then used to calibrate the BOLD response
and estimate functional changes in CMRO; (Davis et al., 1998). Simultaneous
measures of CBF and BOLD with ASL are also important for understanding the
mechanisms underlying the BOLD response (Obata et al., 2004). Chapter 5 in this
thesis describes the first use of hyperoxia-calibrated fMRI in aging during a

cognitively demanding Stroop task.
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4.1 Aim of Chapter

This chapter presents the general design of the study. Demographic data of the
participants are presented, together with procedures employed for data acquisition
(both MRI and fMRI). Neuropsychological assessment tests are described. Detailed
description of image analysis methods and statistical analyses are presented within
each chapter of the results (fMRI in chapter 5, Voxel Based Morphometry in chapter

6 and FreeSurfer in chapter 7).

4.2 Participants

Fifty-five healthy, right-handed volunteers (twenty-six male, twenty-nine
female, mean age 41 years, SD 16 years, age range 18-71 years) were recruited from
the Liverpool University as well as the Liverpool metropolitan area via
advertisements specifically for this study posted locally. This study was approved by
the University of Liverpool research ethics committee. All subjects were right
handed and had English as a first language. Years of education were recorded, as
most of the participants were university’s student or staff members.

At the screening visit, following informed consent, all participants underwent
a standard screening. Subjects were excluded based on the following criteria:
evidence of significant medical disease (e.g., cancer, cardiovascular disease,
diabetes, lung or kidney disease), neurologic disease (e.g., epilepsy, significant head
trauma), psychiatric illness (e.g., depression, substance abuse); evidence of cognitive

impairment by clinical evaluation; colour blindness or contraindication to MRI. A
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brief cognitive assessment test (O'Sullivan et al., 2005) was administered to further
screen out subjects with any cognitive deficits. Tests comprised: digit symbol, verbal
fluency, trail-making (B-A) and digit span backwards from which a composite score
was calculated. Subjects performing below 0.57 on the composite score (see table 2

of (O'Sullivan et al., 2005)) were excluded.

4.3 Neuropsychological assessment

Series of executive tasks to assess frontal lobe functions were administered
(O'Sullivan et al., 2005). The battery of tests included: the trail making test, verbal
fluency, digit span, and the digit symbol substitution task. The trail making and digit
symbol tests are timed executive tasks, so that these tests are sensitive to executive
function and the speed of mental processing (O'Sullivan et al., 2005). Normal aging
is known to lead to a reduction of the cortical volume of the frontal lobes (Raz et al.,
2004, Tisserand et al., 2002). This regional loss is taken to support the view that
‘executive’ or ‘frontal’ abilities decline relatively more with increasing age than
other cognitive functions (O'Sullivan et al., 2005, Rabbitt, 2005, West, 1996).

In brief, the trail making test had two parts (A and B). In part A the subject
was asked to draw a line to join numbered points scattered randomly over a sheet of
paper in numerical order. In part B, the test sheet contains points marked by both
numbers (1-26) and letters (A-Z). The subject was asked to join the points with a
line, alternating between numerical and alphabetical order (i.e., in the sequence
1,A,2,B,3,C....). The timing was recorded by a stopwatch by the experimenter, Part
B of the trail making test differs from part A in having an executive component,

however, also shares similar non-executive aspects (visualizing of the paper and
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motor function in joining between numeric and alphabetic) (O'Sullivan et al., 2005),
Part B of the trail making test requires shifting between different mental rules, which
is described as cognitive set shifting, and is an aspect of executive function (Lezak,
1995). Subtracting the time for part A from that for part B corrects for differences
some of the non-executive aspects, so that this B-A score is considered more specific
for executive performance (Lezak, 1995).

In the verbal fluency test, subjects are generally given 60 seconds to retrieve
as many words as they can beginning with specific letters (F, A, and S). The subjects
was asked to say as many words as they can think of that begin with the given letter
of the alphabet, excluding country names, numbers, same word with different suffix
and avoid repetitions. After the experimenter explained the task, asked the subject to
begin and start timing on the stopwatch. The score is the sum of all acceptable words
produced in the three one-minute trails (Lezak, 1995). Successful performance of the
verbal fluency test involves the formation of appropriate strategies for word retrieval,
this test is “best” neuropsychological measure of executive function (Salthouse et al.,
2003).

The digit span test included both forwards and backwards conditions where a
subject was given a number sequence and was asked either to repeat it (forward), or
to repeat it in backward order. Presentation begins with tree digits for the forward
condition and two digits backward condition. The test is usually discontinued after
two failures at the same level. The score for both longest correct span and the longest
span of correct but out-of- sequence digits. Digit span forward measures are more
closely related to the efficiency of attention, whereas, the digit span backwards
condition is heavily dependent on working memory and therefore provides a measure

of working memory performance (Lezak, 1995).
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In the digit symbol task, each digit (1-9) was assigned to a unique symbol
that is presented in the form of a key. In this test, the subject was presented with a
series of digits and was asked to fill in the matching symbols in a space below.
Subjects were given 90 seconds to complete as many substitutions of symbols as
possible according to symbols provided on the top of the sheet. The score is the
number of squares filled in correctly (Lezak, 1995). The digit symbol task is a
measure that reflects both performance IQ and executive functioning (Wechsler,
1981). This test requires subjects to switch between rules for each digit and therefore

requires mental flexibility and has parallels to other set shifting tasks (Lezak, 1995).

4.4 fMRI Image Acquisition

Imaging was carried out on a 3 Tesla whole-body Siemens Trio system
(Siemens, Erlangen, Germany). An eight-channel radiofrequency (RF) head coil was
used with foam padding to comfortably restrict head motion, For the functional ASL
acquisitions, we recorded control and tagged images using a Proximal Inversion with
a Control for off-Resonance Effects (PICORE) tagging scheme with the Quantitative
Imaging of Perfusion using a Single Subiraction II with Thin-Slice TI; Periodic
Saturation (QUIPSS II modification) (Wong et al., 1998) that enables simultaneous
collection of BOLD signal and quantitative CBF data (Wong et al.,, 1998). The
sequence parameters were: TR = 2.13 s, TE = 25 ms, tag-saturation time (TI;) = 0.7
s, tag-saturation end-time (TIjs0p) = 1.3s, time between label and readout (T1,) = 1.4
s, 10-cm tag width, a 10-mm tag-slice gap and crusher gradients with b=5 mms™.
Control and label acquisitions were interleaved, such that the labelling was applied

every two TR. We acquired a total of twelve slices of 3.5-mm thickness and 0.35
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4.5 MRI Image Acquisition:

All subjects were scanned using a 3-Tesla Trio whole-body scanner
(Siemens, Erlangen, Germany). An eight-channel radiofrequency (RF) head coil was
used with foam padding to comfortably restrict head motion. Three-dimensional high
resolution T)-weighted structural MRI brain images were obtained using the
optimized MPRAGE (Magnetization-Prepared Rapid Gradient-Echo imaging)
sequences (Mugler and Brookeman, 1990). The imaging parameters were: repetition
time TR = 2040 ms, echo time 5.57 1us, inversion time TI = 1100 ms, flip angle = 8°,
bandwidth = 130 Hz/pixel, number of excitations = 1, a FOV of 256 mm with an
acquisition matrix of 256 X 208 producing 176 contiguous sagittal slices with slice
thickness of 1 mm. Acquired images were of voxel size 1.0 X 1.0 X 1.0 mm, the
acquisition time was 4 minutes and 14 seconds using GRAPPA (Gene-Ralized

Autocalibrating Partially Parallel Acquisition) parallel imaging techniques.
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CHAPTER §: Calibrated fMRI during a cognitive Stroop task.
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5.1 Aim of Chapter

This chapter explores the primary focus of this thesis, which is the use of calibrated
fMRI to determine the relative vascular and neuronal contributions to the age-related

blood oxygenation level dependent (BOLD) changes in response to a Stroop task.

5.2 Introduction

Neuroimaging has helped to advance our understanding of the aging process,
in particular the relationship between cognitive decline and physiological changes.
As a person ages, notable changes occur in cellular metabolism (Simic et al., 1997),
cortical density (Good et al., 2001b, Sowell et al., 2003, Tisserand et al., 2004, Van
Laere and Dierckx, 2001) and cerebrovascular function (Leenders et al., 1990,
Parkes et al., 2004). Structural studies of the aging brain indicate that the frontal lobe
cortices experience a high degree of age-related atrophy (Coffey et al., 1992, Cowell
et al., 1994, Good et al., 2001b). However, even with the susceptibility of the frontal
cortex to aging, greater frontal cortex blood-oxygenation-level-dependent (BOLD)
activation with increasing age, suggesting increased neural activity, has been
revealed in many fMRI studies of aging (Cabeza et al., 2002, Langenecker et al.,

2004, Milham et al., 2002, Zysset et al., 2007).

fMRI has been used widely to map brain activation in response to functional
tasks and to measure brain changes with aging. fMRI relies on the detection of

hemodynamic changes that accompany neural activity. As such, the BOLD signal is
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an indirect measure of neural activity and may also reflect changes in the
cerebrovascular system due to age (D'Esposito et al., 2003, Lu et al., 2010, Restom et
al., 2007). Therefore, it is difficult to conclude if age-related differences in the
BOLD signal develop from age-related neural plasticity or age-related
cerebrovascular changes. We aimed to address this question through the use of
calibrated fMRI during a cognitive Stroop task. Ances et al. (2009) used a similar
approach to investigate the age-related decline in BOLD response in the visual
cortex. Using calibrated fMRI they were able to quantify the component parts of the
BOLD response, concluding that the reduced BOLD response in the visual cortex
with ageing does not reflect lower neural activity, but rather differences in

neurovascular properties.

Calibrated fMRI is a non-invasive approach that allows quantification of the
component parts of the BOLD signal, namely changes in the cerebral metabolic rate
of oxygen (CMROQO,) and cerebral blood flow (CBF) (Davis et al., 1998, Hoge et al.,
1999b). A calibration constant, M, reflecting baseline vascular properties is also
determined. Estimates of ACMRO, may be particularly useful as it is reported to
have a closer link with changes in neural activity than the BOLD signal (Davis et al.,
1998, Hyder, 2004). Calibrated fMRI uses an arterial spin labelled (ASL) pulse
sequence, which allows simultaneous measurements of the BOLD and CBF
response. Addition of either a hypercapnic (Ances et al., 2009, Kastrup et al., 2002,
Rostrup et al., 2000, Thomason et al.,, 2007) or hyperoxic (Chiarelli et al., 2007c,
Goodwin et al., 2009) gas challenge allows additional quantification of the change in
CMROa;. In our study, hyperoxia calibration was chosen over hypercapnia, as it is

more comfortable and better tolerated, important when studying an older population.
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In addition, hyperoxia calibration does not rely on noisy ASL-derived CBF
measurements, which are required for hypercapnic calibration.
In this study, a form of the Stroop task was used as the cognitive challenge,
. as it has been proven to be a powerful, simple task, which can examine age-related
changes in the neural substrates of executive function (Banich et al., 2000, Bench et
al., 1993, Pardo et al., 1990). The Stroop Colour Word Interference task has been a
classic paradigm to study cognitive control (Derrfuss et al., 2004) and also to
measure frontal lobe functions (MacLeod, 1991). It requires a focus of attention on
the task relevant processes for a successful performance. The Stroop task is thought
to be a useful tool for the investigation of executive aspects of attentional control,
this is because reading a word is more practiced and more automatic skill than
naming of colours, therefore attentional control is required to respond to the colour
instead of to the word (MacLeod, 1991).
A number of studies have used the Stroop task and modified it to investigate
aging processes (Langenecker et al., 2004, Milham et al., 2002, Zysset et al., 2007).
Most fMRI studies of the Stroop task have found greater BOLD activation in anterior
cingulate cortex, frontal cortex, and parietal cortex (Langenecker et al., 2004,
Milham et al., 2002, Zysset et al., 2007) with increasing age. Langenecker et al.
(2004) compared 13 younger and 13 older adults who completed a Stroop test during
fMRI. They found that with increasing age, several regions showed greater
activations, including the left inferior frontal gyrus. In another study, Milham et al.
(2002) used fMRI to measures neural activity during performance of Stroop task to
compare the neural substrates of attentional control in younger ( 21-27 years) and
older participants ( 60-75 years). They reported activation differences between young

and older adults mainly in frontal regions, but the differences occurred in both
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congruent and incongruent conditions. Additionally, they found that younger adults
had greater activation than older adults during Stroop interference in left middle
frontal gyrus, anterior cingulate, and superior parietal lobule, while older adults had
greater activation than young adults in bilateral inferior frontal gyri. Finally Zysset et
al. (2007) investigated the effects of aging (22-75 years) on Stroop task performance
and on the hemodynamic response. They reported that middle-aged adults showed
increased activation in several task-related regions, mainly in the inferior frontal
junction area bilaterally and the pre-supplementary motor area. Older adults seemed
to use multiple frontal regions to a greater degree than young adults. These increased
activations of multiple frontal regions in response to a cognitive Stroop task has been
interpreted as increased neural activity (Langenecker et al., 2004, Milham et al.,
2002, Zysset et al,, 2007); compensatory activity in the older group to aid
performance.

The Stroop task is easy when the colour and the word are congruent (the
word “‘red” in red letters); but when the colour and the word are incongruent (the
word “‘blue’” in red letters), people experience interference (MacLeod, 1991). In our
study, BOLD activation during an incongruent Stroop task was compared to rest
(rather than a congruent task) in order to robustly activate large regions of the brain,
allowing individual analysis and regional comparison of the calibrated fMRI
measurements. A comparison of incongruent and congruent (or neutral) conditions
would have been of additional interest, allowing the isolation of the inhibitory
executive function. However, the differences in BOLD signal between these
conditions (Zysset et al., 2007) are likely to be too small to provide reliable estimates
of the change in oxygen metabolism (Goodwin et al., 2009). In addition, previous

work (Zysset et al., 2007) shows an age-related increase in BOLD response to the
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incongruous condition compared to rest, which is attributed to increased neural

processing.

We measured ABOLD, ACBF, and estimated ACMRO;, and M in regions
activated by the Stroop task and considered whether these parameters are affected by
age. M can be considered as a ‘bascline’ parameter that is expected to be
independent of cognitive task (Hyder, 2004), reflecting the general physiological
state of the brain. We aimed to replicate previous findings of an age-related increased
BOLD response in the frontal cortex and determined whether this is due primarily to
alterations in the metabolic (CMROQO;) or the vascular (CBF) response to neural
activity. Finally, we aimed to determine which of the parameters are most related to

performance change with increasing age.

5.3 Methods

5.3.1 Stroop Task

An incongruent color-word Stroop task was used as a functional stimulus,
simmilar to the one used in the studies by Zysset et al. (2007) and Goodwin et al.
(2009). Participants had to decide (with a choice of two buttons using the right hand),
if the meaning of the bottom word matched the print color of the top word (Figure
5.1). Subjects were instructed to respond as quickly and accurately as possible.
Fifteen stimuli were presented in each block. Stimuli were self-paced but with a
minimum of 2 seconds between each stimulus, during which a fixation cross was
presented. Eight active blocks of approximately 30 seconds were interspersed with a

30 seconds fixation cross on a black screen. To become familiar with the task all
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extracted from the data using code created in Matlab (The MathWorks Inc,

Massachusetts, USA).

3 min 3 min

2 min .
0,151/ min 3 min 0, 15Lfmin

Figure 5.2: The hyperoxia paradigm.

