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Abstract

Introduction

The aim of this research was to use novel functional imaging approaches to
investigate connectivity between key brain regions affected in late-life depression
(LLD), Alzheimer’s disease (AD) and dementia with Lewy bodies (DLB). Using
functional magnetic resonance imaging (fMRI), spontaneous low-frequency fluctuations
(SLFs) in the blood oxygenation level dependent (BOLD) signal were measured at rest.
SLFs represent synchronisation of neuronal activity; therefore differences between
subjects reflect differences in underlying networks.
Methods

The first resting-state study investigated connectivity in LLD and involved 33
subjects aged 65 years and over; 17 control and 16 LLD subjects. It was planned to
apply this methodology in the dementia study also. However, a global synchronicity
pattern was evident in some subjects, which had not previously been seen in the LLD
study. Methods were investigated to correct for these spurious fluctuations, thought to
be unrelated to neuronal activity (e.g. physiological artefacts), meaning connectivity of
neuronal origin only was investigated. The second study investigated connectivity in 47
subjects aged 60 years and over; 16 control, 16 AD and 15 DLB subjects. Additional
pre-processing steps were used to remove non-neuronal fluctuations, informed by the
previous study. All subjects were scanned using a 3 Tesla MRI System. Functional
connectivity was measured by extracting the mean BOLD signal time-series from seed
regions in the brain and cross-correlating with all other brain voxels using the FMRIB
Software Library (FSL) tools.
Results

In the LLD study, control subjects showed frontal connectivity with the head of
caudate nucleus, whereas the LLD group showed a more widespread pattern of
connectivity. LLD subjects showed significantly greater connectivity than controls
between the bilateral caudate and a number of brain regions, whereas controls showed
no brain regions of greater connectivity than LLD subjects. Pre-processing methods, to
correct for non-neuronal fluctuations, were found to remove global synchronicity and
improve data accuracy. In the second study, AD and DLB subjects showed significantly
greater functional connectivity with a number of seed regions compared to the control
group. No brain regions showed significantly greater connectivity in control compared



to AD or DLB subjects. Additionally, specific seed regions showed greater connectivity
in AD compared to DLB, and vice versa.
Conclusions

This study reported abnormalities in connectivity in LLD, AD and DLB. The
potential outcome of these findings is that they will inform greater understanding of the
neurobiology of these disorders and in turn aid in early diagnosis and in the
development of specific treatments to target the abnormally functioning brain regions.
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Chapter 1

Clinical Background

1.1  Depression

Depression is a clinical disorder of mood which can occur at any age. There are
different approaches to classifying depression, but the Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition (DSM-1V) is widely used in clinical and research
settings to classify mood disturbances (American Psychiatric Association, 1994). The
DSM-1V criteria categorise depression as either major or minor based on duration,
number of symptoms and severity. Table 1.1 summarises the DSM-IV criteria required
for diagnosis. Five of the symptoms listed in Table 1.1 must be present for at least two
weeks for a diagnosis of major depression to be fulfilled; one symptom must be
depressed mood or loss of interest/enjoyment in everyday activities (anhedonia). The
symptoms must have a significant impact on occupational and/or social functioning in
order for criteria to be fulfilled (American Psychiatric Association, 1994).

Depression can be unipolar, where patients have a depressive disorder only, or
bipolar, where patients have both depressive disorder and mania (mood alternates
between 2 emotional extremes). Once a diagnosis has been made, more detailed
information about the disorder can be provided in the form of specifiers which can aid
in effective treatment. Specifiers include whether the depression is with psychotic
features (hallucinations and/or delusions) or not, or with melancholic features (loss of
pleasure in most activities and the depressed mood are distinct) or not (American
Psychiatric Association, 1994).

Using positron emission tomography (PET), studies have shown increased
metabolism/activation of limbic regions (Mayberg et al., 1999) and decreased activity of
cortical regions in depression (Mayberg et al., 1999; Drevets et al., 1997). These
findings led to the proposal that a mood regulating circuit exists and that depression
arises due to communication imbalances in this circuit (Mayberg et al., 1999; Drevets et
al., 1997). Previous imaging studies in depression are discussed in greater detail in
Chapter 3 of this thesis.



Table 1.1: DSM-1V Criteria for Major Depressive Episode

(American Psychiatric Association, 1994)

Five or more symptoms are needed for diagnosis:

e Depressed mood

e Markedly diminished interest or pleasure in all or almost all
activities

e Abnormal weight loss or gain

e Sleep disturbance, either insomnia or hypersomnia

e Activity disturbance, either abnormal agitation or abnormal
slowing

e Fatigue or loss of energy

e Feelings of worthlessness or inappropriate guilt

e Diminished concentration or indecisiveness

e Recurrent thoughts of death or suicide

1.1.1 Late-Life Depression

A) Epidemiology and Clinical Features

Late-life depression (LLD) is a common psychiatric disorder which typically
occurs after 60 years of age. Prevalence rates for major depression range from 1 to 4%
and minor depression up to 13% (Blazer, 2003). LLD is associated with changes in
frontostriatal circuits (Alexopoulos, 2002), which is supported by findings from
structural magnetic resonance imaging (MRI) studies showing significant volume
reductions in frontal regions (Ballmaier et al., 2004; Almeida et al., 2003a) and the
medial temporal lobe (hippocampus) (Hickie et al., 2005; O'Brien et al., 2004b; Steffens
et al., 2000). Additionally, studies have shown that volume reductions in the
hippocampus are linked with memory deficits (Hickie et al., 2005; O'Brien et al.,
2004b).

White matter hyperintensities are associated with increasing age (Raz et al.,
2007), but in LLD a higher burden and greater severity are reported (Herrmann et al.,

2008; Taylor et al., 2005), specifically in frontal regions where they have been shown to
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be ischaemic (Firbank et al., 2004; Thomas et al., 2002; O'Brien et al., 1996). White
matter hyperintensities have also been associated with greater memory impairment and
executive dysfunction (Kohler et al., 2010a; Sheline et al., 2008) (see Chapter 3).

LLD frequently differs from early-onset depression in its clinical characteristics.
LLD is generally characterised by greater impairments in executive function and
processing speed (Herrmann et al., 2007; Sheline et al., 2006; Alexopoulos et al., 2002),
more severe anhedonia (Alexopoulos et al., 2002), poorer response to treatment
(Alexopoulos et al., 2000) and greater association with medical comorbidities, for
example cerebrovascular diseases (Blazer, 2000). Family history has been shown to be a

less common risk factor in LLD than in early-onset depression (Brodaty et al., 2001).

B) Cognitive Changes

Cognitive deficits in memory, executive function and processing speed are a
core feature of depression, both early-onset depression and LLD (Thomas and O'Brien,
2008). Most studies suggest that cognitive deficits in LLD are trait rather than state
dependent. In a 4 year follow-up study, cognitive impairments were found to persist
despite recovery from depressive symptoms, though cognition did not decline any
further (Kohler et al., 2010a).

Depression, including LLD, is known to be a risk factor for subsequent
development of dementia. The reasons for this link are not clear, but one possibility is
that the two psychiatric disorders have similar underlying neurobiological changes, or
that brain changes that occur as a result of depression increase the risk for subsequent
dementia.

Three main hypotheses have been proposed to attempt to explain the causes of
structural brain changes in LLD:

i.  The Toxic Stress Hypothesis

Smaller brain volumes in LLD could be due to increased glucocorticoid levels
(McEwen, 1997) caused by an earlier age of disease onset and longer exposure to toxic
levels of cortisol (hypercortisolaemia) (Sheline et al., 1996). In contrast, other studies
report no link between cortisol levels and atrophy rates, and consequently cognitive
deficits in LLD (Kohler et al., 2010b; O'Brien et al., 2004b).



ii.  The Dementia Prodrome Hypothesis

This hypothesis proposes that depression develops as an early clinical
presentation of dementia (Devanand et al., 1996). In contrast to the toxic stress
hypothesis, the dementia prodrome hypothesis is supported by findings showing volume
loss is associated with later age of onset and/or a shorter duration of illness and such
atrophy may be caused by vascular lesions or neurodegeneration, rather than steroid
mediated toxicity (O'Brien et al., 2004b; Steffens et al., 2000; Alexopoulos et al., 1993).
Others report depression to be a risk factor for subsequent development of dementia
rather than a prodrome (Green et al., 2003). It is highly likely that depression is both a
prodrome and a risk factor.

iii.  The Vascular Depression Hypothesis

Recent research has largely focussed on the vascular depression hypothesis
which states that vascular disease in key brain areas (frontal lobes and basal ganglia)
predisposes to, precipitates, or perpetuates depression (Alexopoulos et al., 1997). In
support of this hypothesis, deep white matter hyperintensities in frontal regions in LLD
show ischaemic damage reflecting an underlying condition, cerebrovascular disease.
This predisposes individuals to the development of LLD by disrupting the fibre tracts
connecting frontostriatal structures (Thomas et al., 2002).

A number of studies support this hypothesis (Firbank et al., 2004; Thomas et al.,
2002); though others have questioned the validity of some of the supporting data
(Almeida, 2008; Rainer et al., 2006). Rainer et al. (2006) reported that there was no
evidence that cerebrovascular disease predisposes to LLD as no link was found between
levels of white matter hyperintensities and LLD (Rainer et al., 2006). Almeida (2008)
also disputed the hypothesis stating that using the Alexopoulos definition (Alexopoulos
et al., 1997) anyone who develops LLD will have vascular depression if they have a
history of cerebrovascular disease, and as prevalence of cerebrovascular disease
increases with age, very few LLD subjects would fail to meet these criteria (Almeida,
2008).



C) Transmitter Changes

It could also be that transmitter deficits are responsible for the
pathophysiological changes that occur in LLD. The monamine hypothesis proposes that
depression is caused by a deficiency in monamine neurotransmitter levels; namely
serotonin, noradrenaline and/or dopamine (Schildkraut, 1965). These neurotransmitters

play a key role in the regulation of mood and behaviour.

D) Treatment

The monamine hypothesis has been key to the development of pharmacological
interventions for the treatment of depression, for example antidepressants which
alleviate symptoms by elevating neurotransmitter levels. Early depression treatments
involved the use of tricyclic antidepressants which act by blocking the reuptake pumps
for serotonin and noradrenaline, and to a lesser extent dopamine. However, they also
block adrenergic, muscarinic cholinergic and histamine receptors causing side effects of
dizziness and blurred vision. Selective serotonin reuptake inhibitors have more recently
become the treatment of choice as they do not cause the side effects associated with
tricyclic antidepressants. They act on the serotonin transporter inhibiting the reuptake of
serotonin and remove the noradrenaline reuptake blocking properties. Studies show that
selective serotonin reuptake inhibitors decrease platelet aggregation which could reduce
vascular disease progression (Maurer-Spurej et al., 2004). Others report negative effects
of tricyclic antidepressants and selective serotonin reuptake inhibitors, and have shown,
using magnetic resonance imaging, that they are linked with greater white matter burden
(Steffens et al., 2008).

The action of antidepressants is still not fully understood. Further research is
necessary, particularly for the development of treatments specific for LLD, as currently
the same treatments are used as in early-onset depression and as the neurobiology
differs the same treatments may not be appropriate.



1.2 Dementia

The most commonly used criteria for the diagnosis of dementia are the
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-1V).
These criteria classify dementia as a clinical syndrome characterised by global cognitive
impairment (American Psychiatric Association, 1994). Symptoms affect memory,
communication, mood and behaviour, and impair daily functioning, social skills and
emotional control. Onset can be progressive, or sudden, followed by long plateaus of no
change, depending on the cause. Dementia is age-related and affects 5% of those over
65 years of age and 20% of those over 80. Currently there are an estimated 820,000
sufferers in the UK, though numbers are increasing rapidly and by 2051 the number of
sufferers is estimated to be close to 1.7 million (Alzheimer's Research Trust, 2010). The
impact on the individual with dementia is profound, but additionally the disorder puts a
great burden on families and carers, and the health and social care systems, where the
estimated annual cost is in excess of £23 billion (Alzheimer's Research Trust, 2010).
There are many different causes of dementia, but greater than 90% are caused by either
Alzheimer’s disease (AD) (50-60%), dementia with Lewy bodies (DLB) or vascular
dementia (15-20% each). Other less common causes include metabolic and endocrine
disorders and infections (Eastley and Wilcock, 2005).

A clear distinction between normal ageing and the pathological features of
dementia is difficult as clinical and pathological brain changes associated with the
normal ageing brain are also common features of dementia, e.g. mild cognitive decline,
decreased brain weight and volume, widening of ventricles, neuritic plagues and
neurofibrillary tangles. Differentiation between the subtypes of dementia is also
problematic as there is no definitive clinical (or antemortem) diagnosis, therefore,
currently, diagnosis can only be confirmed at autopsy. Over recent years, however,
consensus clinical diagnostic criteria have been developed and studies have
demonstrated that careful application results in high diagnostic accuracy. Diagnosis of
AD shows high sensitivity (proportion of positives that are correctly identified) and
specificity (proportion of negatives that are correctly identified) for probable AD
(roughly 80%) (Blacker et al., 1994; Kazee et al., 1993). For DLB, the criteria show
high specificity (79-100%), however sensitivity is low (32%), so diagnosis can be easily
missed (Nelson et al., 2010; Litvan et al., 2003). Additionally, it has been shown that
the accuracy of the clinical diagnosis can be greatly enhanced by the use of

neuroimaging methods, for example single photon emission computed tomography
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(SPECT), positron emission tomography (PET), and structural and functional magnetic

resonance imaging (MRI).

1.2.1 Alzheimer’s Disease

Alzheimer’s disease (AD) accounts for 50-60% of dementia cases (McKeith,
1996) and is characterised by prominent impairment in memory, aphasia (language
disturbance), apraxia (impaired ability to carry out motor activities despite intact motor
function), agnosia (failure to recognise or identify objects despite intact sensory
function) and executive functioning (planning and organising) (American Psychiatric
Association, 1994). The National Institute of Neurological and Communicative
Disorders and Stroke/Alzheimer’s Disease and Related Disorders Association
(NINCDS/ADRDA) criteria for the clinical diagnosis of AD are summarised in Table
1.2 (McKhann et al., 1984).

The main risk factor for AD is old age, with incidence reported to increase
exponentially up to 90 years of age (Jorm and Jolley, 1998), though others have
reported a levelling off of incidence in the very old (Gao et al., 1998). Some studies
report women have a higher risk of developing AD (Gao et al., 1998), whereas others
report higher incidence in women at very old age but not in younger old subjects (Jorm
and Jolley, 1998). Other risk factors include family history, Down’s syndrome, vascular
factors (e.g. hypertension, smoking, raised cholesterol, diabetes), depression and
possession of the ApoE4 genotype.

The neuropathological features of AD are amyloid-rich senile plagues,
neurofibrillary tangles, neurodegeneration and synaptic loss. Plaques are extracellular
aggregates, ranging in size from 50-200 um (Terry et al., 1981) and mainly consist of
aggregated amyloid beta protein (AB), which is derived from amyloid precursor protein
(a transmembrane protein of unknown function) (Kang et al., 1987) by B- and -
secretase cleavage (Haass et al., 1992). This process does not normally cause problems,
as amyloid beta protein is present in many healthy body tissues. However, in AD, the
more toxic forms are produced which form monomers then oligomers and polymers,
which consequently form plaques. Plaques are mainly located in grey matter and to a
lesser extent in adjoining areas of white matter (Masters et al., 1985). Neurofibrillary
tangles contain paired helical and straight filaments both consisting of abnormally
phosphorylated and aggregated tau protein (Braak et al., 1994). When functioning

normally, tau builds and stabilises microtubules, but in AD it twists up into pairs and
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distorts the cell physically. Ageing causes tau to aggregate inside neurones,
neurofibrillary tangles form and ultimately this causes neuronal death.

The Braak and Braak (1991) staging system was derived to detect neurofibrillary
changes at post-mortem in AD subjects. The staging system measures how many
neurofibrillary tangles there are and where in the brain they are located. There are 6
Braak stages ranging from 1 where the brain is intact to 6 when patients are always
demented. At Braak stage 1, tau begins to clump into neurofibrillary tangles, but there
are no external symptoms and it can be over 30 years before dementia is noticeable;
however from this point onwards decline is inevitable. Neurofibrillary tangles first form
in the transentorhinal region (the relay station between the neo-cortex and the
hippocampus which is critical for memory), as they accumulate further they spread to
the hippocampus and by stage 6 neurofibrillary tangles have caused extensive neuronal
death and spread across the transentorhinal region, the hippocampus and the neo-cortex
(Braak and Braak, 1991).

The neurotransmitter acetylcholine plays a key role in memory (Drachman and
Leavitt, 1974), and as memory is impaired in AD, this has led to the investigation of the
cholinergic system. It is now well established that there is an abnormality in the
cholinergic system in AD, with studies reporting:

¢ Reduced levels of the enzyme responsible for acetylcholine production, choline

acetyltransferase (Perry et al., 1977; Bowen et al., 1976).

e Reduced acetylcholine uptake (Rylett et al., 1983) and release (Nilsson et al.,

1986).

e Loss of neurones from the nucleus of Meynert (the principal cholinergic nucleus

innervating the neocortex) (Whitehouse et al., 1982).

e Reduced levels of nicotinic and muscarinic acetylcholine receptors (Court et al.,

2001; Lai et al., 2001).

It is important to determine at what stage cholinergic deficits develop in AD to inform

when treatment is optimal.



The transition from normal cognition to dementia in AD is gradual and
individuals often pass through a state of mild cognitive impairment (MCI). MCl is a
condition where isolated cognitive impairment(s), most usually involving memory,
is/are seen not associated with functional decline (Petersen et al., 1999). Annual
conversion rates of 10-15% for MCI to AD have previously been reported (Petersen et
al., 1999), therefore identification of MCI could be a means of studying AD in its
earliest stages where drug treatment is more beneficial. However, others have reported
that the criteria for predicting AD in MCI is not robust and at follow-up, up to 40% of

those with MCI were reclassified as normal (Ritchie et al., 2001).