5.3.3 Data analysis

Matlab software (The MathWorks Inc., Massachusetts, USA) was first used
to process the ASL data for the Stroop and hyperoxia runs in order to extract BOLD
and CBF time-courses. Label and control images were added to produce a time-
course of BOLD images; or subtracted to produce a time-course of perfusion-
weighted images. Perfusion-weighted images were converted into quantitative CBF
maps using a single blood compartment model described by Parkes and Tofts (2002).

BOLD and CBF time-course data were analyzed using BrainVoyager QX
software. Pre-processing included spatial full-width at half-maximum (FWHM 6
mm) and temporal (10 s FWHM) smoothing and linear trend removal. Temporal
smoothing was applied to increase the signal to noise ratio in the exported time-
courses, to allow more precise estimates of BOLD and CBF change. The BOLD and

CBF images were then co-registered to the structural T;-weighted image and
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transformed into Talairach space. The regressor for the Stroop task was generated by
convolving the timing of the Stroop blocks (using subject-specific onset and offset
times for the whole block) with the haemodynamic response function as
implemented in BrainVoyager. A group-wise analysis was then performed using
both the BOLD and CBF time-courses from all individuals to determine regions
where the model accounted for significant variance in the data at a threshold of
p<0.05 (corrected for false-discovery rate (FDR)), i.e. regions that are responsive to

the Stroop task.

The estimation of ACMRO, requires precise measurements of BOLD and
CBF signal change, and so is usually done on a regional rather than a voxel-wise
basis (Leontiev et al.,, 2007) in order to increase the signal to noise ratio. Hence,
when considering age-related effects we performed analysis on a regional basis,
using signal time-courses from those regions defined as significantly active during
the Stroop task in the group analysis (FDR p<0.05). These regions are then employed

for the analyses of both the Stroop and the hyperoxia runs.

Within each region, a volume of lem® was defined, composed of the voxels
with the most significant activity (derived from a general linear model using both
BOLD and CBF data as described above). BOLD and CBF signal time-courses were
recorded for both the Stroop and hyperoxia runs, averaged over all the voxels within
each region for each individual. For hyperoxia, the percentage change in the BOLD
signal was found in each region by comparing the mean signal over the last minute
of each hyperoxia period compared to 1 minute prior to hyperoxia. For the Stroop
activation, the BOLD and CBF time-courses were averaged over the 8 activation
blocks and the percentage change in BOLD and CBF between the maximum and

minimum response was found.
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Quantification of oxygen metabolism change

The analysis procedure to extract the calibration constant M and the change
in CMRO; followed the same approach as in Goodwin et al. (2009), where a more
detailed description can be found. In brief, the fractional BOLD signal change
{(ABOLD/BOLDy) can be modelled as a function of the relative changes in CBF and

CMRO; according to Equation 5.1.

ABOLD _, . _ CBF “# CMRO, ”
BOLD, CBF, CMRO,,

)

Equation 5.1

Where ABOLD refers to the change in BOLD signal during activation and CBF and
CMRO; are the values for these parameters during activation. The subscript 0
denotes the baseline values. In steady-state, the parameter o is the Grubb constant
(assumed to be 0.38, accounting for an assumed fixed relationship between changes
in cerebral blood volume (CBV) and CBF) (Grubb et al., 1974). B describes the
oxygenation and field strength dependence of the BOLD effect and was assumed to
be 1.5 (Boxerman et al., 1995, Davis et al., 1998). The parameter M is the calibration
constant, which corresponds to the maximum BOLD change for complete removal of
deoxyhemoglobin in the voxel. M was estimated using the Chiarelli and Bulte model

(Chiarelli et al., 2007¢), as given in Equation 5.2.

ABOLDyy _ [ (CBE,\"(1dHbly | CBF, _ g
BOLD, CBF, ) | [aap), * CBF,,

Equation 5.2
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Where ABOLDyp is the change in the BOLD signal during hyperoxia, CBFyo is the
CBF during hyperoxia, and [dHb]wo is the concentration of deoxygenated
haemoglobin in the venous vasculature during hyperoxia. The subscript 0 refers to
these parameters at baseline. Values for [dHb]uo/[dHb]y were calculated from the
end-tidal measurements (averaged over the same time-periods as for the BOLD
response) following the procedure described in (Chiarelli et al., 2007¢). We assumed
a baseline oxygen extraction fraction of 0.4 based on previous data (Raichle et al.,
2001), and a reduction in CBF of 5% during hyperoxia (Chiarelli et al., 2007c). Note
that an assumed reduction in CBF was used as the ASL signal is too noisy to allow
reliable estimates of such a small change in CBF. On a regional basis, values for M,

ABOLD and ACBF are substituted into equation 5.1 and ACMRO; is found.

Statistical analysis

We first rejected any regional data where M or ACMRO; were negative, as
this was deemed physiologically implausible (4% of data rejected). We then
considered the global response from all of the activated regions. The estimated
ACBF, ABOLD, ACMRO;,, and M values were correlated with age using bivariate
correlation, with significance accepted at p<0.05. The benefit of looking first for a
global effect is that the signal to noise of the measurements will be increased such
that an age effect is more likely to become apparent. In addition, the numbers of
statistical comparisons are kept low.

We then considered regional differences, as it is predicted that any age-
related effects will be largest in the frontal cortices. We first determined the

magnitude of any BOLD increase with age in each of the identified regions. In
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regions showing a significant BOLD age-effect we consider age-related changes in
ACBF, ACMRO,, and M.

The final aim was to establish whether there is a relationship between the
physiological parameters and performance change with age. We found the variance
in performance levels was greater with older participants (aged over 40 years), such
that we could define two older groups with the same age distribution but with one
group perform at the same level as those subjects in their twenties (the ‘high’
performers) and the other group having a much lower performance (the ‘low’
performers). We have selected those participants in their twenties, and then those
participants aged over forty, split into two groups of the highest and lowest
performance (Table 5.1). There was no significant difference in age between the
older high and low performing groups (p=0.57, unpaired two-tailed t-test). There was
no statistically significant difference in performance accuracy (p=0.89, unpaired two-
tailed t-test) or reaction times (p=0.28, unpaired two-tailed t-test) between the twenty
year old and high performing groups. Performance accuracy was significantly better
for the high performers compared to the low performers (p=0.0006, unpaired two-
tailed t-test), with a trend towards lower reaction times (p=0.07, unpaired two-tailed
t-test). Within the regions showing a significant change in BOLD response with
increasing age, we compared the measured/estimated parameters between the
younger and the low performing groups and the younger and high performing
groups. This determined which of the parameters are related to the drop in
performance with age. A further comparison between the two older groups
determined whether the changes could be attributed to a difference in performance

per-se.
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Group Number Mean age Mean end- Mean Mean reaction
(years) tidal O, accuracy time (s = SE)
(% £ SE) (% % SE)
Young 15 21 (18-29) 60+2.0 98.9+0.2 910+ 50
Old high 15 55 (42-67) 65:+2.0 98.9:+0.2 1010+ 40
performers
Old low 14 55 (43-71) 63+2.0 95.7+0.7 1220 %+ 100
performers

Table 5.1: Age, end-tidal O, values and Stroop task performance accuracy for the three groups.

Effect of Aging between Sexes:

We investigated sex differences using repeated measures GLM analyses, with

the mean average of the physiological parameters for the 10 regions as within subject

variables, sex and age factors as between subject factors. There were no significant

differences between sexes (Fi49=0.14, p=0.91) and no significant age by sex

interaction (F;49=2.36, p=0.13). As no “Sex by Age” interaction was found, age-

related effects on physiological parameter are presented for the entire sample of 55

subjects,
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5.4 Results

The data from three subjects were excluded: one subject did not complete the
experiment (due to claustrophobia), in another the images were too severely
degraded by artifact, and one performed very badly on the Stroop task (accuracy
more than 3 standard deviations from the mean) and reported falling asleep during
the scan. Thus, 26 male subjects (mean age 40.5 years, SD 15 years) and 29 female
subjects (mean age 42 years, SD 17 years) were included in the analyses. The mean
years of education was 17 years (most of the subjects were recruited from the
Liverpool university), SD 3.2 years with no significant effect of age (r=-0.02, p=0.9,
Pearson correlation). No subjects were excluded on the basis of their performance on
the cognitive assessment tests. Mean performances on these tests are given in table

5.2, along with age-related regression coefficients.

Test Mean SD Correlation Significance
Coefficient (p-value)

Trail making B-A 20 12 -0.11 0.4

Verbal fluency total 53 14 0.17 0.2

Digit span back 8.5 2.6 -0.15 0.3

Digit symbol 67 11 -0.54 <0.0001

Table 5.2: Performance on the cognitive assessment tests and relation to age.

5.4.1 Behavioural data

All participants performed the Stroop task correctly with mean accuracy of
98% and standard deviation of 2%. Mean response time was 1040 ms with a standard
deviation of 278 ms, The behavioural results showed a trend towards lower accuracy

»=0.07) (Figure 5.3a) and longer response times (p=0.09) with increasing age
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5.4.2 Gas data

To determine whether there were any age-related differences in the end-tidal
O: levels, we performed regression analysis of the mean end-tidal values (averaged
over both periods of O, administration) against age. Figure 5.4 shows an unexpected
increase in end-tidal O, with increasing age (r=0.37, p=0.01). Theoretically the
estimate of the calibration constant M is independent of the level of end-tidal O, as
the venous haemoglobin deoxygenation is calculated directly from the O,
measurements (Chiarelli et al., 2007c). As such, this age-dependence should not
affect our results. This assumes that the arterial tension of oxygen can be inferred
directly from the end-tidal O, measurements (Chiarelli et al.,, 2007¢c), which in
general appears valid as the measures are very tightly correlated in normoxia

(Bengtsson et al., 2001).

One possible contributory reason for the increase in end-tidal O, is a
reduction in pulmonary function with increasing age. This could increase the dead-
space in the lung, resulting in a reduction in oxygen transfer and hence increased
end-tidal O, (Bengtsson et al., 2001). This would lead to an overestimation of arterial
tension of oxygen with increasing age, leading to an underestimation of M with

increasing age.

To further assess the effect of the age-dependence of end-tidal O,, the
analysis was repeated using data within a narrower range of end-tidal O values from
47 to 77 %, centered on the mean value of 62 %. This excluded 3 subjects and
removed the age-dependence of end-tidal O, values (1=0.25, p=0.1). Additional
analysis was not performed for the group-wise data as there was found to be no

significant difference in end-tidal O, values between the groups (Table 5.1).
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Anatomical Region

Tal. Coordinates

Left Pre-central gyrus

BA4 Primary Motor cortex (M1)

Medial Frontal Gyrus

BA 6 Supplementary motor area (SMA)

Left parietal lobe

BA7 (LPL)

Right parietal lobe

BA7 (RPL)

Left Middle Frontal Gyrus

BA6 (LMFG)

Right Middle Frontal Gyrus

BAG6 (RMFG)

Left Middle Frontal Gyrus

BAY dorsolateral pre-frontal cortex (LDLPFC)
Right Middle Frontal Gyrus

BA9 dorsolateral pre-frontal cortex (RDLPFC)
BA 13 & 14 Left Insula (LI)

BA 13 & 14 Right Insula (RI)

-35-23 54

-3-553

-24 -61 45

31-5745

-40 140

44 8 38

-40 18 26

36 18 30

-33 14 11

301611

Table 5.3: Talairach coordinates of the active regions shown in Figure 5.5.
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described in the methods (Table 5.1): young, old high performers and old low
performers. Table 5.5 shows the mean parameter estimates across each of these
groups in each of the regions. It can be seen that in LMFG and M1, the BOLD and
ACMRO; responses are significantly different for the low performing old group in
comparison to the young group. In LMFG the BOLD response (but not the ACMRO,
response) is significantly different for the low performing old group in comparison to
the high performing old group. None of the parameters showed any significant

difference between the high performing old group and the young group.

M ABOLD (%) | ACBF (%) | ACMRO, (%)

LMFG
Young 5.640.7 | 0.63+0.04% |27.6+3.1 | 104+£2.0%
Old high | 5.1+0.3 | 0.65+0.047 | 234+25 |71+1.0
Oldlow | 46+04 | 0.85£0.07%F | 24.7+£23 | 4.241.0*

RMFG
Young 6.0+0.6 | 0.55+0.04 24.1+£22 | 8718
Old high | 5.9+ 0.3 | 0.54 £0.04 24.7+£25 193x0.9
Oldlow ]4.9+05(0.67+£0.11 27.9+26 {67x1.2

M1
Young 5705 | 049£0.06% | 252+1.7 | 11.9+ 1.3%*
Old high § 49+0.3 | 0.59+0.06 229+10 [82%1.1
Oldlow |49+04 | 0.64£0.03% |21.7+£2.0 |53%1.2%*

Table 5.5: Mean (&:SE) values for the measured/estimated parameters in the young, old high
performers and old low performers in the three regions showing an age-related response.

* and 1 indicates pairs of values that are significantly different at p<0.05

** indicates pairs of values that are significantly different at p<0.005
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5.5 Discussion

5.5.1 Mean response over all activated regions

Initially, the estimated calibration constant A/ was found to decline with
increasing age (Figure 5.6¢), consistent with a previous study considering age-related
alterations in the response of the visual cortex (Ances et al., 2009). However, on re-
analysis within a narrow range of end-tidal values, this age-dependence is no longer
present, suggesting that the age-related differences in end-tidal O, were driving the
changes seen in M. M reflects the amount of deoxyhaemoglobin present in the
baseline state. As such, M depends on a number of physiological parameters
including baseline CBV, resting oxygen extraction fraction (OEF), the constant P,
and the hematocrit, all of which could potentially change with age. There is evidence
that CBV declines with age (Leenders et al., 1990), which would predict a reduction
in M with age. Hematocrit remains fairly stable up to the age of 65 and then declines
(Arbeev et al., 2011), so is unlikely to affect M over the age range we have studied.
OEF has been found to remain stable (Leenders et al., 1990, Pantano et al., 1984,
Yamaguchi et al., 1986) or increase with age (Lu et al., 2010), predicting an increase

in M with age.

The BOLD response to the Stroop task was found to increase with age (figure
5.6a), in agreement with previous work (Langenecker et al., 2004, Milham et al.,
2002, Zysset et al., 2007). However, we found a reduction in the estimated ACMRO,
with increasing age (Figure 5.6b), that would be consistent with neurodegeneration
(Uylings and de Brabander, 2002), which could be attributed to age-related brain
atrophy (Cowell et al., 2007, Good et al., 2001b). ACBF did not change with age,

suggesting that the increased BOLD response with age is due primarily to a
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reduction in CMRO; response with age. Hence caution should be exercised in
interpreting the BOLD signal increase with age as increased neural activity. Previous
studies using combined ASL and BOLD in ageing have focussed on other brain
regions. One study (Ances et al., 2009) found reduced BOLD response in the visual
cortex with increasing age, but no significant alteration in ACMROQO,, Another study
(Restom et al., 2007) found increased BOLD and CBF response with increasing age
in the medial temporal lobe during memory encoding, consistent with increased
ACMRO, with age. However a calibration scan was not included and so baseline
effects could not be accounted for. These two studies consider responses in different
brain regions and to different tasks and so would not necessarily be expected to show

the same age-related changes as in our present study.

5.5.2 Regional differences

Considering regional changes, we found the age-related BOLD increase to be
greatest in the left and right (MFG, BA6) and in the primary motor cortex (M1, BA4)
(Table 5.4), in broad agreement with previous studies (Cabeza et al., 2002, Cabeza et
al., 2003, Langenecker et al., 2004, Milham et al., 2002, Nielson et al., 2002, Zysset
et al., 2007) using similar tasks. Langenecker et al. (2004) reported that older adults
exhibited greater BOLD response in many frontal areas during a Stroop task,
including the left inferior frontal gyrus (IFG). Milham et al. (2002) showed greater
BOLD response to a Stroop task for younger subjects compared to elderly subjects
across a number of brain regions including frontal and parietal lobes. However, older
adults had greater BOLD response compared to young adults in the inferior frontal

gyrus (IFG). Finally, in a recent study by Zysset et al. (2007) middle-aged adults
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showed increased BOLD response to a Stroop task in several task-related regions,
mainly in the inferior frontal junction (IFJ) area (bilaterally) and the pre-
supplementary motor area. The Talairach coordinates of the IFJ and IFG given in the
studies by Langenecker and Zysset are within 1 cm of the regions we identify as L
and RMFG (Table 5.3). The significant BOLD activation that was seen in M1 was
primarily due to responses made during the Stroop task with the right index or
middle finger (Pardo et al., 1990).

Considering the other parameters (Table 5.5), only ACMRO, is found to have
an age dependence in LMFG and M1. This supports the findings from the global
analysis (Figure 5.6) that the increased BOLD response with increasing age is due to
a reduction in ACMRO,. Increased BOLD response in the frontal cortex is
interpreted in previous studies as increased neural activity (Langenecker et al., 2004,
Zysset et al., 2007); compensatory activity in the older group to aid performance.
Our results suggest caution in this interpretation, suggesting instead that increased
BOLD response is related to a reduction in neural processing in this context.

The regions showing the largest decline in M with age were the left insular and left
and right DLPFC. The insular and frontal cortex have also been found to show the
largest decline in CBV with age (Leenders et al., 1990), consistent with the view that

regional alterations in M are due to CBV changes.

5.5.3 Relationship with Performance

Despite the very high performance of all participants in this study (Table 5.1
and Figure 5.3), we were able to define two groups of older adults, those with high
performance and those with ‘low’ performance (Table 5.1). We found that the low

performers showed a significant difference in the measured/estimated parameters
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compared to the young group (Table 5.5), whereas the older group of high
performers had values indistinguishable from the young group (Table 5.6). The low
performers group showed increased BOLD response and reduced CMRO,; response
in LMFG and M1 compared to the young group. This suggests that reduced neural
processing in these regions is impacting negatively on performance. Thus, rather
than compensatory activity, increased BOLD response in these regions could be
interpreted as an indication of neurodegeneration, associated with lower
performance. The comparison of the two old groups indicated increased BOLD
response in LMFG for the low performers, but no difference in CMRO; response,
suggesting it is age-related differences in performance (not performance alone) that

is leading to the altered CMRO; responses between young and old.

5.6 Methodological Considerations

In terms of probing the interference Stroop effect, it would have been
beneficial to look at, for example, incongruent verses congruent Stroop conditions.
However, the contrast to noise ratio of this measure would have been insufficient to
extract the quantitative BOLD parameters (Goodwin et al., 2009, Zysset et al., 2007).
Using Stroop/rest paradigm boosted the SNR and enabled the interference Stroop
effect (Zysset et al., 2007). Besides, the well known increase in reaction time during
the incongruent as compared to the congruent condition (Pardo et al., 1990).

The end-tidal O, values showed an unexpected increase with age, which
could influence our findings of reduced M and ACMRO; with increasing age. Re-

analysis using data within a restricted range of end-tidal O, values did remove the
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apparent age-dependence of A, but not ACMRO,. We find an increase in % end-tidal
O, of 0.19 per year. Calculations show that this would lead to a reduction in M of
0.03 per year and a decline in ACMRO,; of 0.07 per year. Hence, this could be
responsible for the reduction in M that we see (decline of 0.03 per year averaged over
all regions, maximum regional decline of 0.05 per year in left DLPFC). However, the
reduction in % ACMRO; per year is much greater (0.07 per year averaged over all
regions, maximum regional decline of 0.15 in left DLPFC), which cannot be entirely

accounted for by errors in the arterial tension of oxygen.

The hyperoxia calibration model assumes fixed values for a number of
physiological parameters, including Grubb’s constant o, the field-dependent
parameter B and the baseline OEF. It is possible that all 3 of these parameters could
change with age, thus affecting our conclusions. To address this problem, we have
performed simulations using plausible age-related changes in these parameters. For
the simulations we have taken average values of end-tidal Oz (17% during rest and
62% during hyperoxia), BOLD response (0.52%) and CBF response (24%) from our
data, along with values of OEF=0.4, o = 0.38 and p =1.5. We calculate values for M
and ACMRO; using equation [5.2] along with the equations in (Chiarelli et al.,
2007¢) for calculating [dHb]no/[dHb]o, while altering one parameter at a time as

described below. Results of the simulations are shown in Figure 5.7.

First, considering OEF, a number of previous studies revealed no significant
age-related changes in OEF (Leenders et al., 1990, Pantano et al., 1984, Yamaguchi
et al., 1986). However, one recent study of a large sample size (232 subjects)
revealed an increase in OEF with age (Lu et al., 2010) from 0.35 at 20 years up to
approximately 0.40 at 60 years (from (Lu et al., 2010) figure 5.1). Substituting these

values into the model, produces an increase in M of 0.02 per year and an increase in
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ACMRO; of 0.03 per year (Figure 5.7). Thus, assuming a fixed value of OEF of 0.4
for all ages, as we have done, would tend to overestimate M and ACMRO; at the

younger age, producing an apparent decline in M and ACMRO,.

The relaxation parameter R,* depends on the concentration of deoxygenated
haemoglobin raised to the power of B (Davis et al., 1998). B is dependent on the
composition of vessel sizes and increases as the proportion of smaller vessels
increases (Buxton et al., 2004). With increasing age, it might be expected that the
relative proportion of smaller vessels reduces, due to sub-clinical vascular disease,
leading to a reduction in B. It is difficult to estimate by how much  might decline
with age. It is known that grey matter perfusion declines by approximately 0.5% per
year (Parkes et al., 2004), hence a similar reduction in § seems reasonable (i.e. from
B=1.5 at 20 years to f=1.2 at 60 years). Substituting these values into the model,
produces an increase in M of 0.03 per year and a decrease in ACMRO; of 0.04 per
year (Figure 5.7). Thus, assuming a fixed value of § of 1.5 for all ages, as we have
done, would tend to underestimate M and overestimate ACMRO; at the older age,

producing an apparent decline in M and an apparent increase in ACMRO,.

The relationship between changes in CBV and CBF (from baseline to a new
steady state) is governed by the Grubb constant, o (Grubb et al., 1974), according to
ACBV=ACBF*. Following an increase in neural activity the venous vessels are
thought to expand passively due to increased pressure, producing an increase in
CBV. It is difficult to predict how and by how much o might change with increasing
age, but it seems likely that o would increase due to loss of elasticity in the vessel
walls, i.e. there would be a larger change in CBV for a given change in CBF. Again
we assume an increase in o of 0.5% per year (from 0.32 at 20 years to 0.38 at 60

years). Substituting these values into the model, produces a decline in M of 0.002 per
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year (negligible) and a decrease in ACMRO; of 0.03 per year (Figure 5.7). Thus,
assumning a fixed value of o of 0.38 for all ages, as we have done, would tend to

underestimate M and ACMRO; at the younger age, producing an apparent increase in

M and ACMRO..

Our data shows a decline in M of 0.03 per year averaged over all regions,
with a maximum regional decline of 0.05 per year in the left DLPFC. Given the
above simulations, it seems entirely possible that this decline is artifactual and due

instead to the incorrect assumption that OEF and [ are fixed across the lifespan.

However, our data also shows a much larger decline in ACMRO; of 0.07 per year
averaged over all regions, with a maximum regional decline of 0.15 in left DLPFC.
This decline is two to five-fold larger than what would be expected if the assumption
of fixed OEF is incorrect. In fact, the simulations show that the age-related decline

in ACMRO:; we find is probably conservative due to our assumptions of fixed o and

.

In our application of the hyperoxia calibration model, a fixed value for CBF
reduction in response to hyperoxia is used. However, there is evidence that this CBF
reduction may reduce with increasing age (Watson et al., 2000), which would lead to
overestimated values for M and ACMRO; in the older subjects. If true this would
suggest the age related decline in M and ACMRO; that we found, may in fact be

conservative,
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6.1 Aim of Chapter

This chapter investigated the link between grey matter (GM) density, age and sex
using the new voxel-based morphometry (VBM) registration method: Diffeomorphic
Anatomical Registration using Exponentiated Lie algebra (DARTEL). The
relationships between regional GM density and brief cognitive assessment scores are

also investigated.

6.2 INTRODUCTION

There is strong evidence from previous post-mortem (Ankney, 1992,
Pakkenberg and Gundersen, 1997, Uylings and de Brabander, 2002) and structural
neuroimaging studies (Coffey et al., 1992, Courchesne et al., 2000, Cowell et al.,
1994, Filipek et al., 1994, Goldstein et al., 2001, Good et al., 2001b, Gur et al., 1999,
Lemaitre et al., 2005, Luders et al., 2005, Raz et al., 1997, Resnick et al., 2000,
Sullivan et al., 2004, Tisserand et al., 2000) that the human brain shrinks with
ageing, and the brain shrinkage is not uniforin but is, rather, region specific,

The associations between sex and grey matter (GM) changes with age have
been widely observed using MRI. Generally, the total brain volume of males is 10%
larger than that of females, as reported by post-mortem (Ankney, 1992) and in vivo
imaging research (Filipek et al., 1994, Gur et al., 1999, Leonard et al., 2008). Some
studies showed larger GM volume in females compared to males (Goldstein et al.,

2001, Gur et al., 1999, Lemaitre et al., 2005, Luders et al., 2005, Leonard et al.,
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2008). Other studies show larger GM volume in males (Good et al., 2001a), or no
sex differences in GM volume (Nopoulos et al., 2000). Some studies reported
decreased GM volume in females comparative to males (Resnick et al., 2000,
Sullivan et al., 2004). Females reported to have larger dorsolateral prefrontal cortex
(Schlaepfer et al.,, 1995), thalamus (Mwphy et al., 1996, Xu et al., 2000),
hippocampal regions (Filipek et al., 1994, Murphy et al., 1996), anterior cingulate
gyrus (Brun et al., 2009), and parietal lobes (Nopoulos et al., 2000) as compared with
males. On the other hand, males have a larger volume of cortical gray matter in the
cerebellum (Raz et al., 2001, Xu et al., 2000) and the limbic region (Good et al.,
2001a).

The effects of aging clearly differ among regions of the brain and to some
degree between the sexes. Several studies suggested that with increasing age, male’s
brains aged earlier than female’s brains (Cowell et al., 1994), while other studies
revealed the opposite result (Hubbard and Anderson, 1983). But findings from these
studies have not been in agreement regarding the GM volumes changes; with some
reporting that males exhibited greater GM volumetric decreases with age (Coffey et
al.,, 1992, Raz et al.,, 2004), and few others have reported the same volumetric
decreases between sexes (Raz et al., 2005, Tisserand et al., 2002).

In regards to regional age-related GM volume changes, Cowell et al.
suggested that the pattern of change is region and sex-specific (2007). Males have a
larger of cortical GM in the limbic region (Good et al., 2001b), whereas, females
have an increased GM volume compared with males in the frontal lobe cortices. A
greater reduction in GM volume occurred in males than in females in the frontal and

temporal lobe regions (Cowell et al., 1994).
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This was supported by the findings of Murphy et al. (1996), who suggested
an carlier or faster volume loss with ageing in the frontal lobe and temporal lobe in
males, and in the parietal lobes and hippocampus region in females. Also Raz et al.
(1997) demonstrated a steeper trend of age-related changes in the inferior temporal
cortex in males. Some studies indicated that the regional GM volume decreased
linearly with age; Coffey et al. (1992) for example found that both frontal lobe and
temporal lobe volumes decreased with age, but the frontal lobe exhibited a greater
decrement than the temporal lobe. Likewise, Cowell et al. (1994) revealed that the
FL exhibits greater decrements in brain volume than the temporal lobe.

These results suggest that the frontal lobe and temporal lobe are more
sensitive to the aging-related changes than other brain lobes. Specifically, the
prefrontal cortex (PFC), which has been reported to be more sensitive to aging
process (Cowell et al., 1994, Gur et al., 2000, Raz et al., 2004, Salat et al., 1999).
Raz (2000), suggested that volume decreases in PFC regions are a characteristic of
normal aging.

With respect to cognitive functioning, it is still not clear yet whether a direct
relation exists between age-related volumetric changes and performance in cognitive
tests. The PFC region is frequently reported to show volume losses during the aging
process (Cowell et al., 1994, Gur et al., 2000, Raz et al., 2004, Salat et al., 1999). A
weak relation was noted between PFC and working memory performance (Raz et al.,
1998). Reduced performances in attention and executive function in elderly have
been linked with decreased global cortical volumes and reduced volumes of lateral
PFC (Zimmerman et al., 2006). Some studies reported an association between
regional brain volume decrement and cognitive functioning, such as hippocampal
volume and memory performance (Golomb et al., 1994), between the PFC volume
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and mental imagery (Raz et al.,, 1999), between the limbic structures and memory

(Raz et al., 1998), and between medial prefrontal cortex and fluid intelligence (Gong

et al., 2005). However, other studies have not found any evidence for such a relation

between brain volume and cognitive performance with age (Raz et al., 1998,
Tisserand et al., 2000, Tisserand and Jolles, 2003).

Other possible factors associated with discrepancies in these results would be
most likely due to the variation in age range, sample sizes, and differences in
neuroimaging protocols and processing techniques. Most of these previous studies
have been based on manual or semi-automated region of interest-guided
measurements. In this study the voxel-based morphometry (VBM) was used, which
is a computational quantitative fully automated analysis technique (Ashburner and
Friston, 2000), that allows an objective analysis of the differences of the brain tissue
composition between groups. It involves a voxel-wise comparison of the tissue
concentration throughout the whole brain between groups (Ashburner and Friston,
2000). VBM requires that voxels are classified according to different tissue types,
usually GM, white matter (WM) and cerebrospinal fluid (CSF). To allow comparison
across subjects, images are non-linearly aligned to a standard brain, where a comimon
coordinate system can be defined, and volumes are corrected for local shrinkages and
expansions (Good et al., 2001b). VBM allows for the quantification of the GM
volumes, globally and regionally, using either the voxels directly or regions of
interest,

The advantage of VBM includes greater sensitivity for localizing small size
regional differences in grey or white matter. However, an important limitation of
VBM is that the poorly registered MR images to a common template can lead to

false estimates (Bookstein, 2001). The major doubt is that VBM is very sensitive to
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systematic shape differences attributable to misregistration from the spatial
normalization step (Ashburner and Friston, 2001). To solve this problem, Ashburner
(2007) proposed new preprocessing steps for VBM in statistical parametric mapping
(SPM); as an alternative to SPM's traditional registration approaches. These run as a
toolbox in SPMS8, the “Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra” (DARTEL) registration method.

This improved analysis technique can achieve more accurate inter-subject
registration of brain images and it can improve the realignment of small inner
structures over the standard VBM method (Yassa and Stark, 2009). The key result
estimated by this method is called local tissue ‘‘density’’, where reduction in this
density is hypothesised to indicate atrophy (Raz and Rodrigue, 2006).