Table 1.2: National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer’s Disease and Related Disorders

Association (NINCDS/ADRDA) Criteria for Clinical Diagnosis of Alzheimer’s Disease (McKhann et al., 1984)

1)

Criteria for the clinical diagnosis of probable AD:

Dementia established by clinical examination and documented by the Mini-Mental Test, Blessed Dementia Scale, or some similar
examination, and confirmed by neuropsychological tests

Deficits in two or more areas of cognition

Progressive worsening of memory and other cognitive functions

No disturbance of consciousness

Onset between ages 40 and 90, most often after age 65

Absence of systemic disorders or other brain diseases that could account for the progressive deficits in memory and cognition

The diagnosis of probable AD is supported by:
Progressive deterioration of specific cognitive functions such as language (aphasia), motor skills (apraxia) and perception (agnosia)
Impaired activities of daily living and altered patterns of behaviour

Family history of similar disorders, particularly if confirmed neuropathologically; and laboratory results of :

o Normal lumbar puncture as evaluated by standard techniques
o Normal pattern of non-specific changes in EEG; such as increased slow-wave activity
o Evidence of cerebral atrophy on CT with progression documented by serial observation
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Table 1.2 (Contd.): National Institute of Neurological and Communicative Disorders and Stroke/Alzheimer’s Disease and Related Disorders
Association (NINCDS/ADRDA) Criteria for clinical diagnosis of Alzheimer’s disease (McKhann et al., 1984)

3)

Other clinical features consistent with the diagnosis of probable AD, after exclusion of causes of dementia other than AD, include:
Plateaus in the course of progression of the illness

Associated symptoms of depression, insomnia, incontinence, delusions, illusions, hallucinations, catastrophic verbal, emotional, or physical
outbursts, sexual disorders, and weight loss

Other neurological abnormalities in some patients, especially with more advanced disease and including motor signs such as increased
muscle tone, myoclonus, or gait disorder

Seizures in advanced disease

Computed tomography normal for age

Features that make the diagnosis of probable AD uncertain or unlikely include:
Sudden apoplectic onset
Focal neurological findings such as hemiparesis, sensory loss, visual field deficits, and incoordination early in the course of the illness

Seizures or gait disturbances at the onset or very early in the course of the illness

Abbreviations: AD=Alzheimer’s disease, CT=Computed tomography, EEG=Electroencephalography
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1.2.2 Dementia with Lewy Bodies

Dementia with Lewy Bodies (DLB) is the second most common form of
degenerative disease after AD in older people and accounts for approximately 20% of
dementia cases at autopsy (McKeith et al., 1996). In 1996, the DLB Consortium
published guidelines for the clinical and pathological diagnosis of DLB in order to
establish a common framework (McKeith et al., 1996). These guidelines were revised in
2005 to incorporate new information on improved methods of assessment to identify the
core clinical features of DLB (McKeith et al., 2005). Table 1.3 outlines the DLB

Consortium guidelines.

A) Central Feature — Progressive Cognitive Decline

The central feature for DLB diagnosis is progressive cognitive decline leading to
global dementia over a period of months or more commonly several years. Symptoms
of prominent or persistent memory impairment may not be present in early DLB, but
generally develop as the disease progresses. DLB patients are usually more impaired on
memory retrieval tests, whereas in AD the major deficit lies in memory acquisition and
consolidation (McKeith et al., 1996). Studies show greater deficits in visual attention
and visuospatial (e.g. the clock drawing task) working memory in DLB patients
compared to AD (Calderon et al., 2001; Mori et al., 2000). In late stage DLB,
differential diagnosis from AD is increasingly difficult due to the overlapping deficits in
cognition (McKeith et al., 1996).

B) Pathological Feature — Lewy Bodies

The essential pathological feature of DLB is the presence of LB (alpha synuclein
fibrillary aggregates) in the brain of a patient with a clinical history of dementia
(McKeith et al., 1996). LB are spherical, intracytoplasmic, eosinophilic neuronal
inclusion bodies commonly located in the substantia nigra and locus coeruleus, though
they can also be found extracellularly and be multiocular (with many small
compartments) in shape (McKeith et al., 1996). Plaques, neurofibrillary tangles and
neurone loss are also evident in most DLB cases, but are not essential for diagnosis
(McKeith et al., 1996). These criteria alone are not sensitive enough to differentiate
between DLB and AD, as up to 60% of AD cases could also be considered to meet
pathological criteria for DLB, though their LB are limited to the amygdala (Litvan et al.,

2003). More recent recommendations take into account the extent of Lewy and AD-type
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pathology to increase diagnostic specificity, so cases in which LB are detected in the
setting of extensive AD-type pathology are classified as having a low possibility of
DLB (McKeith et al., 2005). This is because studies have shown that AD pathology has
a mediating effect on the clinical expression of DLB, therefore a greater burden of AD
pathology, in the presence of similar LB pathology, means the person is less likely to
show classic DLB characteristics of hallucinations, fluctuation and parkinsonism and
more likely an AD clinical picture. Immunohistochemical staining for alpha-synuclein
is the most sensitive and specific method for detecting LB and Lewy-related pathology,
with grading of lesion density advised and the pattern of regional involvement more
important than the total count (McKeith et al., 2005).

C) Core Features

The core clinical features for the diagnosis of probable and possible DLB are
fluctuating cognitive impairment, recurrent complex visual hallucinations and
spontaneous motor features of parkinsonism (McKeith et al., 1996). The presence of
two core features is essential to diagnose probable DLB and one to diagnose possible
DLB (McKeith et al., 1996). There were no major amendments to the core features of
DLB in the 2005 DLB Consortium Report, though a suggestive feature can replace a
core feature providing one core feature is present. However, improved methods of
assessment are recommended to aid in diagnosis and determine symptom severity.

i.  Fluctuating Cognitive Impairment

Fluctuating cognitive impairment occurs in 50-75% of DLB patients (McKeith
et al., 2005). In the early stages of DLB, deficits in cognitive function and global
performance can alternate with periods of normal or near normal performance. The
periodicity and amplitude of fluctuations varies between and within subjects. Guidelines
recommend the use of at least one formal measure of fluctuation. The Clinical
Assessment of Fluctuation Scale (CAFS) consists of a series of screening questions put
to an informant regarding fluctuating cognition and impaired consciousness during the
month prior to assessment. Fluctuating cognition is judged as present if the informant
can give a clear example, the clinician then assesses severity based on frequency and
duration over the previous month. The One Day Fluctuation Assessment scale can be
carried out by a less experienced rater and is based on the day prior to assessment. The
scale consists of seven features of confusional behaviour; falls, fluctuation, drowsiness,

attention, disorganised thinking, altered level of consciousness and communication. A
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score is generated which enables distinction between DLB, AD and vascular dementia
(Walker et al., 2000).

Studies have shown that DLB patients with fluctuating cognition have higher
[3H]epibatidine binding to high affinity nicotinic receptors in the temporal cortex and
hippocampus (Ballard et al., 2002), and higher nicotinic receptor density in the thalamus
(Pimlott et al., 2006) than patients without fluctuating cognition, though significantly
less than controls. The differentiation of DLB subjects with and without fluctuating
cognition was specific to nicotinic receptors, implying that cholinergic mechanisms are
involved in the process of maintaining attentional function (Ballard et al., 2002).

ii.  Recurrent Complex Visual Hallucinations

Recurrent complex visual hallucinations appear to be the only psychotic
symptom that reliably discriminates DLB from AD (Ballard et al., 1996). At autopsy,
DLB patients have high levels of LB in the anterior and inferior temporal lobe and the
amygdala. These areas are involved in the generation of complex images (Harding et al.,
2002). At presentation, one third of DLB patients report visual hallucinations which
rises to nearly half of DLB patients reporting visual hallucinations at some point in the
course of the disorder (McKeith et al., 2005). The Neuropsychiatry Inventory (NPI) is a
useful screening tool for assessing the severity of visual hallucinations. The NP1 can be
performed by a caregiver and assesses ten behavioural disturbances which occur in
dementia including delusions and hallucinations (Cummings et al., 1994).

The perception and attention deficit model aims to account for why people
hallucinate, what they see and when and where they see it (Collerton et al., 2005). The
model is based on results from functional magnetic resonance imaging (fMRI) studies
showing that normal scene perception depends on the interaction between frontal and
posterior visual areas, therefore subjects with visual hallucinations exhibit dysfunction
in these areas (Collerton et al., 2005; Haxby et al., 2000).
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iii.  Spontaneous Motor Features of Parkinsonism

Spontaneous motor features of parkinsonism are reported in 25-50% of patients
at diagnosis, with 75-80% of DLB patients experiencing symptoms during the course of
the illness (McKeith, 2005). The common symptoms are rigidity and bradykinesia
(Galasko and Hansen, 1992), others include hypophonic speech, expressionless face,
stooped posture and a slow and shuffling gait, with resting tremor less common
(McKeith et al., 1996). Severity of motor features in DLB is similar to age-matched
Parkinson’s disease (PD) patients (Aarsland et al., 2005). DLB can present as a primary
neuropsychiatric syndrome, or it can develop later in a patient diagnosed as having PD,
i.e. dementia in PD (PDD). DLB consensus criteria suggest that DLB and PDD should
be differentiated on the basis of parkinsonism features prior to the onset of dementia.
DLB is diagnosed if dementia develops within 12 months of parkinsonism whereas
PDD is diagnosed if the clinical history of parkinsonism is greater than 12 months
(McKeith et al., 1996).

D) Suggestive Features

The revised guidelines in 2005 included suggestive features in the diagnosis of
DLB. If one or more suggestive feature and one or more core feature is present probable
DLB can be diagnosed. Currently, there is not enough evidence in support of suggestive
features to diagnose probable DLB in the absence of a core feature. Suggestive features
are rapid eye movement sleep behaviour disorder, severe neuroleptic sensitivity and
reduced striatal dopamine transporter activity on SPECT or PET imaging (McKeith et
al., 2005).

E) Supportive Features

Supportive features can be used to increase diagnostic sensitivity. They include
severe autonomic dysfunction, depression (McKeith et al., 2005), repeated falls,
syncope, and transient loss of consciousness (McKeith et al., 1996). They are
commonly present in DLB but lack sufficient diagnostic specificity to be categorised as
core or suggestive. Exclusion of other systemic or neurological disorders (e.g. stroke)
which could account for the patients’ symptoms and characteristics is essential
(McKeith et al., 1996).

15



F) Special Investigations

Assessment of the original DLB Consortium diagnostic guidelines showed they
have high specificity but low sensitivity, so diagnosis can easily be missed (Nelson et
al., 2010; Litvan et al., 2003). Therefore, it is necessary to establish additional markers
which when combined with clinical assessment can improve diagnostic accuracy, and
for this neuroimaging is a clear choice. The use of SPECT and PET to measure striatal
abnormalities in the dopaminergic system has already been discussed under suggestive
features, but other imaging markers have also been established for DLB which can aid
in diagnosis. Structural MRI studies demonstrate preservation of the medial temporal
lobe (hippocampus) in DLB, which enables differentiation from AD which is
characterised by hippocampal atrophy (Burton et al., 2002; Barber et al., 2000). SPECT
studies show a distinct pattern of hypoperfusion in DLB compared to AD, with DLB
subjects showing greater hypoperfusion in occipital and posterior parietal cortex
(Firbank et al., 2003a; Colloby et al., 2002). Scintigraphy with (*21)
metaiodobenzylguanidine (MIBG), which enables the quantification of post-ganglionic
sympathetic cardiac innervations, shows decreased MIBG uptake in DLB,
demonstrating diffuse loss of sympathetic terminal innervations and enabling
differentiation from AD which shows normal MIBG uptake (Taki et al., 2004) (see
Chapter 4 for more detail).
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Table 1.3: Consensus Criteria for the Clinical Diagnosis of Dementia with Lewy Bodies (McKeith et al., 2005; McKeith et al., 1996)

1) Central features

Essential for the diagnosis of DLB

e Progressive cognitive decline of sufficient magnitude to interfere with normal social or occupational function

e Prominent or persistent memory impairment may not necessarily occur in the early stages but it is usually evident with progression

e Deficits on tests of attention, executive function, and visuo-spatial ability may be especially prominent

2) Core Features

Two are sufficient for a diagnosis of probable DLB, one for possible DLB

e Fluctuating cognition with pronounced variations in attention and alertness
e Recurrent visual hallucinations that are typically well formed and detailed

e Spontaneous motor features of parkinsonism

3) Suggestive Features

One or more and one or more core feature = probable DLB, one or more and no core features = possible DLB
e Rapid eye movement sleep behaviour disorder

e Marked neuroleptic sensitivity

e Reduced striatal dopamine transporter activity in the basal ganglia on SPECT and PET
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Table 1.3 (Contd.): Consensus Criteria for the Clinical Diagnosis of Dementia with Lewy Bodies (McKeith et al., 2005; McKeith et al., 1996)

4) Supportive Features

e Repeated falls and syncope

e Transient loss of consciousness

e Neuroleptic sensitivity

e Systemised delusions

e Hallucinations in other modalities

e Severe autonomic dysfunction

e Depression

e Relative preservation of medial temporal lobe structures on CT/MRI scan
e Generalised low uptake on SPECT/PET perfusion scan with reduced occipital activity
e Abnormal (low uptake) MIBG myocardial scintigraphy

e Prominent slow wave activity on EEG with temporal lobe transient sharp waves

5) A diagnosis of DLB is less likely in the presence of:
e Stroke disease, evident as focal neurological signs or on brain imaging

e Evidence on physical examination and investigation of any physical illness or brain disorder sufficient to account for the clinical picture

Abbreviations: DLB = Dementia with Lewy bodies, SPECT = single photon emission computed tomography, PET = positron emission tomography,
CT = computed tomography, MRI = magnetic resonance imaging, MIBG = (*?*1) metaiodobenzylguanidine, EEG = electroencephalography
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1.2.3 Management of Alzheimer’s Disease and Dementia with Lewy Bodies

In dementia, management generally involves a multidisciplinary approach to
determine environmental and/or health-related factors which could enhance an
individual’s condition and optimise their quality of life and daily functioning (Barber et
al., 2001).

Accurate diagnosis is key as AD and DLB require disease specific management,
which differs from other causes of dementia (e.g. vascular and frontotemporal) and
other conditions that can mimic dementia (Space occupying lesions, depression,
metabolic and endocrine disorders). It is important that the disclosure of the diagnosis
should be individually tailored and accompanied by further information and counselling
(Hort et al., 2010; Barber et al., 2001).

e Identification of the most prominent symptoms and the stage of dementia are
crucial to inform management of the disorder. This is normally via a
collaborative approach between the patient, carer and health professionals
(Barber et al., 2001).

e Administering non-pharmacological interventions is a highly favourable
approach as studies have reported adverse effects to drug interventions. Non-
pharmacological interventions include education of patients and caregivers about
the nature of their symptoms, and suggesting strategies to cope with them, and
cognitive stimulation therapy, which aims to actively stimulate and engage
people with dementia. In DLB specifically, this can include improving the
patient’s hearing and vision to reduce falls and hallucinations. However, these
approaches are highly dependent on the patient, carer and environment, therefore
research is limited (Barber et al., 2001).

e Pharmacological interventions also have a limited evidence base. Currently there
Is insufficient evidence to support the use of any drugs purely for the primary
prevention of dementia. It is important that prior to pharmacological
intervention, realistic expectations are discussed with the patient and caregivers
and also the potential side effects (Hort et al., 2010). Serial interventions are

recommended, allowing improvements or side effects to be directly monitored.
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Pharmacological Interventions
i.  Acetylcholinesterase Inhibitors

Both AD and DLB are associated with acetylcholine deficits, though deficits in
DLB have been shown to be even more profound than in AD (Perry et al., 1994).
Acetylcholinesterase inhibitors (e.g. donepezil, rivastigmine and galantamine) are the
most well developed approaches to alleviate cholinergic deficits (Francis et al., 1999).
Acetylcholinesterase inhibitors have been shown to be relatively safe and effective in
treating cognitive and neuropsychiatric symptoms. However, they cannot ‘cure’
dementia, but can delay the deterioration of symptoms.

In DLB subjects, a randomised control trial with rivastigmine (McKeith et al.,
2000a) and non-randomised trials with donepezil and galantamine (Edwards et al.,
2007; Thomas et al., 2005) have shown that all 3 cholinesterase inhibitors improve
cognitive measures (measured by mini-mental state examination score [MMSE]) and
have a positive effect on treatment of neuropsychiatric symptoms, especially psychosis
(measured by neuropsychiatric inventory [NPI] score) (Bhasin et al., 2007; Edwards et
al., 2007; Thomas et al., 2005; McKeith et al., 2000a). Though, as results are from
different studies and methodologies vary, it is difficult to directly compare and
determine which cholinesterase inhibitor is the best choice for treatment (Bhasin et al.,
2007).

Additionally, cholinesterase inhibitors have been shown to slow dementia
progression in AD and patients diagnosed as AD + DLB. Patients taking cholinesterase
inhibitors showed a slower rate in decline of MMSE score compared to patients not
taking cholinesterase inhibitors (Nelson et al., 2009). However, treatment with
cholinesterase inhibitors has not been shown to prevent or delay the onset of AD. A
meta-analysis of 8 studies involving donepezil, rivastigmine and galantamine showed
no significant difference in the rate of conversion from MCI to AD in subjects taking
cholinesterase inhibitors and those not (Raschetti et al., 2007).

ii.  N-methyl-D-aspartate Antagonists

The neurotransmitter glutamate plays a key role in cognition and memory. In
AD, the postsynaptic glutamate receptors, N-methyl-D-aspartate (NMDA\), are
hypothesised to be over stimulated by glutamate. Memantine, a non-competitive
NMDA-receptor antagonist, has been shown to have positive effects in AD (Reisberg et
al., 2003). Memantine is an open channel blocker, as glutamate increases causing
channels to open, memantine blocks more, and as glutamate decreases it blocks less,

thus modulating glutamatergic activity (Rogawski and Wenk, 2003).
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A recent randomised controlled trial tested the safety and efficacy of memantine
in DLB and was shown to be well tolerated, and patients taking memantine showed
better clinical global impression of change scores (measures change in symptoms from
baseline) than those taking placebo. It should be noted that these are preliminary
findings and a large-scale study is needed to provide further confirmation (Aarsland et
al., 2009).

There may be a synergistic benefit to co-administer drugs that target both
cholinergic and glutamatergic systems. A study which administered donepezil and
memantine showed improved cognition in AD (Tariot et al., 2004). These findings
however have not been replicated, and recently it was shown that patients who were
administered memantine and cholinesterase inhibitors showed no evidence of improved
cognitive or non-cognitive symptoms (Porsteinsson et al., 2008).

iii. Levodopa

Post-mortem studies in DLB have shown decreased levels of dopamine (Perry et
al., 1990). Levodopa, the most effective oral therapy for the treatment of PD, has been
investigated in the management of DLB (Molloy et al., 2006; Molloy et al., 2005).
Levodopa did not cause significant or irreversible side effects and was found to relieve
parkinsonian symptoms in roughly a third of DLB patients (Molloy et al., 2006; Molloy
et al., 2005). The poorer response to dopaminergic treatments in DLB could be due to
striatal alpha-synuclein pathology (Duda et al., 2002) or decreased levels of dopamine
D2 receptors in the caudate and putamen (Piggott et al., 1999).

iv.  Neuroleptics (antipsychotics)

Previously, neuroleptics were commonly used to treat agitation and anxiety in
dementia, but recent concerns regarding increased risk of stroke and mortality has
resulted in greater caution in their use. In addition to these problems, it has long been
established, that in roughly half of DLB patients they can cause side effects of increased
rigidity, immobility, confusion, sedation and postural falls (Ballard et al., 1998;
McKeith et al., 1992). This is thought to be due to the reduction in D2 receptors in the
caudate, putamen (Piggott et al., 1999) and temporal cortex, which correlates with
greater cognitive decline, and inversely with cortical LB pathology (Piggott et al.,
2007).
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Another area for promising future research is to actually prevent the onset of
dementia, for example by reducing blood pressure to prevent cerebrovascular disease.
Though not specific to dementia, blood pressure lowering may be preventative, however
further research is needed in this area. In summary, no intervention has been shown to
prevent dementia, but it is important that individuals with dementia are treated on a case
by case basis as an approach that works for one patient will not necessarily be directly
applicable to another.
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Chapter 2

Functional Neuroimaging Background

Functional neuroimaging methods are techniques which enable spatial and
temporal mapping of brain activity (Villringer, 1999). There are two approaches which
are generally used:

Electrophysiological Methods

Electroencephalography (EEG) and magnetoencephalography (MEG) are
examples of electrophysiological methods which measure electrical or magnetic signals
from active neurones (Yang et al., 1993). These methods directly measure neuronal
activity, are non-invasive and have excellent temporal resolution (Villringer, 1999).
However, a considerable disadvantage of these methods is that as measurements are
made at the brain surface they may not represent activity in the underlying cortex,
therefore an inversion step is required to determine active brain regions which is
complex and without a unigue solution (Stok, 1987).