Several studies have used the standard VBM technique to assess age-related
changes in normal healthy volunteers (Good et al., 2001b, Smith et al., 2007,
Tisserand et al., 2002, Van Laere and Dierckx, 2001). Good et al. (2001b) were able
to assess a large sample of 465 healthy subjects aged 17-79 years; whereas, Van
Laere and Dierckx (2001) recrutied 81 subjects (age range between 20-81 years),
Tisserand et al. (2002) studied 57 normal subjects aged 21-81 years, and finally,
Smith et al. (2007) analysed the scans of 122 healthy subjects (aged between ages
58-95 years). Their findings are below. Global GM volume significantly declined
with age (Good et al., 2001b), with regional patterns of GM density reduction in the
middle frontal (Good et al., 2001b, Tisserand et al., 2002), inferior frontal (Good et
al., 2001b), orbital frontal (Tisserand et al., 2002), superior parietal(Good et al.,
2001b), inferior parietal (Good et al., 2001b, Van Laere and Dierckx, 2001), superior
temporal (Good et al., 2001b, Van Laere and Dierckx, 2001), anterior cingulate
(Good et al., 2001b, Tisserand et al., 2002), and insular cortices (Good et al., 2001b),
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and the cerebellum (Good et al., 2001b, Van Laere and Dierckx, 2001), However,
Smith et al. (2007) found that with age, regional differences in GM volume occurred
more focally in the frontal, parietal and temporal lobes, but not in medial or
anterolateral temporal lobes, or in posterior cingulate. Generally, these VBM results
are in agreement with those volumetric studies in which parietal and frontal regions
may have more prominent GM volume loss with age. More recently, a VBM study of
662 healthy older adults (age between 63-75 years) also revealed a similar pattern of
reduction as the one suggested by the volumetric studies (Lemaitre et al., 2005).

A VBM study with regard to sex differences carried out a strict age-matched
gender comparison in 441 healthy subjects (aged 44—48 years) and found that males
have more GM density in the midbrain, left inferior temporal gyrus, right occipital
lingual gyrus, right middle temporal cortex and in both cerebellar hemispheres.
Females showed greater GM density in the cingulate cortices and right inferior
parietal lobule (Chen et al., 2007) . Good et al. (2001a) found that males had
significantly increased GM density bilaterally and symmetrically in the amygdala
/hippocampal complexes, and the left anterior temporal pole. In contrast, females had
increased GM density in the posterior temporal lobes, right orbital gyri, inferior
frontal gyri bilaterally and in the left angular gyrus (Good et al., 2001a). The other
VBM gender comparison study, using a larger age range (58-95 years) failed to
detect any gender differences (Smith et al., 2007).

VBM studies with regard sex differences in aging; Taki et al. (2004) reported
reduction in GM density bilaterally in the superior temporal gyri in males, and in the
left superior temporal gyrus and the left precentral gyrus in females. However,

Smith et al. (2007) did not find any significant sex effects.
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VBM and volumetric studies often are not directly comparable (Allen et al.,
2005). However, a direct comparison between VBM and the volumetric methods in
an investigation of aging cffects reveals some significant areas of agreement in
which parietal and frontal regions may have more prominent GM changes with age.
Still, there are some discrepancies reported between the two approaches that were
seen in many brain regions (i.e. the anterior cingulate cortex and DLPFC) when these
approaches were compared (Tisserand et al., 2002).

In this study, main goal was to apply the new VBM-DARTEL method to
investigate the range of age-related changes in GM density and correlate these with
performance on brief executive assessment tests in healthy subjects. We
hypothesized that the largest age-related changes in GM density would be found
within the frontal lobe, and that decline in cognitive performance would be

particularly associated with changes in GM density in this region.

6.3 METHODS

6.3.1 Data Analysis:
Image Preprocessing

DARTEL-VBM analysis of MRI data was performed using SPM8 software
(Statistical Parametric Mapping, Wellcome Department of Imaging Neuroscience,
University College London, UK; available at http://www.fil.ion.uclLac.uk/spm)
implemented in MATLAB & SIMULINK, version 7.9.0.529 - R2009b., The
MathWorks, Inc., Natick, MA, USA. The VBM-DARTEL preprocessing included

several steps: (1) all T1-weighted MR images were segmented using a segmentation
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algorithm developed in SPMS described by Ashburner and Friston (2000) to produce
GM and WM images in the native space of the Tl1-weighted MRI scans. The
remaining steps used the DARTEL toolbox (Ashburner, 2007); (2) GM/WM images
were aligned by a rigid transformation (with the tissue probability map) using the
normalization parameter developed from the segmentation step; (3) The group-
specific templates were created by the aligned images from all subjects. The
procedure of creating a template was an iterative procedure that began with the
generation of an original template computing the average of all the aligned data.
Deformations from the initial template to each of the GM/WM images were
computed, and the inverse deformation was applied to each of the GM/WM images.
A second template was created as the mean of the deformed GM/WM images, and
this procedure was repeated six times, and the template was generated, which was
the average of the DARTEL registered data; (4) The flow field computed for each
subject in step 3, warping rigidly aligned GM/WM to the common DARTEL space,
was composed with an affine transformation that transforms DARTEL to MNI
space; (5) All these images were smoothed with an 10-mm full-width at half-
maximum Gaussian kernel.

The VBM-DARTEL method was used to investigate the effects of age and
sex on the global GM density and to study the relation between GM density and
decline in performance on brief executive assessment tests. The full factorial model
of analysis of variance was used to address the differences in GM/WM with age. For
all VBM analyses, to adjust for inter sex variation in brain volume, and to estimate
global effects, total intracranial volume (TIV) for each subject was computed and set
as a vector of global values. Participants were categories into two groups of under
and over 50 years of age, based on the findings that hemisphere volumes remained
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stable in both sexes up to the age of 50 years (Ge et al., 2002, Luft et al., 1999,

Miller et al., 1980). First, regional GM alterations with aging were examined in each

gender. Second, we tested the regional differences in GM density between: males

above 50 years and males under 50 years; females above 50 years and females less
than 50 year.

Multiple regression and correlation between age and GM density were
examined for all subjects and within each sex. To control for multiple comparisons, p
values were thresholded at p < 0.05 (false discovery rate correction (FDR)) at the
voxel level and p < 0.05 (family wise error (FEW)) at the cluster level. Significant
anatomical localizations were determined by the anatomy SPM toolbox (Eickhoff et
al., 2005).

Muliiple regression and correlation analyses were also performed to
characterize the extent to which age was associated with the cognitive measures. All
results of SPM image analysis were superimposed on structural MR images on
sagittal, coronal and axial slices, which were the average images of all subject’s

normalized T-weighted images, to facilitate correlation with anatomy.

6.4 RESULTS

6.4.1 Association between Intracranial Volumes, Ages and Sexes:

All variable distributions were normal when tested with Kolmogrov-Smirnov
test of normality (p>0.05). From the segmented images, the relative GM, WM and
CSF volumes normalized to each individual’s intracranial volume were extracted.

TIV was the addition of total GM, WM, and CSF volumes. Person correlations
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between these volumes and age were calculated (Table 6.1) by using bivariate
correlation analysis (PASW Statistics v18.0), with significance accepted at p <0.05.
Although age was matched between females and males (females 41.8 + 17.2 years,
males 40.5 + 15.1 years, t=-0.02, df=53 p=0.98), males had greater mean average of
GM (639.5 £ 55.6 mm®), WM (609.9 + 68.2 mm®), CSF (251.6 + 27.6 mm®), and
TIV (1501.1 £ 135.9 mm”) than females GM (598.9 + 49.8 mm®), WM (527.6 + 45.6
mm?®), CSF (222.3 + 26.8 mm®), and TIV (1348.9 + 92.5 mm®) (Table 6.2).
Independent samples t-test of variances between sexes showed significant
differences between males and females in the GM (t=2.86, df=53, p=0.01), WM
(t=5.31, df=53, p =0.00), CSF (=3.99, df=53, p=0.00) and TIV (t=4.90, df=53,
p=0.00), suggesting that there is a difference in tissue compartment volumes between
males and females.

Among all subjects, the correlation between age and TIV indicated no
significant age related differences in head size (+=-0.09, p=0.53). However, a
significant negative correlation was seen for GM volume with age (r=-0.45, p=0.00)
(Table 6.1, Figure 6.1). This correlation (Table 6.2) was significantly higher in
females (r =-0.59, p=0.00) than in males (1=-0.37, p=0.06) (Figure 6.2). On the other
hand, the WM, CSF and TIV did not show any significant correlation with age in

females or males (Table 6.2),
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6.4.2 Cognitive Assessment Data:

Independent samples t-test of variances between sexes showed significant
differences between males and females in the digit span forward (t=-2.15, df=53,
p=0.04) and digit symbol (t=-2.52, df=53, p=0.02). Data were then tested for
correlation with age using (PASW Statistics v18.0), the results of Pearson product
moment correlation is presented in (Table 6.3). Bonferroni multiple comparisons
corrections were performed, with alpha (corrected) = 0.007. The mean level of
education for all subjects was 17 years, SD 3.2 years with no significant effect of age
(r=-0.02, p=0.9). No subjects were excluded on the basis of their performance on the
cognitive assessment tests. The digit symbol test showed a significant correlation
with age among all subjects (1=-0.54, p=0.00) (Figure 6.3 and Table 6.3). This
correlation was larger in females (1=-0.58, p=0.00) than males (1=-0.50, p=0.01)
(Figure 6.4 and Table 6.4). Results of Fisher's Z transformations showed no
significant difference in these correlations (Z=-0.4, p=0.69). Interestingly, the digit
span backward test was significantly negative correlated with age in females (1=-
0.40, p=0.03) but not in males (1=0.19, p=0.35) (Figure 6.5 and Table 6.4), Fisher's Z
transformations showed significant difference in these correlations (Z=-2.15,
p=0.03). Conversely, the digit span forward test was significantly positively
correlated with age in males (1=0.40, p=0.05) but not in females (1=-0.26, p=0.17)
(Figure 6.6 and Table 6.4). The Fisher's Z results also showed significant difference

in these correlations (Z=-2.41, p=0.02).
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Region BA Talairach

Coordinates Y Z

X
Left paracentral lobule 4a & 6 -8 -25 75
Left superior medial frontal gyrus 6 2 50 46
Left insula lobe -46 8 |
Left SMA 6 -8 8 45
Left inferior frontal gyrus 44, 45, 46 =51 21 -2
Left inferior partial lobule 40 -50 -42 57
Left lingual gyrus 17& 18 -14 -51 ¢
Left Heschl’s gyrus 41 & 42 -44 -16 6
Right paracentral lobule 4a &6 9 -24 73
Right superior frontal gyrus 6 21 14 57
Right inferior frontal gyrus 44 & 45 48 14 3
Right superior temporal gyrus 22 45 -13 -6
Right terporal pole 44 15 -26
Right inferior partial lobule 40 46 -48 57

Table 6.5: Regional grey matter negative correlated with age in all subjects (p=0.05), BA=

Broadmann’s areas.

Group Sexes Differences:

The full factorial model of analysis of variance was used to address the
differences in GM density. For all VBM-DARTEL analyses, TIV was used as a
vector of global values for estimating global effects. We first investigated sex by age
interactions. Three areas of GM density showed significant interaction (including
right superior medial frontal gyrus, left inferior frontal gyrus, and left inferior
temporal gyrus) had significantly greater density reduction in male than female with
increasing age (Figure 6.8) (Table 6.6). Therefore, we investigated the correlations
between aging and GM density losses within age groups were examined in both
males and females. Additionally, two-sample t-test was computed for age-based
analyses within each sex, males and females were subdivided into two groups (above
50 years and under 50 years). In each analysis, two contrasts were examined: 1)

identifying local increases in GM density between males above 50 years and under
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In summary, regions of GM density that showed significant negative
correlation with age were found in the bilateral paracentral lobule, superior medial
frontal gyrus, inferior frontal gyrus, inferior partial lobule, right superior temporal
gyrus, right temporal pole, left insula lobe, left SMA, left, left lingual gyrus and left

Heschl’s gyrus.

Grey Matter Correlations with Cognitive Performance among all Subjects
We investigated the age-related changes in GM density and cognitive
assessment scores that showed significant correlation with age among all subjects

(Table 6.3) and in each sex (Table 6.4).

Digit span forward
There were no GM regions in male that were significantly correlated (either

positively or negatively) with digit span forward test among the male subjects.

Digit span backward

There were no GM regions in males that were significantly correlated (either

positively or negatively) with Digit span backward test.

Digit symbol
In this analysis, the correlation between GM density and digit symbol

performance was investigated among all subjects using the multiple regression
analysis tool SPM8. There were no negative correlations between GM density and

digit symbol test among all subjects. The positive correlations are shown in (Figure
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Grey Matter Correlations with Cognitive Performance Within Sexes
In this analysis correlations between GM density and cognitive test performance, that
showed strong correlation with age, were investigated using multiple regression

analysis tool SPM8.
Male

Digit span forward
There were no GM regions in male that were significantly correlated (either

positively or negatively) with digit span forward test among the male subjects.

Digit span backward
There were no GM regions in males that were significantly correlated (either

positively or negatively) with Digit span backward test.

Digit symbol

There were no negative correlation between GM density and digit symbol test among
the male subjects. However, the positive correlations are shown in (Figure 6.14). The
Talairach coordinates, and anatomical regions for significant clusters for GM regions

are illustrated in (Table 6.12).
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In summary, regions of GM density that showed significant positive
correlation with performance on digit symbol test were found in the bilateral superior
medial, inferior, middle frontal gyrus, paracentral lobule, middle cingulate cortex,
middle orbital gyrus, right middle orbital gyrus, left SMA, left Hippocampus left
superior orbital gyrus and left precentral gyrus. No other correlations were found

between GM density and performance on other cognitive tests.

White Matter

We investigated the age-related changes in WM density among all subjects and
each sex with a voxel-based multiple regressions analysis tool SPMS8. No
correlations were found between WM density and age among all subjects or in each
sex. The full factorial model of analysis of variance was used to address the
differences in WM between the groups in each sex. For all VBM analyses, TIV was
used as a vector of global values for estimating global effects. There were no areas of

increased WM density between the groups in males or females.

6.5 DISCUSSION AND CONCLUSION

This study explored sex-related differences in regional GM density in a
representative healthy population (age ranged 18-71 years), by applying VBM-
DARTEL analysis. To our knowledge, this is the first study that shows the
correlations of the tissue density of GM/WM with age, sex and several cognitive
tests using the DARTEL-VBM analysis in healthy subjects aged 18-71 years. The

objectives of this study were to evaluate the global volume change of the GM and
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WM with age, sex and to evaluate the correlations of the tissue probabilities of the

GM with performance on brief cognitive tests by a VBM-DARTEL analysis.

6.5.1 Volumetric analysis of correlation of GM, WM & TIV with age:

In our study comparisons of brain volumes showed sex differences in
correlation with age, similar to what has been reported by some studies (Cowell et
al., 1994, Good et al., 2001b, Gur et al., 1999, Mwphy et al., 1996, Raz et al., 1997).
The total brain volume (p = 0.00), GM (p = 0.02) and WM (p = 0.00) partitions were
larger in males (see Table 6.2) compared with females in accordance with previous
literature (Coffey et al., 1998, Good et al,, 2001b, Gur et al., 1991, Gur et al., 1999,
Murphy et al., 1996, Raz et al., 1997, Smith et al., 2007). Among all subjects, there
was a significant decline of global GM volume with age (r = -0.41, p = 0.00) (see
Figure 6.1) (Good et al., 2001b, Smith et al., 2007). Females had a significantly
steeper decline (r = -0.58, p = 0.00) in GM volume with age than males (r =-0.34, p
= 0.09) (see Figure 6.2) (Good et al., 2001a). We did not observe any WM, CSF or
TIV correlation with age in both males and females (Taki et al., 2004). Similar to the
previous findings, these results clearly indicate that the main factor contributing to

brain atrophy with ageing is the volume reduction of the GM.