Metabolic or Vascular Methods

Single photon emission computed tomography (SPECT), positron emission
tomography (PET) and functional magnetic resonance imaging (fMRI) are examples of
functional neuroimaging techniques which can be used to measure metabolic and/or
vascular parameters. The main advantage of these methods over electrophysiology is
their higher spatial resolution; they enable good delineation of the spatial extent of the
activated area and accurate matching to anatomical structures. Additionally, they offer
greater flexibility, for example PET can study neurotransmitter systems. The drawback
is their temporal resolution which is poor compared to electrophysiological approaches.

SPECT and PET can measure regional cerebral blood flow or the metabolic rate
of glucose or oxygen depending on the radioactively labelled tracer administered. For
example, to measure glucose metabolism, the glucose analogue 2-[*®F] fluoro-2-deoxy-
D-glucose (FDG) is administered and taken up by metabolically active neurones,
radioactive decay occurs and positrons are emitted. Positrons collide with electrons
causing the production of photons which are detected by the scanner. Areas of high
radioactivity are associated with brain activity. Similarly, (*°0) labelled water can be

used as a tracer for blood flow.
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The main advantage of SPECT compared to PET is that the radioisotopes used
have longer half lives; a few hours to a few days, versus 2 to 100 minutes for PET. For
SPECT, this means that radioisotopes can be produced elsewhere and transported,
whereas for PET it means that they have to be made on the scanner site using an
expensive cyclotron. However, the spatial resolution and sensitivity of PET is far
superior to SPECT. The main disadvantage of both methods is that they are invasive as
they involve the use of radioisotopes therefore repeatability is limited (see Table 2.1).
This has subsequently led to the use of fMRI to examine brain function, which is a non-

invasive method with high spatial resolution (Villringer, 1999).

2.1  Magnetic Resonance Imaging

2.1.1 The Nuclear Magnetic Resonance Experiment

Spin

The MRI technique is based on nuclear magnetic resonance, i.e. magnetic
properties of atomic nuclei, specifically hydrogen, which, as part of water and lipids,
makes up 75-80% of the human body. Hydrogen, with only a single proton in its
nucleus, possesses intrinsic angular momentum (spin). This causes the hydrogen nuclei,
or protons, to behave like magnetic dipoles, which is the source of resonance. In the
scanning procedure, subjects are placed inside a large magnet which exerts a powerful
magnetic field with a magnetic flux density, usually between 1.5 and 4.0 Tesla. The
magnetic field inside the scanner causes the hydrogen nuclei in water, which are
normally randomly orientated, to become aligned with the direction of the field (Bo)
(though full alignment is never reached). A net vertical internal magnetic field called
longitudinal magnetisation is produced. Nuclei precess around the axis of the field at a
frequency proportional to the strength of the magnetic field, the precession frequency
(or Larmor frequency, o), which is the resonant frequency of nuclear magnetic

resonance. Figure 2.1 illustrates the above process (Buxton, 2002b).
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Figure 2.1: Precession of a Magnetic Dipole in a Magnetic Field
Adapted from (Buxton, 2002b)

N BO

| A

Spin axis

Magnetic dipole

Bo = Magnetic frequency

o = Precession/Resonant frequency (Larmor frequency)
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The net longitudinal magnetisation cannot be directly detected. However, the
application of a radio frequency (RF) pulse (generated by an oscillating current in a
coil) in a horizontal direction (at the precession/resonant frequency) tips the longitudinal
magnetisation into the transverse plane. This results in precessing transverse
magnetisation and a detector located in the transverse plane can measure the oscillating
signal. In summary, MRI measures the changes in the longitudinal and transverse
magnetisation components as the nuclei/protons respond to the applied magnetic fields
and radio frequency pulses. The strength of the signal detected is dependent on the
amount of protons in the tissue and the timing parameters used during imaging (Buxton,
2002b).
Signal Contrast

The contrast between one tissue and another in an MR image is varied by the
properties of the pulse sequences and by careful selection of their timings; repetition
time (TR) and echo time (TE), which control the sensitivity to the local tissue relaxation
times. In MRI, 3 relaxation times are of interest; T1, T, and T,*. These describe the time
constant of the recovery of longitudinal magnetisation (T relaxation) and the time
constants associated with loss of transverse magnetisation (T, and T,*). The combined

T, and detrimental effects of magnetic field inhomogeneity is called T,*, which is the
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most relevant relaxation time for understanding contrast in an fMRI image (Matthews et
al., 2004; Buxton, 2002b).

There are two main types of pulse sequence used in MRI; spin echo and gradient
echo:

e Spin echo sequences use 2 radio frequency pulses to create a signal echo, during
which the signal intensity is measured. They generally produce the best quality
images but take a relatively long time (several minutes).

e Gradient echo sequences use a single radio frequency pulse followed by a
gradient pulse to create the echo, during which the signal intensity is again
measured. Gradient echo sequences generally have shorter repetition times than

spin echo, therefore the scan time is shorter (Buxton, 2002b).

2.2 Functional Magnetic Resonance Imaging

Early MRI studies focussed mainly on structural brain changes, but more
recently techniques have been developed to also measure brain function. Using fMRI, it
is possible to determine the location and magnitude of neuronal activation either
following the performance of a specific task (e.g. visual, motor or cognitive) or when a
subject is at rest. FMRI is a non-invasive procedure and the subject is not exposed to
ionising radiation, unlike in SPECT and PET. This means the frequency with which
experiments can be repeated is not limited and treatment responses can be tested within
a few days whereas with SPECT and PET, radiation exposure limits scan frequency to
every few months. The fMRI technique enables high quality anatomical images to be
acquired in the same scanning session and additionally, in comparison to SPECT and
PET, the method has finer spatial resolution, gives temporal data output and generates
within subject measures. The main disadvantage of fMRI is that it is more sensitive to
subjects head motion than SPECT and PET (Villringer, 1999). Table 2.1 directly
compares the functional neuroimaging methods of SPECT, PET and fMRI.
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Table 2.1: Comparison of Functional Neuroimaging Methods to Measure
Metabolic and Vascular Parameters
Adapted from (Matthews et al., 2004)

SPECT PET FMRI
Spatial resolution 9-12 mm 5-7mm 1-3mm
Temporal 3-4 mins 1-2 mins 4-10 sec
resolution
Exposure to Yes Yes No
ionising radiation
Cost Low High Medium

There are 2 main image acquisition techniques used in fMRI;
Conventional Techniques

The image is assembled using multiple data collections, for example the fast low
angle shot (FLASH) method (Haase et al., 1986). FLASH uses multiple radio frequency
pulses to excite the MRI signal which are then used to encode the spatial distribution of
the signal and form the complete image of the slice. The main advantage is high spatial
resolution as you have longer to encode more detail about localisation, but acquisition
time is long (typically between 2 and 10 seconds per slice), therefore it is difficult to
image the whole brain and the technique is highly sensitive to motion.
High Speed Techniques

Echo planar imaging is an example of single-shot imaging (Mansfield, 1977),
where the full data for a low resolution image are acquired from the signal generated by
a single radio frequency pulse. Acquisition time for echo planar imaging is extremely
short (normally less than 0.1 seconds); therefore it is ideal for whole brain mapping.
However, it is more sensitive to geometric distortions and spatial resolution is poor in
comparison to conventional techniques. The speed of echo planar imaging means that it

is the method of choice for blood oxygenation level dependent fMRI (Buxton, 2002b).
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2.2.1 The Blood Oxygenation Level Dependent Response

The most common method of fMRI scanning uses the blood oxygenation level
dependent (BOLD) response to map brain activity. The BOLD response was first
described by Ogawa et al. (Ogawa et al., 1990) and is based on:

e The differential magnetic properties of oxygenated and deoxygenated
haemoglobin, and
e The coupling of oxygenated blood flow and neuronal activity.

When neuronal activity increases in a brain region, blood flow to that region
also increases and oxygen is delivered to the area by haemoglobin in red blood cells to
keep up with the increased metabolic demand. Haemoglobin is diamagnetic (i.e. non
magnetic) when oxygenated, but paramagnetic when deoxygenated (Pauling and
Coryell, 1936). The difference in magnetic properties of oxygenated and deoxygenated
haemoglobin causes a change in the MR signal from water in tissue surrounding the
capillaries depending on the degree of oxygenation, which varies according to the levels
of neuronal activity. When neurones are active, more oxygenated blood is supplied than
Is immediately necessary and deoxhaemoglobin levels decrease. This causes slower
dephasing of the hydrogen nuclei/protons (slower loss of transverse magnetisation), T,*
is longer, the MR signal decays more slowly and therefore the measured MR signal at
the echo time is stronger. This is known as the BOLD effect (Ogawa et al., 1990). The
BOLD effect is summarised in Table 2.2.
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Table 2.2: Summary of the Blood Oxygenation Level Dependent Response
following Neuronal Activity

Unstimulated Tissue Stimulated Tissue
e Little activation of neurones e Activation of neurones
e Blood flow is not increased e N blood flow, volume and

oxygen delivery

e /N oxygenated to deoxygenated
haemoglobin ratio

e I deoxyhaemoglobin levels

e Promotes dephasing (loss of e De-phasing of rotating protons
transverse magnetisation) of is slower

rotating protons
e T,*is shorter e Ty*is longer

e MRIsignal is weaker e MRl signal is stronger

The BOLD signal does not directly measure neuronal activity but is sensitive to
the changes in cerebral blood flow, volume and oxygen metabolism rate. These
physiological responses are referred to collectively as the haemodynamic response to
activation (Ogawa, 1998; Ogawa et al., 1998; Ogawa et al., 1993). A critical goal for
interpreting fMRI data is to understand the underlying link between neuronal activity
and the haemodynamic response.

This relationship has been investigated using simultaneous fMRI and
electrophysiological recordings in monkeys. This work showed that the haemodynamic
response correlated with local field potentials (the summation of postsynaptic
potentials; neuronal input), rather than multi-unit activity (outgoing action potentials).
The haemodynamic response is therefore proposed to be a measure of the input and
intrinsic processing of a given area rather than the output (Logothetis et al., 2001).

The temporal limits of the haemodynamic response were first investigated by
Blamire et al. (1992) who showed that an fMRI BOLD signal change could be detected
even following a visual stimulus of only 2 seconds, with the observed signal change
occurring after the stimulus ceased. Regardless of the period of stimulation, the increase
in signal was always delayed, 3.5 + 0.5 seconds in this study, which determines the scan
repeat time (TR) (Blamire et al., 1992).
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The BOLD response is illustrated in Figure 2.2, with the events that lead to the
BOLD response summarised in Figure 2.3.
Figure 2.2: Graph Illustrating the Features of the fMRI BOLD
Signal/Haemodynamic Response Function
Extracted from (Hoge and Pike, 2001)
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Upon neural activation, a decrease in the BOLD signal is seen caused by the
increased oxygen consumption in active neurones and the consequent decreased ratio of
oxygenated to deoxygenated haemoglobin. However, this decrease in BOLD signal is
only brief, and is caused by the time lag from when a brain region is activated and when
blood flow increases to it (Hu et al., 1997; Menon et al., 1995).
Positive BOLD Response

Following the dip, the BOLD signal increases as blood flow increases by 50-
70%, however the increase in oxygen utilisation is only 5-20%, therefore an oversupply
of oxygenated haemoglobin is delivered and a higher than normal ratio of oxygenated to
deoxygenated haemoglobin occurs. This causes a decrease in magnetic susceptibility
and consequently an increase in the MR signal (Bandettini et al., 1993; Fox and Raichle,
1986). It is not fully understood why this overcompensation occurs, with blood flow
increasing disproportionally to the oxygen demand.
Post Stimulus Undershoot

After the stimulus stops, synaptic activity decreases, blood flow and the
oxygenated to deoxygenated haemoglobin ratio return to baseline. There is a brief
decrease in the signal below the initial baseline which is thought to be due to a more

slowly resolving increase in blood volume (Hu et al., 1997; Menon et al., 1995).
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Figure 2.3: Summary Flow Diagram of the Events that Lead to the Generation of
the BOLD Signal
Adapted from (Buxton, 2002a)
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Abbreviations: BOLD = blood oxygenation level dependent; CBF = cerebral blood
flow; CBV = cerebral blood volume; CMRO; = cerebral metabolism rate of oxygen.

Most studies measuring the BOLD signal have focussed on the positive BOLD
response following task performance, but during a task performance a decrease from
resting baseline in other areas of the brain is also observed. In an attention demanding
cognitive task, increases in frontal and parietal cortical regions (Corbetta and Shulman,
2002; Cabeza et al., 2000) and decreases from resting baseline in the posterior cingulate
and medial prefrontal cortices (Gusnard et al., 2001; Shulman et al., 1997) are observed.
A negative BOLD response results from an increase in deoxyhaemoglobin
concentration, which causes a decrease in local venous oxygenation level because of a
reduction in cerebral blood flow. The exact cause of the negative BOLD response is
unclear; however three main theories have been proposed:

i.  Haemodynamic effect

Neuronal activation causes blood to be diverted to specific areas meaning blood
drains from neighbouring areas to supply the increased demand and consequently the
BOLD signal is reduced in the inactive areas (Woolsey et al., 1996).
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ii.  Active neuronal suppression
Areas with reduced activation are supplied with less oxygenated blood and
therefore show a reduced BOLD signal during the stimulus period (Shmuel et al., 2002).
iii.  Extension of the initial dip
Negative BOLD response areas have increased neuronal activity during the
stimulus period but they do not receive a corresponding increase in blood flow. The
increased activation therefore depletes local oxygen levels (Hu et al., 1997).

Investigations to determine whether the positive and negative BOLD responses
were coupled showed that the negative response is an exact mirror image of the positive
and varying stimuli generate positive and negative responses in different locations.
Therefore, the negative response results from a decrease in BOLD signal linked with the
level of stimulus and with the positive response, implying that the negative response has
either a neuronal or a haemodynamic origin, or both (Shmuel et al., 2002).

Further investigations of the negative BOLD response measured the response
from 2 baseline conditions; normal resting baseline and a lower baseline, induced by a
sustained negative response (negative baseline). For resting and negative baseline
conditions, cerebral blood flow and oxygen metabolism increases reached the same
peak amplitude. Therefore, responses from the negative baseline are larger than those
from the resting baseline. The ratio of cerebral blood flow and oxygen metabolism
remained approximately the same, thus showing tight coupling between haemodynamic
and metabolic components. It can therefore be concluded that the blood flow increase is
accounted for entirely by the oxygen consumption increase and the negative BOLD
response results entirely from active neuronal suppression, thus areas with decreased
activation are supplied with less oxygenated blood (Pasley et al., 2007).

BOLD fMRI is advantageous as it is non-invasive, the ratio of contrast to noise
Is high and it is sensitive to perfusion and metabolic measures. A disadvantage of the
BOLD technique is that it is an indirect measure, as it measures the haemodynamic
response function triggered by neuronal activity and not neuronal activity directly,
however SPECT and PET are also indirect measures. Additionally, interpreting the
signal can be difficult as the haemodynamic response is caused by multiple
physiological parameters (blood volume, flow and oxygen metabolism) and the images
can be affected by head motion and/or magnetic susceptibility artefacts (Bandettini,
2001).
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2.3  Resting-State Functional Magnetic Resonance Imaging

Previous fMRI studies have mainly focussed on brain regions showing neuronal
activity when an experimental task is performed, however spontaneous low-frequency
fluctuations (SLFs) in the BOLD signal are observed even when the subject is at rest
and these have become a target of investigation in their own right, termed the resting-
state BOLD signal. Biswal et al. (1995) were the first group to report SLFs in the
BOLD signal at frequencies of < 0.10 Hz using resting-state fMRI (Biswal et al., 1995).
SLFs in the left somatomotor cortex were found to correlate with SLFs in the right
somatomotor cortex and with medial motor areas, in the absence of overt motor
behaviours. This correlation of SLFs between brain regions is termed functional
connectivity (Biswal et al., 1995), a measure used to describe the spatiotemporal
correlations between spatially distinct regions of cerebral cortex (Strother et al., 1995;
Friston et al., 1993). Further studies confirmed these findings, showing that high
correlations are preserved in lower sampling rate multislice echo-planar data, allowing
the assessment of whole brain functional connectivity (Lowe et al., 1998). Spectral
decomposition of the correlated SLFs showed that only frequencies of < 0.10 Hz
contribute to functional connectivity (Cordes et al., 2000), with physiological noise
sources (respiratory or cardiac pulsations) occurring at higher frequencies (Cordes et al.,
2001).

Brain regions showing these coherent SLFs have been termed resting-state
networks. A number of studies have focussed on identifying resting-state networks, and
it is now believed that there are at least 8 networks which comprise grey matter brain
regions. Table 2.3 outlines the most commonly identified resting-state networks using a
model-free analysis approach, independent component analysis (see section 2.4.2) (Fox
and Raichle, 2007; Damoiseaux et al., 2006; De Luca et al., 2006; Beckmann et al.,
2005).
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Table 2.3: Resting-State Networks Identified using Independent Component Analysis [axial view, images taken from (Beckmann et al., 2005)]

Resting-State Network Brain Regions

Medial visual e Primary visual areas (calcarine sulcus)
e Medial extrastriate regions (lingual gyrus)
e Precuneus (inferior division)

e Thalamus (lateral geniculate nucleus)

Lateral visual e Occipital lobe
e Visual cortex (non-primary regions)
e Superior parietal regions

e Posterior cingulate cortex (deactivation)

e Primary and secondary auditory cortices
e Lateral occipital temporal gyrus

e Posterior insular cortex

e Anterior cingulate cortex

e Anterior supramarginal gyrus

e Thalamus
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Table 2.3 (Contd.): Resting-State Networks Identified using Independent Component Analysis [axial view, images taken from (Beckmann et al.,
2005)]

Resting-State Network Brain Regions

Sensory Motor System e Pre and post central gyri

Default Mode Network e Precuneus and posterior cingulate cortex
e Medial prefrontal cortex

e Lateral parietal cortex
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Table 2.3 (Contd.): Resting-State Networks Identified using Independent Component Analysis [axial view, images taken from (Beckmann et al.,
2005)]

Resting-State Network Brain Regions

Executive Control e Superior and middle prefrontal cortices
e Anterior cingulate and paracingulate gyri
e Venterolateral prefrontal cortex

e Thalamus

Dorsal Visual Stream ¢ Right lateral occipital

¢ Right inferior parietal cortex

o Bilateral intraparietal sulcus

e Right middle and superior frontal gyri

e Complimentary pattern in left
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2.3.1 The Default Mode Network

The default mode network (see Table 2.3) has received considerable attention in
resting-state studies. PET studies first showed the existence of the default mode
network, a network of brain regions which deactivate (sub-baseline signal deflections)
in response to cognitive and attentional tasks (Raichle et al., 2001; Shulman et al.,
1997), and activate at rest (Raichle et al., 2001).