6.5.2 Voxel-based morphometry of grey matter:

Among all subjects, the regional changes of GM density with aging were
most prominent in the frontal cortices, the strongest correlation with age was seen in
the paracentral gyrus (BA 4 and 6), supplementary motor area (SMA) (B6), superior
frontal gyrus (BA 6), inferior frontal gyrus (BA 44 and 45) (Table 6.14). Figure 6.7
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shows the regions in which GM density significantly and negatively correlated with

age among all subjects.

Significantly greater GM density reductions in male than female with
increasing age (age by sex interaction) were found in the right superior medial
frontal gyrus (BA 6), left inferior frontal gyrus (BA 45), and left inferior temporal
gyrus (BA 20). In both sexes correlations were found in the left paracentral lobule
(BA 6, 4a) (Table 6.14). In males, these correlations were found in the left superior
medial frontal gyrus (BA 6) (Table 6.14). In females, the strong correlations were
found in left superior temporal gyrus (BA 22), left precentral gyrus which also called
primary motor cortex (M1) (BA 4), left postcentral gyrus (BA 1, 2 and 3) and left
frontal gyrus (BA 44 and 45) (Table 6.14). These findings are in agreement with

some previous standard VBM studies (Table 6.15).
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Comparison Regions BA Talairach
Coordinate Y Z
s
X
All subjects age Left paracentral lobule da& 6 -8 -25 75
related regression Left superior medial frontal gyrus 6 2 50 46
(negative) Left insula lobe -46 8 1
Left SMA 6 -8 8 45
Left inferior frontal gyrus 44,45, 46 -51 21 -2
Left inferior partial lobule 40 -50 -42 57
Left lingual gyrus 17 & 18 -14 -51 0
Left Heschl’s gyrus 41 & 42 -44 -16 6
Right paracentral lobule 4a &6 9 -24 73
Right superior frontal gyrus 6 21 14 57
Right inferior frontal gyrus 44 & 45 43 14 3
Right superior temporal gyrus 22 45 -13 -6
Right temporal pole 44 15 =26
Right inferior partial lobule 40 46 -48 57
Male group age Left superior medial frontal gyrus 6 0 50 46
related regression [ eft paracentral lobule 4a &6 -9 -24 72
(negative)
Female group age Left paracentral lobule da & 6 -6 -27 78
ffﬂate‘i_ regression [ eft superior temporal gyrus 22 -47 -15 -5
(negative) Left precentral gyrus 4 -29 -13 67
Left postcentral gyrus 1,2,3 -38 -30 52
Left frontal gyrus 44 & 45 -48 36 -12
Males Above 50 No significant regions
> Males Under 50
Females Above No significant regions
50 > Females
Under 50
Males Under 50 > Lefi paracentral lobule 4a &6 -12 -25 70
Males Above 50 Right precentral gyrus 4a &6 18 -25 76
Right superior frontal gyrus 6 30 -3 64
Females Under Left precentral gyrus da& 6 -24 =25 63
50 > Females Rjght precentral gyrus 4da &6 44 -12 58
Above 50 Right SMA 6 6 -10 73
Right superior frontal gyrus 6 32 -1 66

Table 6.14: Summery of voxel-based morphometry analyses. BA =Brodmann’s areas.
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Lobe Region of Grey Matter Reduction Study by
Frontal Left Precentral gyrus (present study) (Good et al., 2001b, Lemaitre et al., 2005, Taki et al., 2004)
Left Postcentral gyrus (present study) (Good et al,, 2001b, Lemaitre et al., 2005)
Left Superior frontal gyrus (present study) (Tisserand et al., 2002)
Left Inferior frontal gyrus (present study) (Good et al., 2001b, Tisserand et al, 2002, Van Laere and
Dierckx, 2001)
Left Orbital frontal (Lemaitre et al., 2005, Tisserand et al., 2002)
Left Middle frontal gyrus (present study) (Good et al,, 2001b, Lemaitre et al., 2005, Tisserand et al.,
2002, Van Laere and Dierckx, 2001)
Left Frontal pole (present study) (Tisserand et al., 2002)
Right Precentral gyrus (present study) {Good et al., 2001b)
Right Superior frontal gyrus (present study) (Tisserand et al., 2002)
Right Inferior frontal gyrus (present study) {Good et al., 2001b, Tisserand et al., 2002, Van Laere and
Dierckx, 2001)
Right Orbital frontal (Lemaitre et al., 2005, Tisserand et al., 2002)
Right Middle frontal gyrus (Good et al, 2001b, Lemaitre et al,, 2005, Tisserand et al,,
2002, Van Laere and Dierckx, 2001)
Temporal | Left Heschl's gyrus (present study) (Good et al., 2001b, Lemaitre et al,, 2005)
Left Superior temporal gyrus (present study) g(()}g;);i et al., 2001b, Taki et al., 2004, Van Laere and Dierckx,
Left Hippocampus (Lemaitre et al., 2005, Van Laere and Dierckx, 2001)
Right Heschl’s gyrus (Good et al., 2001b, Lemaitre et al., 2005)
Right Superior temporal gyrus (present | (Good et al., 2001b, Taki et al., 2004, Van Laere and Dierckx,
study) 2001)
Right Hippocampus (Van Laere and Dierckx, 2001)
Parietal Left Inferior parietal gyrus (present study) (Good et al., 2001b, Van Laere and Dierckx, 2001)
Left Superior parietal gyrus {Lemaitre et al., 2005)
Left Angular gyrus (Good et al., 2001b)
Right Postcentral gyrus (Good et al., 2001b, Lemaitre et al., 2005)
Right Angular gyrus (Good et al., 2001b)
QOccipital Left Occipital (Van Laere and Dierckx, 2001)
Right Occipital (Van Laere and Dierckx, 2001)
Cingulate Anterior cingulate sulcus (Good et al., 2001b, Tisserand et al., 2002)
Middle Cingulate gyrus (Van Laere and Dierckx, 2001)
Insular Left Insula (present study) (Good et al., 2001b, Van Laere and Dierckx, 2001)

Right Insula

(Good et al., 2001b, Van Laere and Dierckx, 2001)

Table 6.15: Results of previous VBM studies, shown regions of GM negatively correlated with age.
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No regions of increased GM density were found in groups above 50 years old
when compared to groups less than 50 years old in both sexes (Table 6.14).
However, Figure 6.11 shows the regions in which GM density were significant
increased in males less than 50 years when compared to males above 50 years old.
These regions were identified in left paracentral lobule (BA 6 and 4a), right
precentral gyrus (BA 6 and 4a) and right superior frontal gyrus (BA 6). Significant
regions of increased GM density were also found in females less than 50 years when
compared to females above 50 years old. These regions were identified (see Figure
6.12) in bilateral precentral gyrus (BA 6 and 4), right superior frontal gyrus (BA 6),
and right SMA (BA 6).

Previous VBM studies have found age-related GM reduction bilaterally in the
superior parietal gyri, pre- and postcentral gyri, insula/ frontal operculum, and
anterior cingulate (Good et al.,, 2001b). Other VBM studies have suggested sex
differences in regional GM volume. For example, Good et al. (2001b), found that
males have a larger volume of cortical GM in the limbic region. Whereas, females
have an increased GM volume compared with males in the FL. Chen et al. (2007)
revealed that males have more GM density in the midbrain, left inferior temporal
gyrus, right occipital lingual gyrus, right middle temporal and in both cerebellar
hemispheres, while females showed greater GM density in the cingulate cortices and
right inferior parietal lobule.

Few VBM studies have reported sex by age differences in regional GM
volume. Taki et al. (2004) reported reduction in GM density bilaterally in the
superior temporal gyri in males, and in the left superior temporal gyrus and the left
precentral gyrus in females. More recently however, Smith et al. (2007) did not

observe any significant sex differences in GM with age.
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Non-VBM studies have also suggested GM regional sex differences with age.
Cowell et al. (1994), for instance, observed more reduction in GM volume occurred
in males than in females in FL and TL regions. Murphy et al. (1996) suggested an
earlier or faster volume loss in the FL and TL in males, and in the PL and
hippocampus region in females. Raz et al. (1997) demonstrated a steeper trend of
age-related changes in the inferior temporal cortex in males. Overall, and despite
methodological differences, our results agree with these studies in which the frontal

cortices experience the most age-related effects.
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6.5.3 Voxel-based morphometry: correlation of GM with Cognitive
Performance:

In this study the hypothesis was tested that age-related decline in cognitive
functioning would be associated with changes in GM density. It was expected that
reductions in GM brain density would be related to a decline in performance on
cognitive tests designed to assess frontal lobe functions. We investigated the relation
between GM density, digit span forward, digit span backward and digit symbol tests
which were significantly correlated with age in each sex (West, 1996). A significant
positive correlation could be established between GM density and the digit symbol
test among all subjects (Figure 6.13) in the left superior frontal gyrus (BA 6), left
paracentral lobule (BA 4 and 6), left SMA (BA 6), bilateral superior medial frontal
gyrus (BA 6), bilateral inferior frontal gyrus (BA 45), bilateral middle cingulate
cortex (BA 6), right middle orbital gyrus (BA 11) and right middle frontal gyrus (BA
6).

This VBM result showed similar positive correlations between GM density
and digit symbol performance in both sexes. In males, the correlations with age were
found in the left hippocampus, left superior orbital gyrus (BA 47), left inferior
frontal gyrus (BA 44) and right middle cingulate cortex (BA 6) (Figure 6.14). While,
in females the correlations with age were found in bilateral frontal gyrus, (BA 6)
bilateral paracentral lobule (BA 4and and 6), left SMA (BA 6), left precentral gyrus
(BA 6, 4a), right middle orbital gyrus (BA 11), and right middle cingulate cortex
(BA 6) (Figure 6.15). These regions could be highly associated with improved
performance on the specific cognitive test.

Prefrontal cortex volumes has been found to be associated with performance

on executive tasks such as Wisconsin Card Sorting Test (Gunning-Dixon and Raz,
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2003, Raz et al., 1998) as well as with performance in visuospatial skills (Raz et al.,
1999), episodic memory performance (Head et al., 2008) and fluid intelligence (Raz
et al.,, 2008). Larger hippocampal volumes were observed in younger adults who
showed better spatial memory performance than the older adult (Driscoll et al.,
2003). The association between performance on cognitive tests and changes in
regional GM volumes remains inconclusive (Raz and Rodrigue, 2006). Van Petten et
al. (2004) gave an overview of many studies of healthy participants and concluded
that it has been difficult to determine strong associations between
neuropsychological functioning and brain morphometry. When structure cognition
relations are found, they are not easily replicated and appear sensitive to the choice

of cognitive tests (Raz and Rodrigue, 2006).

6.5.4 Voxel-based morphometry of white matter

There were no significant correlation between age and WM density among all
subjects or in each sex in accordance with previous findings (Taki et al., 2004).
These findings clearly indicate that the main factor contributing to brain atrophy with

age is the density reduction of the GM, but not WM.

6.6 Methodological Considerations

A limitation of the present study was the relatively small sample size of the
study group. A larger group would have been needed to provide adequate statistical
power to examine whether there are sex differences. A final limitation was that the
signal to noise ratio (SNR) of the images was suboptimal due to MRI scans being

acquired with the use of parallel imaging (Madore and Pelc, 2001). In summary, we
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evaluated the change in GM and WM densities in sexes with age, and identified the
regions of the GM that are affected by age and several cognitive tests. As a result, we
also found a significant negative correlation between GM volume and age in each
sex, while white matter volume did not significantly correlate with age in each sex.
This study showed a consistent GM density difference in the older groups of
subjects. We identified regions of increased GM density in groups less than 50 years
old in comparison to above 50 years old in each sex. We also found that the digit
symbol test was positively correlated with local GM density in both sexes. However,
density or volume decreases within the GM structures have not been found to be
predictive of deterioration in specific cognitive tests. In this study, the use of
DARTEL analysis has produced the same findings as reported by many previous
standard VBM studies. Finally, it is important to consider individual variability due
to sex differences and age-extrinsic biomedical factors (i.e. blood pressure, diabetes
mellitus, chronic respiratory disease, and hormones) when interpreting age effect on

brain structure (for review see (Tisserand and Jolles, 2003)).
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CHAPTER 7: Effects of age and sex on the brain cortical
thickness and relation to cognition.
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7.1 Aim of Chapter

This chapter aims to investigate any association between the regional cortical
thickness and age for all subjects and within each sex; it also investigates
associations between cortical thickness and brief cognitive assessment test

performances.

7.2 INTRODUCTION

Changes in cortical thickness are pivotal for the study of age-related changes
as they provide a regional measure of variations in grey matter (GM) morphology
that can be made continuously across the cortical surface. Age-related changes in
cortical brain structure has been explored previously using a variety of methods,
including a post-mortem (Kemper, 1994) and in vivo volumetric studies of regional
cortical thickness (Fjell et al.,, 2009, Salat et al., 2004, Thambisetty et al., 2010,
Ziegler et al., 2010). Comparable to the results of the GM changes from some
volumetric studies (Raz et al.,, 2004, Sowell et al.,, 2003), age was found to be
associated with widespread thinning of the cerebral cortex (Fjell et al., 2009, Salat et
al., 2004, Sowell et al., 2007). Furthermore, similar to the results reported by some
volumetric studies (Coffey et al., 1992, Cowell et al., 1994, Gur et al., 2000, Raz et
al., 2004, Salat et al., 1999), cortical thickness of the frontal lobe (FL) specifically

prefrontal cortex (PFC), and temporal lobe (TL) are repoited to be reduced with age.

Fjell et al. (2009) assessed the consistency of age effects on cortical thickness
across 6 different samples with a total of 883 participants age range (18-93 years).

The results of their study demonstrated consistent age-related effects across the 6
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samples in the superior, middle, and inferior frontal gyri, superior and middle
temporal gyri, precuneus, inferior and superior parietal cortices, fusiform and lingual
gyri, and the temporo-parietal junction. The strongest effects were noticed in the

superior frontal gyri, inferior frontal gyri, and superior parts of the temporal lobe.

Salat et al. (2004) obtained cross-sectional data form 106 participants ranging
from 20-90 years old and measured cortical thickness over the entire cortex. They
found that the GM of older adults was significantly thinner in the prefrontal cortex
and visual regions, but selective preservation was found in the parahippocampal and
temporal areas. Consistent with Salat et al. (2004), Ziegler et al. (2010) found large
regions of cortical thinning in sensory and motor areas, including the precentral
gyrus, the pericalcarine region, and the medial aspect of the superior frontal gyrus.
They also noted smaller regions of thinning in the lateral PFC, inferior parietal

cortex, and transverse temporal gyri.

Notably, Thambisetty et al. (2010) investigated longitudinal changes in
cortical thickness over a mean follow-up interval of 8 years in a cohort of 66 older
adults (range 60-84 year). Their main finding was that age-related decline in cortical
thickness is widespread, but shows an anterior—posterior gradient with frontal and
parietal regions exhibiting greater rates of decline than temporal and occipital. Males
showed greater rates of decline than females in the middle frontal, inferior parietal,
parahippocampal, postcentral, and superior temporal gyri in the left hemisphere,
right precuneus and bilaterally in the superior parietal and cingulate regions. A cross
sectional investigation of the influence of aging and sex revealed a highly significant
effect of global cortical thickness in males but not females, in the left and right
hemispheres (Salat et al., 2004). However, this was not supported by Nopoulos et al,

(2000) who recruited a similar sample size and employed identical image analysis
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software and method which revealed no significant differences between males and

fernales.