Following on from these findings the default mode network has been
investigated using resting-state fMRI and a seed-based correlation approach (see section
2.4.1) to identify which regions make up this network. Seeds were placed in 2 brain
regions previously identified as comprising the default mode network; the posterior
cingulate cortex and ventral anterior cingulate cortex. Functional connectivity was
assessed by examining the spatial patterns and strength of correlation between SLFs in
each seed and all other brain regions. Significant functional connectivity was found
between:

e The posterior cingulate cortex and medial prefrontal, ventral anterior cingulate,
orbitofrontal, dorsolateral prefrontal (left), inferior parietal, inferotemporal
cortices (left) and parahippocampal gyrus (left)

e The ventral anterior cingulate cortex and the posterior cingulate, medial
prefrontal, orbitofrontal cortices, nucleus accumbens and the
hypothalamus/midbrain (Greicius et al., 2003).

Additionally, others have reported the involvement of the cerebellar tonsils (Fox et al.,
2005) and the hippocampus (Koch et al., 2010; Greicius et al., 2004) in the default
mode network.

Brain regions showing anticorrelations with the default mode network have also
been reported. Using the posterior cingulate cortex as a seed, the intraparietal sulcus,
frontal eye field, middle temporal region, supplementary motor area and insula were all
shown to anticorrelate (Fox et al., 2005). These findings demonstrate strong coupling
between the default mode network and task-positive network regions, as these regions
are shown to activate in response to attention and working memory tasks (Fox et al.,
2005; Corbetta et al., 2002). Additionally, this study investigated anticorrelations during
a low-level task (fixation), and eyes closed versus open. Results were shown to be
consistent over resting-state conditions, thus showing that anticorrelations cannot be due

to a low-level task (Fox et al., 2005).
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More recently the default mode network has been proposed to be composed of at
least 2 components, anterior and posterior (Damoiseaux et al., 2008), as illustrated in
Figure 2.4;

e The anterior default mode network consists of superior and middle frontal gyrus,
posterior cingulate, bilateral middle temporal gyrus and bilateral superior
parietal regions (Figure 2.4a).

e The posterior default mode network consists of posterior cingulate cortex and
bilateral superior parietal regions (Damoiseaux et al., 2008; Damoiseaux et al.,
2006) (Figure 2.4b).

Figure 2.4: Functional Connectivity Maps of the Anterior (a) and Posterior (b)
Default Mode Network Regions
Images taken from (Damoiseaux et al., 2008)

a) b)

Anticorrelations in the anterior and posterior components of the default mode
network were further investigated by Uddin et al. (2009) using the medial prefrontal
and posterior cingulate cortices as seeds. Regions which correlated with the seeds
showed some similarities, but anticorrelations were very different. The medial
prefrontal cortex generally correlated more strongly with frontal and temporal regions
and the posterior cingulate cortex with mid and lateral parietal regions. Anticorrelations
were reported between medial prefrontal cortex and task-positive network regions (e.g.
intraparietal sulcus) and between the posterior cingulate cortex and motor planning
areas (e.g. frontal areas). These findings confirmed that important differences in
functional connectivity exist between the anterior and posterior regions of the default
mode network (Uddin et al., 2009).

38



The default mode network is affected by both ageing and disease, with
decreased functional connectivity reported in older (mean age 71 years) versus younger
(mean age 23 years) subjects, which was not accounted for by the decreased grey matter
volume in the older subjects (Damoiseaux et al., 2008). In Alzheimer’s disease (AD),
decreased default mode network activity has also been reported in the hippocampus and
posterior cingulate cortex (Greicius et al., 2004), and between the hippocampus (right)
and a number of brain regions (medial prefrontal, ventral anterior cingulate and
posterior cingulate cortices and the precuneus) (Wang et al., 2006).

The exact role of the default mode network is not fully known, but studies have
shown it is involved in attending to environmental stimuli (Gusnard et al., 2001; Raichle
et al., 2001), mediating processes such as reviewing past knowledge or preparing future
actions (Binder et al., 1999), and episodic memory processing (Greicius et al., 2004).

The involvement of the default mode network in memory processing and the
abnormal functioning of the network in AD (Wang et al., 2006; Greicius et al., 2004)
has led to the proposal of the metabolism hypothesis (Buckner et al., 2005). This
hypothesises that default mode network activity may set the stage for AD. The
continuous activity of this network at rest is linked with either an activity or
metabolism-dependent cascade that contributes to AD pathology (Buckner et al., 2005).
The metabolism hypothesis is supported by PET studies which have localised amyloid
beta plaques in early stage AD (Klunk et al., 2004) and these locations show close
matching with default mode network regions (Buckner et al., 2005). Though this
hypothesis is still considered highly speculative, the role the default mode network is
thought to play in memory processing would offer an explanation as to why memory
structures (i.e. the medial temporal lobe) are particularly vulnerable in AD (Buckner et
al., 2008; Buckner et al., 2005).
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2.3.2 Origin of Spontaneous Low-Frequency Fluctuations

Various theories have been proposed regarding what actually causes SLFs in the
resting-state, and whether they are solely neuronal in origin. Support that SLFs are of
neuronal origin comes from studies combining fMRI and electroencephalography
(EEG) techniques showing correlation between the BOLD signal and cortical electrical
activity (Goldman et al., 2002), and studies in subjects with neurological disease (e.g.
AD) showing changes in resting-state networks, specifically decreased functional
connectivity in the default mode network (Greicius et al., 2004).

Others report that SLFs are independent of neuronal function and that they are
due to changes in underlying brain physiology, for example blood pulsations induced by
the heart beat and arterial CO, changes due to respiration. Studies measuring arterial
CO; fluctuations have shown significant changes in key brain regions of resting-state
networks; occipital, parietal and temporal lobes, and the cingulate, which suggests that
vascular processes do contribute to the generation of resting-state networks (Wise et al.,
2004).

More recently, studies propose that SLFs are a combination of both neuronal and
non-neuronal artefacts, meaning that SLFs of neuronal origin can be obscured (Lund et
al., 2006). Various methods have been explored to attempt to correct for non-neuronal
SLFs, which can artificially inflate and over-estimate functional connectivity, for
example measuring cardiac and respiratory traces during acquisition of fMRI data and
filtering of the data (Glover et al., 2000; Hu et al., 1995).

Resting-state studies are advantageous over task-based studies, particularly in
cognitively impaired subjects, as no complicated experimental design is required and no
task has to be practised therefore patient compliance and tolerance is high, head motion
Is reduced, scan time is relatively short, and studies can be easily standardised.
However, it can be difficult to control resting-state during scanning as brain activity will
vary greatly depending on how active a subject’s mind is at rest, and may vary greatly
between separate scans in the same subject.

It has been confirmed that during resting-state the brain is not inactive, but very
dynamic showing coherent SLFs in the BOLD signal in anatomically and functionally
plausible networks. It is of great importance to investigate whether these networks are
affected by disorders such as depression and dementia, which could help to explain the

neurobiological changes and brain dysfunction.
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2.4 Analysis Methods for Functional Magnetic Resonance Imaging Data

Following an fMRI experiment, data has to be passed through various analysis
steps before experimentally related activations can be determined. Analytical methods
applied to fMRI data include model-based, which examine each voxel individually, and
model-free which separate the data into spatial patterns enabling the analysis of

coactivation.

2.4.1 Model-Based Methods

Model-based, univariate or hypothesis driven approaches, test a specific
hypothesis/hypotheses about the BOLD response at certain voxel locations, for example
seed-based correlation analysis. In this analysis, data can be acquired during a task and
from this output a region or voxel which activates significantly is identified and used to
define a seed in the resting-state data. Alternatively, a seed can be selected based on
prior knowledge of how this brain region is affected by disease, for example a region
known to atrophy as a consequence of disease. The time-series is then extracted from
the seed and used as a regressor in a general linear model (Worsley and Friston, 1995)
approach in order to calculate whole brain connectivity. The data in each voxel is
regressed against the model separately from every other voxel (Poline et al., 1997). A
statistical map is then generated of all brain regions which show a similar time-series to
the seed (Lowe et al., 1998; Biswal et al., 1995).

Seed-based correlation analysis is advantageous because a prior hypothesis is
required therefore there is sound background knowledge behind what is being
investigated. The drawback of this approach is that analysis can be limited to
correlations specifically searched for and the strongest correlations may be missed, i.e.
if they do not show connectivity with the seed. However, more recent methods
investigate functional connectivity with all brain regions which attempts to overcome
this problem. Also, as general linear modelling is based on linear decomposition of the

data, functional connectivities with non-linear relationships can be missed.
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2.4.2 Model-Free Methods

Model-free, multivariate or data driven methods simultaneously separate the
data into individual spatial maps which enables the analysis of all voxels’ time-courses
at the same time and interactions between voxels, without the need to specify a seed
region of interest. Principal and independent component analysis (Comon, 1994) are
examples of model-free methods. They decompose two-dimensional data matrices (time
x voxels) into time-series and associated spatial maps which jointly describe the
temporal and spatial characteristics of underlying signals. These methods assume that
the sources of resulting features are statistically independent and enable unknown, yet
structured spatiotemporal processes to be detected (Beckmann et al., 2005).

Extensions of independent component analysis include probabilistic independent
component analysis which solves the problem of over-fitting by including a noise model
(Beckmann and Smith, 2004) and tensorial probabilistic independent component
analysis which extracts signals of interest in the spatial, temporal and subject domain
(Beckmann and Smith, 2005). A number of studies have successfully used independent
component analysis to measure SLFs (Greicius et al., 2004; Goldman, 2003; Kiviniemi
et al., 2003) and to produce spatial maps with different time-series enabling separation
from noise-related signal variations (e.g. head motion, cardiac pulsations or the
respiratory cycle) (De Luca et al., 2006; Lowe et al., 1998).