Previous studies analyzing cortical thickness of healthy subjects have
successfully related localized variations in prefrontal, posterior and temporal cortices
thickness to scores of intelligence (Narr et al., 2007), medial temporal cortical
thickness to verbal memory and lateral parietal cortical thickness to visuomotor
speed/set (Dickerson et al., 2008). Fjell et al. (2006) also found that older subjects
with high fluid intelligence scores (i.e. ¢ scores were 50.3, SD = 2.8) had thicker
cortex in the right hemisphere, mostly in posterior cingulate cortex, compared to old
subjects with average scores (i.e. ¢ scores were 38.1, SD = 4.9). In contrast, the same
study found no thickness differences between high and low performers on tests of
executive function. On the other hand, Ziegler et al. (2010) found no correlations
between measures of cognitive performance and cortical thickness. Raz and
Rodrigue (2006) suggested that there is no clear relationship between cortical

thickness/volume with age and behavioral performance.

In this study, we used an automated, advanced surface-based approach
(Fischl and Dale, 2000) to derive measures of cortical thickness across the entire
cortical mantle. To do this measurement of cortical thickness, FreeSurfer software,
freely downloadable from http:/surfer.nmr.mgh.harvard.edu/, was used (Center for
Biomedical Imaging, Charlestown, MA). This method provides reliable measures of
cortical thickness continuously across the whole cortical mantle without manually
defining region of interests (ROIs). Although automated methods may have some
disadvantages, such as resolution loss in registration of morphologically different
brains to a common stereotactic space, and the need for smoothing, it has several

advantages over manual methods. It requires minimal intervention by highly trained
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personnel and allows processing of many brains in a reasonable time frame. It is also

characterized by very high reliability and repeatability of measures.

We hypothesized that the largest age-related effects on cortical thickness
would be found within the FL, while decline in cognitive performance tests would be
particularly associated with changes in cortical thickness. We tested for regional
differences in cortical thickness for all subjects and within each sex. We also tested

for association between cortical thickness and brief executive assessment tests.

7.3 METHODS

7.3.1 Data Analysis:

Cortical Thickness Analyses

Cortical reconstruction and volumetric segmentation was performed with
processing the T1-weighted MRI data using the FreeSurfer image analysis tools. This
tool of methods was initially proposed in the 1990s (Dale et al., 1999; Fischl et al.,
1999a) and has undergone several important improvements over the years (Karnath
et al., 2001, Dale and Sereno, 1993, Fischl and Dale, 2000, Fischl et al., 2001, Fischl
et al., 2004a, Fischl et al., 1999a, Fischl et al., 1999b, Fischl et al., 2004b, Segonne et
al., 2004). With these updates, the current method is fully automated. Briefly, this
processing includes motion correction, removal of non-brain tissue using a hybrid
watershed/surface deformation procedure (Segonne et al., 2004), automated
Talairach transformation, segmentation of the subcortical white matter (WM) and

deep GM volumetric structures (Fischl et al., 2002, Fischl et al., 2004a) intensity
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normalization (Sled et al., 1998), tessellation of the GM/WM boundary, automated
topology correction (Fischl et al., 2001, Segonne et al., 2007), and surface
deformation following intensity gradients to optimally place the grey/white and
grey/cerebrospinal fluid borders at the location where the greatest shift in intensity
defines the transition to the other tissue class (Karnath et al., 2001, Dale and Sereno,

1993, Fischl and Dale, 2000).

The thickness estimation procedure is automated, but requires manual
checking of the accuracy of the spatial registration and the WM and GM
segmentations. The types of errors that most often require user intervention are
insufficient removal of nonbrain tissue and inclusion of vessels adjacent to the
cortex. In addition, if large field inhomogeneity exists, small parts of WM may
mistakenly be misclassified as GM, thus obscuring the GM/WM boundary. These
types of errors are limited in spatial extension, typically seen in a minor area of the

brain in a few slices, but are however routinely corrected by manual interventions.

We derived thickness measures at each vertex along the reconstructed surface
by calculating the shortest distance from the grey/white border to the outer cortical

(pial) surface (Fischl and Dale, 2000).

Statistical Analyses of Cortical Thickness Data

The final statistical data from the FreeSurfer were imported into SPSS format
where the analyses were conducted in PASW Statistics v18.0. General linear
modeling (GLM) analyses were conducted for sex differences. Multiple linear
regressions were performed to find the association between age, and cortical

thicknesses. Additionally, in order to investigate whether changes in cortical
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thickness predict change in cognitive decline, only cortical regions that demonstrated
significant correlation with cognitive assessment tests were included in the
subsequent analyses. Age was included as a covariate in all analyses, which were
carried out in two steps. First, Pearson partial correlations (age controlled) were
examined between cortical thickness and cognitive performance scores. Second,
forward stepwise linear regression analysis were performed with change in cortical
thickness measures as independent variables, (controlling for age), and change in

cognitive performance as the dependent variables.

7.4 RESULTS:

7.4.1 Cognitive Assessment Data:

Results presented in detail in Chapter 6.

7.4.2 Global Cortical Thickness Effect of Aging Among all Subjects:

The correlation between cortical thickness and age was investigated for all
subjects using multiple linear regression analyses. Figure 7.1 shows the gyral regions

of the human brain atlas developed by (Desikan et al., 2006).
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The results of the multiple regression analysis (using a stepwise method with
criteria: probability of F to enter < = 0.05, probability of F to remove >=0.100 and
in which all 68 regions for which cortical thickness had been obtained were entered
together with age) are presented in Table 7.1, which summarizes the regression
results between cortical thickness and age among all subjects. Left superior frontal
(BA 6) was the first predictor for age (F1 547 =11.05, R?=0.17, »=0.00), followed by
left rostral anterior cingulate (BA 24) (Fp,54) =9.09, R?=0.26, p=0.02), followed by
left supra marginal (BA 40) (Fj354 =8.30, R*=0.33, p=0.03), followed by the left
pars opercularis (BA 44) (Fiasq =7.78, R*=0.38, p=0.04), and finally followed by

the right superior temporal (BA 22) (Fis 541 =9.21, R*=0.42, p=0.02).
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Coefficients"
Model Unstandardized | Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig. |
1 (Constant) 174.17 40.00 4.35 .00
Left Superior Frontal (BA 6) -47.21 14.20 ~41 1 -3.32 .00
2 (Constant) 200.35 39.66 5.05 .00
Left Superior Frontal (BA 6) -65.92 15.55 -58| -4.24 .00
Left Rostral Anterior Cingulate (BA 24) 9.60 3.90 33 2.46 .02
3 (Constant) 165.36 41.10 4.02 .00
Left Superior Frontal (BA 6) -81.91 16.51 =72 -4.96 .00
Left Rostral Anterior Cingulate (BA 24) 8.70 3.77 30 2.31 .02
Left supra Marginal (BA 40) 31.82 13.92 31 2.28 .03
4  (Constant) 189.54 41.35 4.58 .00
Left Superior Frontal (BA 6) -69.64 16.98 -61| -4.10 .00
Left Rostral Anterior Cingulate (BA 24) 547 3.95 .19 1.38 A7
Left supra Marginal (BA 40) 40.34 14.05 391 287 .01
Left Pars Opercularis (BA 44) -26.78 12.61 =281 -2.12 .04
5 (Constant) 210.03 41.38 5.07 .00
Left Superior Frontal (BA 6) -51.35 14.76 -45] -3.48 .00
Left supra Marginal (BA 40) 48.51 13.41 471 3.62 .00
Left Pars Opercularis (BA 44) -34.37 11.25 -36| -3.05 .00
Right Superior Temporal (BA 22) -20.42 8.64 -271 -2.36 .02

a. Dependent Variable: age

Table 7.1: Multiple regression analysis coefficients of the brain cortical thickness with age as

dependent variable for all subjects. BA= Broadmann’s areas.

7.4.3 Global Cortical Thickness Effect of Aging between Sexes:

Sex differences have investigated using repeated measures GLM analyses,

with 34 brain regions in 2 hemispheres as within subject variables and age with sex

factors as between group factors. There were no significant sex by age interaction

(F151=0.24, p=0.63). However, there were significant differences between sexes in

cortical thickness measurements (F;s=4.93, p=0.03). We

investigated the
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correlation in cortical thickness within each sex for age using multiple linear

regression analyses.

Male

Table 7.2 shows the multiple regressions results between cortical thickness
and age among the male subjects, Forward stepwise multiple regression analysis first
selected left superior frontal (BA 6) (Fpi.251 =11.03, R*=0.31, p=0.00), followed by
left inferior parietal (BA 40) (Fia25 = 9.99, R?=0.46, p=0.02), finally followed by

right isthmus cingulate (BA 26) (F3 25 = 10.92, R%=0.59, p=0.01).

Coefficients"
Model Unstandardized Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig.
1 (Constant) 282.29 72.74 3.88 .00
Left Superior Frontal (BA 6) -86.96 26.18 -.56 -3.32 .00
2 (Constant) 225.70 69.34 325 (.00
Left Superior Frontal (BA 6) -126.04 28.20 -.81 -4.47 1.00
Left Inferior Parietal (BA 40) 67.28 26.48 46 254 .02
3 {Constant) 233.92 64.89 3.60 |.00
Left Superior Frontal (BA 6) -125.07 26.35 -.81 -4,75 .00
Left Inferior Parietal (BA 40) 75.48 25.05 52 3.01 01
Right Isthmus Cingulate (BA 26) | -12.47 5.97 =30 -2.09 (.05

a. Dependent Variable: age

Table 7.2: Multiple regression analysis coefficients of the brain cortical thickness with age as

dependent variable in males. BA= Broadmann’s areas.
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Female

Table 7.3 shows the multiple regressions results between cortical thickness
and age among the female subjects. Forward stepwise multiple regression analysis
first selected Left Pars Opercularis (BA 44) (Fpi28 =15.48, R? =0.36, p=0.00),
followed by right middle Temporal (BA 21) (Fpag = 14.12, R* =0.52, p=0.01),
followed by right caudal anterior cingulate (BA 24 and 32) (F3 251 = 12.85, R*=0.61,
p=0.03), followed by left insula ( BA 13) (Fl4.28) = 13.52, R*=0.70, p=0.02), finally

followed by left superior temporal (BA 22) (Fis28) = 113.47, R?=0.74, p=0.04).

Coefficients"
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Model Unstandardized | Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig.
1 (Constant) 199.63 |40.20 4.96 (.00
Left Pars Opercularis (BA 44) -57.53 {14.62 |-.60 -3.93 (.00
2 (Constant) 276.63 |44.34 6.24 (.00
Left Pars Opercularis (BA 44) -56.97 |12.94 |-.60 -4.40 .00
Right Middle Temporal (BA 21) -26.79 19.20 |-40 -2.911.01
3 (Constant) 260.56 |41.53 6.27 |.00
Left Pars Opercularis (BA 44) -58.90 [11.99 |[-.62 -4.91 1.00
Right Middle Temporal (BA 21) -33.53 1898 [-49 -3.73 1.00
Right Caudal Anterior Cingulate (BA 24 & 32) | 16.25 6.95 310 234 ].03
4 (Constant) 353.60 |51.87 6.82 |.00
Left Pars Opercularis (BA 44) -75.86 |12.64 |-.80 -6.00 | .00
Right Middle Temporal (BA 21) -3430 [8.10 [-51 -4.13 1.00
Right Caudal Anterior Cingulate (BA 24 & 32) | 22.70 8.10 43 3.65 |.00
Left Insula (BA 13) -20.88 |8.05 [-.36 -2.59 (.02
5 (Constant) 352,98 [48.23 7.32 {.00
Left Pars Opercularis (BA 44) -85.74 12,59 |-90 -6.81 .00
Right Middle Temporal (BA 21) -38.68 |7.80 [-.57 -4.96 .00
Right Caudal Anterior Cingulate (BA 24 & 32) | 20.91 6.33 40 3.30 |.00
Left Insula (BA 13) -29.49 |846 |-51 -3.48 | .00
Left Superior Temporal (BA 22) 24.64 11.29 |.29 2.18 |.04

a. Dependent Variable: age

Table 7.3: Multiple regression analysis coefficients of the brain cortical thickness with age as

dependent variable in females. BA= Broadmann’s areas.
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7.4.4 Cortical Thickness Correlations with Cognitive Performance:

In this analysis, association between cortical thickness and cognitive

measures (controlling for age), which showed strong correlations with age among all

subjects and in each sex, were investigated using stepwise linear regression analysis.

All Subjects

Digit span forward

The results of the regression analysis are summarized in Table 7.4. Right

postcentral (BA 1, 2 and 3) explained significant variance in digit span forward

(Fia,54 =2.34, R?=0.08, p=0.04).

Coefficients”
Model Unstandardized | Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig.
1 (Constant) 9.40 .89 10,54 .00
Age .01 .02 .045 32 5
2 (Constant) 4,98 2.24 2.23 .03
Age .00 02 |03 23 82
Right postcentral (BA 1,2 & 3) | 1.99 .93 .28 2.14 .04

a. Dependent Variable: Digit Span Forward

Table 7.4: Multiple regression analysis coefficients of the brain cortical thickness with digit span

forward as dependent variable (controlling for age) in all subjects. BA= Broadmann’s areas.
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Digit span backward

The results of the regression analysis are swummarized in Table 7.5. Right
medial orbitofrontal (BA 10 and 11) explained significant variance in digit span

backward (Fz,54 =3.08, R*=0.11, p=0.02).

Coefficients”
Model Unstandardized Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig.
1 (Constant) 9.11 1.05 870 .00
Age -.01 .02 -.07 -.52 .60
2 (Constant) 347 2.54 1.36 18
Age .00 02 -00 -03 |97
Right Medial Orbitofrontal (BA 10 & | 2.08 .86 32 242 .02
1)

a. Dependent Variable: Digit Span Backward

Table 7.5: Multiple regression analysis coefficients of the brain cortical thickness with digit span

backward as dependent variable (controlling for age) in all subjects. BA= Broadmann’s areas.

Digit symbol

The results of the regression analysis are summarized in Table 7.6. Right
rostral middle frontal (BA 10 and 46) explained significant variance in digit symbol

(Fia,54=15.07, R?=0.37, p=0.01).
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Coefficients”
Model Unstandardized Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig.
1 (Constant) 82.36 4.16 19.80 .00
Age -43 .09 -.53 -4.57 .00
2 (Constant) 37.57 17.47 2,15 .04
Age -35 .09 44 -3.80 |.00
Right Rostral Middle Frontal 16.87 6.41 30 2.63 .01
(BA10, 46)

a. Dependent Variable: Digit Symbol

Table 7.6: Multiple regression analysis coefficients of the brain cortical thickness with digit symbol

as dependent variable (controlling for age) in all subjects. BA= Broadmann’s areas.

Male

Digit span forward

Table 7.7 shows the multiple regressions results between cortical thickness

and digit span forward test (controlling for age) among the male subjects. Forward

stepwise multiple regression analysis first selected right pars opercularis (BA 44)

(Fa25 = 5.22, R*=0.31, p=0.01), followed by right pars triangularis (BA 45) (Fi3 s
[2.25] 13,25]

= 6.42, R*=0.48, p=0.02). No other cortical regions contributed to the digit span

forward test.
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Coefficients”
Model Unstandardized | Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig.
1 (Constant) 6.91 1.35 5.13 .00
Age .05 .03 31 1.63 |.12
2 (Constant) 24.84 6.83 3.64 .00
Age .02 .03 .16 .85 40
Right Pars Opercularis (BA 44) 6.26 2.35 49 2.67 .01
3 (Constant) 8.64 8.89 97 34
Age .02 .03 11 .67 51
Right Pars Opercularis (BA 44) 7.53 217 .59 3.47 1.00
Right Pars Triangularis (BA 45) 7.74 3.07 40 2.53 .02

a. Dependent Variable: Digit Span Forward

Table 7.7: Multiple regression analysis coefficients of the brain cortical thickness with digit span

forward as dependent variable (controlling for age) in males. BA= Broadmann’s areas.

Digit span backward

Table 6.8 shows the multiple regressions results between cortical thickness
and digit span backward test (controlling for age) among the male subjects. Forward
stepwise multiple regression analysis first selected right pars opercularis (BA 44)
(F2,251 = 5.50, R*=0.32, p=0.00), followed by right pars triangularis (BA 45) (F [3,25]
= 5.81, R?=0.44, p=0.04). No other cortical regions contributed to the digit span

forward test.

162



Chapter 7: Effects of age and sex on the brain cortical thickness and relation to cognition

Coefficients"
Model Unstandardized Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig.
1 (Constant) 5.73 1.50 383 ].00
Age .06 .03 32 1.64 11
2 (Constant) 26.14 7.54 347 .00
Age .03 .03 16 .85 40
Right Pars Opercularis (BA 44) 7.13 2.60 50 2.75 01
3 (Constant) 12.38 9.45 1.31 .20
Age .02 .03 .09 51 .61
Right Pars Opercularis (BA 44) 9.23 2.60 .65 3.56 .00
Right Pars Triangularis (BA 45) 7.90 3.65 37 216 |.04

a, Dependent Variable: Digit Span Backward

Table 7.8: Multiple regression analysis coefficients of the brain cortical thickness with digit span

backward as dependent variable (controlling for age) in males. BA= Broadmann’s areas.

Digit symbol

There were no significant correlation between cortical thicknesses and digit

symbol test in males (controlling for age).

Female

Digit span forward

There were no significant correlation between cortical thicknesses and digit

span forward test in females (controlling for age).
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Digit span backward

Table 7.9 shows the multiple regressions results between cortical thickness
and digit span backward test (controlling for age) among the female subjects.
Forward stepwise multiple regression analysis first selected right lateral orbitofrontal
(BA 47) (Fpo08) = 6.85, R*=0.34, p=0.01), followed by right medial orbitofrontal
(BA 11) (Fp3.28; = 6.75, R*=0.45, p=0.04). No other cortical regions contributed to

the digit span backward test.

Coefficients"
Model Unstandardized Standardized
Coefficients CoefTicients
Std.
B Error Beta t Sig.
1 (Constant) 11.74 1.30 9.01 .00
Age -.06 .03 -39 -2.18 |.04
2 (Constant) -7.23 6.91 -1.05 ].30
Age -.04 .03 -.26 -1.55 .13
Right Lateral Orbitofrontal (BA 47) 6.54 245 46 2.78 .01
3 (Constant) -11.46  [6.76 -1.69 ].10
Age -.02 .03 15 -.89 .38
Right Lateral Orbitofrontal (BA 47) 6.22 2.20 44 2.82 |.01
Right Medial Orbitofrontal (BA 11) 1.75 .81 34 215 .04

a. Dependent Variable: Digit Span Backward

Table 7.9: Multiple regression analysis coefficients of the brain cortical thickness with digit span

backward as dependent variable (controlling for age) in females. BA= Broadmann’s areas.
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Digit symbol

Table 7.10 shows the multiple regressions results between cortical thickness

and digit symbol test (controlling for age) among the female subjects. Left caudal

anterior cingulate (BA 24 and 32) explained significant variance in digit symbol

(Fl2.28) =14.86, R*=0.53, p=0.02). No other cortical regions contributed to the digit

symbol test.
Coefficients"
Model Unstandardized Standardized
Coefficients Coefficients
Std.
B Error Beta t Sig.
1 (Constant) 90.31 541 16.70 |.00
Age -.52 12 .64 -4.37 |.00
2 (Constant) 71.58 6.97 11.13 .00
Age -.54 11 -.66 -4.94 1.00
Left Caudal Anterior Cingulate (BA 5.30 2.05 35 2.58 .02
24 & 32)

a. Dependent Variable: Digit Symbol

Table 7.10: Multiple regression analysis coefficients of the brain cortical thickness with digit symbol

as dependent variable (controlling for age) in females. BA= Broadmann’s areas.
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7.5 DISCUSSION AND CONCLUSION

This study explored age-related changes in cortical thickness in a
representative healthy population (age ranged 18-71 years). The objectives of this
study were to evaluate the effect of global cortical thickness and age among all
subjects and in each sex, as well as to evaluate the relationships between cortical

thickness and performance on cognitive tests.

Effects of age on cortical thickness in each sex:

Among all subjects, linear regression analysis between cortical thickness and
age showed a significant thinning in the left superior frontal gyrus (BA 6), left pars
opercularis (BA 44), and right superior temporal gyrus (BA 22). However, we found
cortical thickness measures increased with age in the left supra marginal gyrus (BA

40).

In males, regression analysis between cortical thickness and age showed a
significant thinning in the left superior frontal gyrus (BA 6) and right isthmus
cingulate (BA 26). However, we found cortical thickness measures increased with

age in the left inferior parietal cortex (BA 40).

In females, cortical thickness decreased most significantly with age in the left
pars opercularis (BA 44) (f=-0.85, p=0.00), right middle temporal gyrus (BA 21),
left insular cortex (BA 13), and left superior temporal gyrus (BA 22). However,
cortical thickness measures increased with age in the right caudal anterior cingulate

(BA 24 and 32).

These resuits of age-related changes in cortical thickness are similar to some
earlier reports (see Table 7.11). Certain results, including prominent thinning of the
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frontal cortex specifically prefrontal and some parts of the temporal cortex, met with
previous findings from volumetric neuroimaging studies (Cowell et al., 2007, Cowell
et al., 1994, Gur et al., 2000, Raz et al., 1997, Raz et al., 2004, Salat et al., 1999). We
also observed increases in cortical thickness with age in the left supra marginal gyrus
(BA 40), left inferior parietal gyrus (BA40) and right caudal anterior cingulate (BA
24 and 32) regions. Other studies have observed similar increases in cortical
thickness with age in different regions (Salat et al., 2009, Thambisetty et al., 2010).
Although interestingly, we have not directly addressed the likely mechanisms
underlying this observation. One plausible explanation suggested by Thambisetty et
al. (2010) is that decreases in grey-white contrast during aging might result in
apparent increases in cortical thickness estimates. It has also been observed that in
some brain regions, statistical effects of changes in grey—white contrast during aging

may be stronger than those attributable to cortical thinning (Salat et al., 2009).
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Lobe Region of Thinned Cortex Study by
Frontal Superior frontal gyrus (present study) (Fjell et al., 2009, Ziegler et al., 2010)
Middle frontal gyrus (present study) (Fjell et al., 2009)
Inferior frontal gyrus (present study) (Fjell et al., 2009, Salat et al., 2004)
Inferior lateral prefrontal cortex (Salat et al., 2004)
Precentral gyrus (Salat et al., 2004, Ziegler et al., 2010)
Medial orbitofrontal gyrus (Salat et al., 2004)
Temporal Superior temporal gyrus (present study) | (Fjell et al., 2009)
Middle temporal gyrus (present study) (Fjell et al., 2009)
Temporo parietal junction (Fjell et al., 2009)
Transverse temporal gyrus (Ziegler et al., 2010)
Banks of the superior temporal sulcus (Salat et al., 2004, Ziegler et al., 2010)
Fusiform gyrus (Fjell et al., 2009)
Parahippocampal guys (Fjell et al., 2009)
Occipital Lingual gyrus (Ejell et al., 2009)
Cuneus (Fjell et al., 2009, Salat et al., 2004,
Calcarine sulcus (Ziegler et al., 2010)
Precuneus (Fjell et al., 2009)
Pericalcarine cortex (Fjell et al., 2009, Ziegler et al., 2010)
Parietal Inferior parietal cortices (present study) | (Fjell et al., 2009, Ziegler et al., 2010)
Superior parietal cortices (Fjell et al., 2009)
Postcentral gyrus (Salat et al., 2004)
Cingulate Cingulate (present study) (Salat et al., 2004, Ziegler et al., 2010)

Tale 7.11: Results of previous cortical studies, shown regions of thinning cortex with age.
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Correlation of Cortical Thickness with Cognitive Performance:

In this study the hypothesis was tested that age-related declines in cognitive
functioning are associated with changes of the cortical thickness. It was expected that
reductions in cortical thickness would be related to a decline in performance on
cognitive tests. We investigated the relation between cortical thickness, digit span
forward, digit span backward and digit symbol tests which were significantly

correlated with age in each sex (West, 1996).

Among all subjects, cortical thickness of regions of the right postcentral (BA
1, 2 and 3) was significantly positively associated with digit span forward. With digit
span backward, cortical thickness of the right medial orbitofrontal (BA10 and 11)
was significantly positively associated. With digit symbol, there was significant

positive association in the right rostral middle frontal (BA 10 and 46).

In males, cortical thickness of regions of the right pars triangularis (BA 45)
and right pars opercularis (BA 44) were significantly positively associated with digit
span forward and digit span backward. There were no associations between cortical

thickness and digit symbol performance in males.

In females, cortical thickness of regions of the right lateral orbitofrontal (BA
47) and right medial orbitofrontal (BA 11) were significantly positively associated
with digit span backward (see Table 7.8). With digit symbol, cortical thickness of the
left caudal anterior cingulate (BA 24 and 32) was significantly positively associated
(see Table 7.9). There were no associations between cortical thickness and digit span

forward performance in females.
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Our results showed some association between cortical thicknesses of some
regions of the frontal, cingulate, parietal and performance on specific cognitive tasks.
The most prominent correlations were found in the inferior frontal gyrus, which were
especially pronounced in the right hemisphere, including the pars opercularis (BA
44), pars triangularis (BA 45), medial orbitofrontal (BA 10 and 11), as well as parts
of the rostral middle frontal (BA 10 and 46). As parts of the frontal and prefrontal
cortex, these structures are close to areas involved in working memory and executive
and control functions necessary in performance on neuropsychological tests. The
right inferior frontal cortex, known to be important for response inhibition (Aron et
al., 2004). Evidence from functional and structural neuroimaging studies suggests
that the right inferior frontal gyrus is heavily involved in cognitive control processes
related to inhibiting or delaying responses (Aron et al., 2007, Aron et al., 2003, Aron
et al,, 2004). It is also recruited during attentional processing (Hampshire et al.,

2010).

The right postcentral (BA 1, 2 and 3) and left caudal anterior cingulate (BA 24
and 32) also correlated significantly with cognitive performance. The postcentral
regions were reported to have correlations with visuospatial cognition (Hanggi et al.,
2010). The anterior cingulate gyri, and in particular the caudal aspects, are
implicated in a range of cognitive conflict processing (Bush et al., 2000, Cabeza and
Nyberg, 2000) and have also been shown to be activated in the attention network test
(Fan et al., 2003, Fan et al., 2005) as well as in other cognitive control tasks (Wager

et al., 2005).
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Previous volumetric studies have provided some evidence of associations
between neuroanatomical changes with age in specific regions and performance on
specific cognitive tasks. For instance, poorer performances on age-sensitive tests of
attention and executive functions have been linked to the reduced global cortical
volumes and reduced volumes of the prefrontal cortices (Gunning-Dixon and Raz,
2003, Raz et al,, 1998, Zimmerman et al., 2006). Some other studies reported an
association between regional brain volumes decrement and cognitive functioning,
such as hippocampal volume and memory performance (Golomb et al., 1994),
between the PFC volume and mental imagery (Raz et al., 1999), between the limbic
structures and memory (Raz et al., 1998), and between medial prefrontal and fluid
intelligence (Gong et al., 2005). Other studies have not found any evidence for such
a relation between brain volume and cognitive performance with age (Raz et al.,
1998, Tisserand et al., 2000, Tisserand and Jolles, 2003). In a recent study, older
adults with high fluid intelligence scores had large regions of thicker cortex in the
right hemisphere, most markedly in posterior cingulate cortex, compared to older
adults with average scores (Fjell et al., 2006). In contrast, the same study found
nearly no thickness differences between high and low performers on tests of
executive function, which also matched the result found by Ziegler et al. (2010). It
has been suggested that structural changes in the frontal lobe do not necessarily

involve changes in the thickness of cortex (Fjell et al., 2006).

In summary, we have found that cortical structure—function relationships are
different for each sex. For example, some areas show positive correlation with digit
span forward scores in males, but no correlation in females. Conversely, some areas
show positive correlation with digit symbol scores in females, but no correlation in

males. The main finding in this study is that age-related reduction in cortical
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thickness is widespread, but the frontal regions, in general, exhibiting greater
thickness changes than parietal, temporal and occipital. This observation is in
agreement with pervious studies that demonstrated similar patterns of widespread
age-related reduction in cortical thickness (Fjell et al., 2009, Salat et al., 2004,

Ziegler et al., 2010).

7.6 Methodological Considerations

The conclusions from the present study should be drawn with caution, and
limitations should be noted: first, the sample size of the study groups here are not
large. A larger sample size would have needed to provide adequate statistical power.
Second, it is important to consider individual variability due to sex differences and
age-extrinsic biomedical factors (i.e. blood pressure, diabetes mellitus, chronic
respiratory disease, and hormones) when interpreting age effect on brain structure
(for review see (Tisserand and Jolles, 2003)). Third, the signal to noise ratio (SNR)
of the images was suboptimal due to MRI scans being acquired with the use of

parallel imaging (Madore and Pelc, 2001).
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8.1 Summary

Previous MRI and fMRI studies documented that the brain undergoes several
changes with the ageing process. This thesis has focused on the application of
calibrated fMRI, VBM-DARTEL and FreeSurfer software in studying neurovascular
and morphological alterations with age. This work is seen as a first attempt to show
the outcomes and results of structural, functional and cognitive data collected on the
same set of subjects. Results derived from the present study identify the correlation

between structural, functional and cognitive changes with age.
A general discussion of the results of each study is presented below.

Chapter 5 highlighted the use of hyperoxia-calibrated fMRI during a Stroop
task to study age related neurovascular differences in healthy subjects (age between
18-71 years) in brain regions associated with cognition. Globally, the blood-
oxygenation-level-dependent (BOLD) response to the Stroop task was found to
increase significantly with age, in agreement with previous work (Langenecker et al.,
2004, Milham et al., 2002, Zysset et al., 2007). However, there was a reduction in the
estimated cerebral metabolic rate of oxygen (ACMRO;) with increasing age, that
would be consistent with neurodegeneration (Uylings and de Brabander, 2002). We
also observed a reduction in the parameter M with age, which may be a reflection of
the direct proportionality with baseline blood volume, which is known to decrease
with age (Leenders et al.,, 1990). Cerebral blood flow response (ACBF) did not
change with age, suggesting that the increased BOLD response with age is due

primarily to a reduction in CMRQO; response with age. Regionally, we found the age-
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related BOLD increase to be greatest in the left and right middle frontal gyrus (MFG)
(BA6) and in the primary motor cortex (M1) (BA 4), in broad agreement with
previous studies (Cabeza et al., 2002, Cabeza et al., 2003, Langenecker et al., 2004,
Milham et al., 2002, Nielson et al., 2002, Zysset et al., 2007). However, ACMRO; is
found to decrease in these areas, which supports the findings from the global analysis
that the increased BOLD response with increasing age is due to a reduction in
ACMRO,. Increased BOLD response in the frontal cortex is interpreted in previous
studies as increased neural activity (Langenecker et al., 2004, Zysset et al., 2007);
compensatory activity in the older group to aid performance. However, our results
suggest that increased BOLD response is a result of reduced neural activation in

those regions, which is inconsistent with the previously mentioned studies.

With respect to cognitive performance, we found that the low performers in the
older age group showed increased BOLD response and reduced CMRO, response in
LMFG (BA 6) and M1 (BA 4) compared to the young group. This suggests that
reduced neural processing in these regions is impacting negatively on performance.
Thus, rather than compensatory activity, increased BOLD response in these regions
could be interpreted as an indication of neurodegeneration, resulting in lower

performance.

To support our findings, we considered the structural data in chapter 6 and 7
looking for age-related grey matter and cortical changes in these area as well as

global changes.

In (chapter 6) study, we used the new VBM-DARTEL method to investigate
the effects of age and sex on the global grey matter density and to study the relation

between grey matter density and decline in performance on brief executive
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assessment tests. In the VBM method, signal intensity in every voxel of the acquired
brain volume is used to measure regional variations in structural properties of the
imaged tissue. The index derived from this approach is local tissue ‘‘density’’.
Decline in density estimated by this method is assumed to indicate atrophy (Raz and

Rodrigue, 2006).

In this study, some regions of the frontal, partial, and temporal lobes showed a
decline in density with increasing age, similar to what has been reported by previous
volumetric studies (Cowell et al., 1994, Good et al., 2001b, Gur et al., 1999, Murphy
et al., 1996, Raz et al., 1997). The total brain volume, grey matter and white matter
partitions were larger in males compared with females in accordance with previous
studies (Coffey et al., 1998, Good et al,, 2001b, Gur et al., 1991, Gur et al., 1999,
Murphy et al., 1996, Raz et al., 1997, Smith et al., 2007). For all subjects, there was a
significant decline of global grey matter volume with age (Good et al., 2001b, Smith
et al., 2007). Significant decline of grey matter volume was found in both sexes.
There were no significant correlations between age and white matter density among
all subjects or in each sex in accordance with previous findings (Taki et al., 2004).
Similar to the previous findings, these results clearly indicate that the main factor

contributing to brain atrophy with ageing is the volume reduction of the grey matter.

The regional changes of grey matter density with aging in our study were
most prominent in the frontal cortices. Among all subjects, the strongest correlation
with age was seen in the paracentral gyrus (BA 4 and 6), supplementary motor area
(SMA) (B6), superior frontal gyrus (BA 6), and inferior frontal gyrus (BA 44 and
45). Similar regions were found in both sexes. These findings are in agreement with
previous standard VBM studies (Good et al., 2001b, Taki et al., 2004). This study

also showed a consistent GM density difference in the older groups of subjects. We
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identified regions of increased GM density in groups less than 50 years old in

comparison to above 50 years old in each sex.

In this study the correlation between cognitive performance and changes in
grey matter density was also investigated. It was expected that reductions in grey
matter brain density would be related to a decline in performance on brief cognitive
tests. Indeed we found a significant positive correlation could be established
between grey matter density and the digit symbol test performance among all
subjects in the left superior frontal gyrus (BA 6), left paracentral lobule (BA 4a and
6), left SMA (BA 6), bilateral superior medial frontal gyrus (BA 6), bilateral inferior
frontal gyrus (BA 45), bilateral middle cingulate cortex (BA 6), right middle orbital
gyrus (BA 11) and right middle frontal gyrus (BA 6). VBM result form this study
also shows a similar positive correlation between grey matter density in some of
these regions and digit symbol test in both sexes. These regions could be highly
associated with improved performance on the specific cognitive test. Better
performance had been observed to be associated with larger frontal cortices on some
executive tasks (Driscoll et al., 2003, Gunning-Dixon and Raz, 2003, Head et al.,
2008, Raz et al., 1999, Raz et al., 1998, Raz et al., 2008, Raz and Rodrigue, 2006).
Prefrontal cortex volumes has been found to be associated with performance on
executive tasks such as Wisconsin Card Sorting Test (Gunning-Dixon and Raz,
2003, Raz et al., 1998) as well as with performance in visuospatial skills (Raz et al.,
1999), episodic memory performance (Head et al., 2008) and fluid intelligence (Raz
et al., 2008). The association between performance on cognitive tests and changes in
regional GM volumes remains inconclusive (Raz and Rodrigue, 2006). Van Petten et
al. (2004) gave an overview of many studies of healthy participants and concluded

that it has been difficult to determine strong associations between
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neuropsychological functioning and brain morphometry. When structure cognition
relations are found, they are not easily replicated and appear sensitive to the choice

of cognitive tests (Raz and Rodrigue, 2006).

A further investigation of the relationship between whole brain ACMRO; and
changes in GM density for all subjects tested using a voxel-based multiple regression
analysis tool SPM8. There were no GM regions that were significantly correlated
(either positively or negatively) with ACMRO,.This suggests that the reduction in
CMRO; response is not related to a reduction in grey matter density. However, it
could still relate in general to neurodegeneration as opposed to neural loss. Age-
related shrinkage of cortical grey matter may indeed reflect reduction in the size or
the density of neurons that make up these cortical regions (Raz and Rodrigue, 2006).
The reduction in grey matter volume could include: loss of neuronal bodies
(Pakkenberg and Gundersen, 1997), shrinkage and dysmorphology of neurons
(Haug, 1985), reduction in synaptic density (Morrison and Hof, 1997), and loss of

dendrites (Jacobs et al., 1997).

In the last study of this thesis (chapter 7), additional investigation of the
structural data was carried out using an automated, advanced surface-based approach
(FreeSurfer software) to measure cortical thickness of the frontal lobe as well as the
entire cortical mantle. This chapter illustrated the significant and strong correlation
observed between cortical thickness and age. Cortical thickness in certain regions
was shown to decrease with advancing age. Consistent with many volumetric
studies, marked thinning was noted in the frontal cortex. Among all subjects,
significant thinning found in the left superior frontal gyrus (BA 6), left pars
opercularis (BA 44), and right superior temporal gyrus (BA 22). These results of

age-related changes in cortical thickness are similar to results reported earlier (Fjell
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et al., 2009, Salat et al., 2004, Sowell et al., 2007) and met with previous findings
from volumetric neuroimaging studies (Cowell et al., 1994, Gur et al., 2000, Raz et

al., 1997, Raz et al., 2004, Salat et al., 1999).

In this study, further stepwise linear regression test between cognitive
performance and changes in cortical thickness (controlling for age) was done using
SPSS. It was expected that reductions in cortical thickness would be related to a
decline in performance on cognitive tests. Indeed, the results showed strong positive
association between cortical thicknesses of some regions of the cingulate and frontal

cortex and cognitive performance.

The most prominent correlations were found in the frontal lobe, specifically, in
the pars opercularis (BA 44), pars triangularis (BA 45), lateral orbitofrontal (BA 47),
medial orbitofrontal (BA 11), rostral middle frontal gyrus (BA 10, 46), and caudal
anterior cingulate (BA 24 and 32). As parts of the frontal and prefrontal cortex, these
structures are close to areas involved in working memory and executive and control
functions necessary in performance on neuropsychological tests. The frontal lobe,
specifically the inferior frontal gyrus, is heavily involved in cognitive control
processes related to inhibiting or delaying responses (Aron et al., 2007, Aron et al.,
2003, Aron et al.,, 2004). The inferior frontal gyrus is also recruited when relevant
cues are detected, regardless of whether that detection is followed by an inhibition of
a motor response, the generation of a motor response, or no external process at all
(Hampshire et al., 2010), which demonstrates the relevance to attentional processing.
The caudal anterior cingulate (BA 24 and 32) are implicated in a range of cognitive
conflict processing (Bush et al., 2000, Cabeza and Nyberg, 2000) and have also been
shown to be activated in the attention network test (Fan et al., 2003, Fan et al., 2005)

as well as in other cognitive control tasks (Wager et al., 2005). Previous studies
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analyzing cortical thickness of healthy subjects have successfully related localized
variations in prefrontal, posterior and temporal cortices thickness to scores of
intelligence (Narr et al., 2007), medial temporal cortical thickness to verbal memory
and lateral parietal cortical thickness to visuomotor speed/set (Dickerson et al.,
2008). Fjell et al. (2006) also found that older subjects with high fluid intelligence
scores (i.e. ¢ scores were 50.3, SD = 2.8) had thicker cortex in the right hemisphere,
mostly in posterior cingulate cortex, compared to old subjects with average scores
(i.e. t scores were 38.1, SD = 4.9). In contrast, the same study found no thickness

differences between high and low performers on tests of executive function.

Further in this study, we have found that cortical structure—function
relationships are different for each sex. For example, some areas show correlation
with cognitive scores in males, but no correlation in females. Conversely, some areas

show correlation with cognitive scores in females, but no correlation in males.

The main finding in chapter 7 could be summarized as that age-related
decline in cortical thickness is widespread, but the frontal regions, in general, exhibit
greater thickness changes than parietal, temporal and occipital. This observation is in
agreement with one previous study that demonstrated similar patterns of widespread
age-related declines in cortical thickness (Fjell et al., 2009).

Resuits from this chapter were investigated with the results from the previous
chapter. Table 8.1 and figure 8.1 illustrate regions of the brain that were found to
have significant decline in both grey matter density and cortical thickness. With age,
the frontal lobe regions experienced more grey matter density reduction as well as

cortical thinning in comparison to the other brain lobes. Few regions such as the
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precentral gyrus, Heschl’s gyrus and the insula lobe revealed significant grey mater
density reduction with age but no significant changes in cortical thickness. Whereas,
the cingulate gyrus, precuneus and the middle temporal gyrus region showed

significant cortical thinning with no significant change in grey matter density.

Lobe Name of the Region Effect of age
Frontal Precentral gyrus (BA 4 & 6) GM reduction
Inferior frontal gyrus (BA 44 & 45) GM reduction and Cortical thinning
Superior frontal gyrus (BA 6) GM reduction and Cortical thinning
Midadle frontal gyrus (BA 10 & 46) GM reduction and Cortical thinning
Temporal | Heschl’s gyrus (BA 41 & 42) GM reduction
Middle temporal gyrus (BA 21) Cortical thinning
Superior temporal gyrus (BA 22) GM reduction and Cortical thinning
Parietal Inferior parietal gyrus (BA 40) GM reduction and Cortical thinning
Postcentral gyrus (BA 1,2 & 3) GM reduction and Cortical thinning
Precuneus (BA 7) Cortical thinning
Cingulate gyrus (BA 24) Cortical thinning
Insular Insula lobe GM reduction

Table 8.1: Regions of the brain that have declined in cortical thickness and grey matter density.
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individuals engaging different cognitive strategies from their young counterparts,
while the neurogenic view argues that the changes are a result of alterations in actual
neural mechanisms (Cabeza, 2002). In the present study, we found relations between
brain activation, regional cortical thickness, grey matter density and cognition in
aging. The whole body of results derived from this thesis evidences that the strong
correlations between age and (BOLD activations, grey matter density, cortical
thickness) were found mainly in the frontal cortices. Our results suggest that the
increased BOLD response with age is due primarily to a reduction in CMRO,
response with age, which would be consistent with neurodegeneration. Regions with
increased BOLD response and decreased ACMRO; (BA 4 and BA 6) were also the
same regions that experienced the most significant decrease in grey matter density
and cortical thickness (BA 6). A positive trend towards significance was found
between ACMRO,; and cortical thickness in the left medial frontal gyrus (BA 6) (r =
0.28, p = 0.07). However, thinning of the cortex was also found in regions that did
not show significant decrease in grey matter density (i.e. middle temporal gyrus and
cingulate gyrus) suggesting that brain shrinkage is not simply related to the cortical
thinning. This agrees with what has been suggested previously that structural
changes in the frontal lobe do not necessarily involve changes in the thickness of
cortex (Fjell et al., 2006). While both cortical thickness and surface area influence
volume measurements of cortical grey matter, volume is more closely related to
surface area than cortical thickness (Winkler et al., 2010). Previous findings suggest
that cortical surface area and cortical thickness are independent, both globally and
regionally, and that grey matter volume is a function of these two indicators

(Panizzon et al., 2009, Winkler et al., 2010). Better performance had been observed
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to be associated with larger frontal grey matter density and thicker cortex on some

executive tasks.

The education level is an important influence on neuropsychological test
performance. Although all subjects had been recruited as a random sample of the
adult population in Liverpool, most of them had an association with the University of
Liverpool (as academic staff, postgraduates, technician and mature undergraduate) or
as a member of a research volunteer database. Our findings only relate to this
recruited group, as they are not representative of the entire population and cannot
draw inferences to the general population. It is possible that a less-well educated
group would have produced different results. Possibly larger effects of ageing in a
group drawn from the general population would have been seen. Several studies
have demonstrated a strong association between educational level and performance
on various neuropsychological measures (Ardila et al., 2000, Rosselli and Ardila,
2003). With regard to the question of whether age or education level is the most
significant determinant of cognitive change, Leibovici et al. (1996) suggested that
education may have a more important impact on changes in secondary memory and
language functioning, but that elsewhere age is the more important factor. Elderly
persons with a high level of education appear to show greatest resistance to age-
related change but only on tests with a high learned component that is, tests of
language and secondary memory (Leibovici et al., 1996). They also suggested that
on cognitive functions such as attention, implicit memory and visuospatial analysis
level of education seems to make relatively little difference to the rate of change over

time.
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Finally, caution should be taken when automatic methods of image analysis
are used. For example, although much of the processing and analysis is automated in
SPM and FreeSurfer, many methodological decisions remain such as the templates to
use for normalization, the level and type of correction to use and threshold for
statistical map display, as well as the choice of appropriate smoothing kernel size
(Henley et al.,, 2010, Ridgway et al., 2008). As in cwrent study, adoption of
additional techniques such as DARTEL for registration and FreeSurfer for surface
deformation could be time consuming and skill demanding. However, automated
methods also have several advantages over manual methods. They require minimal
intervention by highly trained personnel, allow processing of many brains in a
reasonable time frame and are characterized by high reliability and repeatability of
measures (Fischl et al., 2002).

The focus of research in the norimal aging human brain is indeed gradually
moving from an interest in the whole brain to specific regions of interest in relation
to aging and age-related diseases (i.e. Alzheimer). Importantly, no single functional
neuroimaging method can fully address developmental questions centred on the issue
of functional and structural interactions across areas. Therefore, converging method
approaches are crucial in studying effects of healthy ageing. Furthermore, functional
imaging studies alone cannot establish that a brain area is necessary for a particular
cognitive process (Fellows and Farah, 2005) and converging evidence from

structural and functional imaging studies are therefore highly valuable.

Application of the calibrated BOLD technique in normal populations allow
further exploration of the effects of aging and also allow determination of baseline
values that could serve as a biomarker for individuals at subsequent risk for disease.

Complementing this technique with analysis of high quality structural 3D MRI data
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provides unique insight into within subjects inter-relationship between the brain’s
metabolic and cortical activity together with structural integrity and their relationship
with cognitive performance. Future research will build on this work by investigating
structural and functional connectivity across the adult life span. Results from these
future studies may raise the possibility of earlier diagnosis and precise or
personalised treatment and management for neurological diseases, and may help
physicians and scientists to develop new diagnostic tools to explore the brain
differences. Understanding the development of normal brain, from cradle to grave,
and differences between the sexes is important for the interpretation of clinical

imaging studies.
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