Model-free approaches do not require the identification of a seed voxel;
therefore no prior assumptions of the importance of any brain region are made. The
flexibility of independent component analysis is ideal in situations where the effects of
interest cannot be predicted accurately, but this also has disadvantages as no prior
hypothesis is needed so in general terms everything is searched for. This means that the
results can be hard to interpret as there can be a large number of components, and
networks can be split into a number of sub-networks. The method is biased by the
number of independent components selected and when matching the independent
components to resting-state networks, components of interest can be easily ignored or
missed. Similar to model-based analysis, the method is based on linear decomposition
of the data, therefore functional connectivities with non-linear relationships are not
taken into account. Table 2.4 summarises the advantages and disadvantages of the two

techniques.
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Table 2.4: Summary of the Advantages and Disadvantages of Model-Based and
Model-Free Methods of Analysis

Model-Based

(E.g. Seed-Based Correlation Analysis)

Model-Free

(E.g. Independent Component Analysis)

Advantages:

Direct answer to a direct
question — easily interpretable

Moderately fast

Produces voxels of high temporal

synchronicity

Flexible, no temporal model
needed

Good separation of fluctuations
from other physiological signals
High spatial sensitivity and

specificity

Disadvantages:

Selecting a representative time-

series can be lengthy

Choice of the seed location is
biased
Physiological signals can be

present in the data

The order of different
components can vary between
separate runs of the same data
Large number of components,
time consuming

Selecting the components of
interest is subjective
Networks can be split over a

number of components
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2.4.3 Pre-Processing Methods

As discussed previously, resting-state data can be contaminated by spurious
fluctuations unrelated to neuronal activity which can hide the SLFs of neuronal origin.
Spurious fluctuations can be cardiac related; caused by pulsations of the blood induced
by the heartbeat, or respiratory related; caused by a change in the arterial level of CO,, a
potent vasodilator (Wise et al., 2004). Recently it has become evident that these
confounders can cause artifactual signal changes and mask the fluctuations of interest.

When the studies that comprise this thesis were started (2006), research on the
removal of these types of confounders was limited, and only through the course of this
research has it become clear that it is important to remove these fluctuations from the
data so that SLFs of neuronal origin only are analysed. This has involved validation of
pre-processing methods to remove confounders from the data (this work is covered in
Chapter 6).

One approach is to simultaneously record physiological parameters (e.g. cardiac
and respiratory cycles) at the time of scanning. A model is then derived from the time-
series of the physiological noise and subtracted from the fMRI time-series (Birn et al.,
2006; Glover et al., 2000), or used as a covariate of no interest (or nuisance variable) in
general linear modelling analysis (Lund et al., 2006). The drawback of this approach is
that physiological parameters must be recorded at the time of scanning as they cannot be
estimated retrospectively from the images.

Resting-state SLFs of the BOLD signal are known to occur at low frequencies, <
0.08 Hz. Though, SLFs occur in the presence of various other signal fluctuations caused
by physiological processes, e.g. cardiac (0.6-1.2 Hz) and respiratory cycles (0.1-0.5 Hz)
(Cordes et al., 2001; Cordes et al., 2000). Therefore filtering of the data is
recommended to only include SLFs of neuronal origin. Some studies band-pass filter
the data using low-pass (to remove high frequency noise) and high-pass (to remove low
frequency drift) filter cut-offs (e.g. 0.08 and 0.009 Hz) (Weissenbacher et al., 2009; Fox
et al., 2005), whereas others use a low pass cut-off of 0.1 Hz only (Chang and Glover,
2009) (see Table 2.5). Generally the consensus is that the time-series need to be filtered
at < 0.1 Hz to reduce the effect of noise on the resting-state data. However, even after
filtering, fluctuations from physiological artefacts may still be present, e.g. arterial CO,
fluctuations have been shown to occur at approximately 0.03 Hz (Wise et al., 2004),

which has led to the use of additional pre-processing and regression steps.
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Pre-processing can involve including covariates of no interest in the general
linear modelling analysis, for example a global brain mask (the average time-series
across all voxels in the brain) and seed regions placed in the white matter and
cerebrospinal fluid (Weissenbacher et al., 2009; Margulies et al., 2007; Fox et al.,
2005). Including the global brain mask as a covariate of no interest involves the
removal/regression of the global signal from the data. This is based on the assumption
that to investigate functional connectivity, local changes in neuronal signal are only of
interest, global activation in the data represents noise and therefore local neuronal
changes and global signal must be uncorrelated. White matter and cerebrospinal fluid
signal are assumed to carry mainly noise and minimal signal of interest, and to
investigate resting-state networks only grey matter activity is of interest (Weissenbacher
et al., 2009; Margulies et al., 2007; Fox et al., 2005).

A number of studies report noise reduction and improved fMRI results following
global signal regression (Fox et al., 2009; Weissenbacher et al., 2009; Margulies et al.,
2007; Fox et al., 2005). Weissenbacher et al. (2009) showed that when no global signal
regression was performed strong correlations were found throughout the brain between
functionally non-related regions (e.g. a seed in the right primary motor cortex and
primary and secondary visual cortices); whereas when global signal regression was
performed significant positive correlations were found in motor network regions and
correlations found prior to global signal regression in functionally non-related regions
were completely suppressed. They showed that global signal regression also removed
white matter functional connectivity, but significant connectivity in the cerebrospinal
fluid still remained, which was only suppressed if white matter and cerebrospinal fluid
signal regression were also carried out (Weissenbacher et al., 2009).

Another method which aims to remove global brain connectivity is global
normalisation, which scales the mean intensity of each image to the mean intensity of
the first image. This was also tested by Weissenbacher et al. (2009) and was found to
increase the significance and specificity of functional connectivity results, but was
outperformed by global signal regression. In summary, global signal regression was
found to suppress false correlations and double the specificity of functional connectivity
results. The use of additional covariates of no interest (e.g. white matter and
cerebrospinal fluid) increased the specificity of connectivity results further, however

this also reduces statistical significance (Weissenbacher et al., 2009).
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Conversely, it has been reported that global signal regression can artificially
introduce anticorrelations into the data and as these anticorrelations are only observed
when global signal regression is carried out they should be viewed with some caution
(Murphy et al., 2009; Weissenbacher et al., 2009). On the other hand, anticorrelations
may truly represent neuronal activity and may exist in the data before regression but are
too weak to pass statistical significance. Additionally, anticorrelations cannot be solely
a result of pre-processing using global signal regression, as global signal is by definition
global and not localised to specific brain regions. Another disadvantage of global signal
regression is that the global signal can carry a substantial part of the signal of interest
and so remove some functional connectivity. Without simultaneously taking
physiological recordings at the time of scanning, it is impossible to know whether the
confounding signals identified are physiologically related. These findings show that
methodology has a high impact on resting-state fMRI studies. Table 2.5 summarises the
pre-processing methods that have been used in previous resting-state studies to correct
for noise in the data.

An alternative approach is to use model-free methods, for example independent
component analysis, to extract the global signal from the data. Independent component
analysis will identify global signal as independent components, i.e. separately from
brain activity or signals of interest so they can be eliminated from the data (Beckmann
et al., 2005). The disadvantage of this method however is that it is investigator biased as
it relies on the independent components being identified visually (Beckmann et al.,
2005).

In conclusion, fMRI has become a valuable tool in the investigation of human
brain function. Early studies typically examined brain activity changes associated with
performance of a task, but more recently resting-state SLFs in BOLD fMRI signals have
generated a great deal of interest. At rest, the brain is very active and it is possible to
study this activity whilst the subject rests in the scanner. The application of resting-state
fMRI is ideal in disease states as it does not require a complicated experimental set-up
or task compliance. It is clear that careful handling of the data is required in order to
investigate only the SLFs of neuronal origin and so that functional connectivity is not
over-estimated. However, the true meaning of these SLFs remains to be elucidated.
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Table 2.5: Summary of Pre-Processing Methods Used in Seed-Based Correlation Analysis Studies

Study Pre-Processing Filtering Nuisance Covariates Global Signal
Removed
(Fox et al., 2009) Slice timing and head motion Lowpass of 0.1 Hz or Motion correction Yes
(Fox et al., 2005) correction, intensity scaling, 0.009 < f < 0.08 Hz parameters (6),
registration, smoothing (6 mm CSF and WM seeds,
FWHM), linear trend removal global brain mask
(Murphy et al., 2009) RETROICOR (physiological noise 0.01<f<0.1Hz None No

correction tool), slice timing and head
motion correction, smoothing (5 mm
FWHM), registration

(as it introduces

deactivations)

(Weissenbacher et al., Slice timing and head motion 0.009 << 0.08 Hz Motion correction Yes
2009) correction, smoothing (9 mm FWHM), parameters,
registration CSF and WM seeds,
global brain mask
(Chang and Glover, 2009) | RETROICOR, slice timing and head Lowpass of 0.1 Hz CSF and WM seeds, Yes

motion correction, smoothing (5 mm
FWHM), registration

global brain mask
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Table 2.5: Summary of Pre-Processing Methods Used in Seed-Based Correlation Analysis

Study Pre-Processing Filtering Nuisance Covariates Global Signal
Removed
(Roy et al., 2009) Slice timing and head motion Highpass = 100s Motion correction Yes
correction, despiking (time-series (sigma) parameters,
outliers removed), spatial smoothing Lowpass = 2.8s CSF and WM seeds,
(6 mm FWHM), intensity (HWHM) global brain mask
normalisation
(Zhang et al., 2009) Slice timing and head motion 0.01 <f<0.08 Hz No No
correction, smoothing (5 mm FWHM),
voxel intensity scaling, registration
(Castellanos et al., 2008) Slice timing and head motion Highpass = 100s Motion correction Yes
(Margulies et al., 2007) | correction, smoothing (6 mm FWHM), (sigma) parameters,
(Uddin et al., 2009) registration Lowpass = 2.8s CSF and WM seeds,
(HWHM) global brain mask
(Greicius et al., 2003) Head motion correction, intensity 0.0083<f<0.15Hz No No

normalisation, smoothing (4 mm
FWHM), registration

Abbreviations = Cerebrospinal fluid (CSF), full width half maximum (FWHM), global signal (GS), half width half maximum (HWHM),
RETROspective Image CORrection (RETROICOR), white matter (WM).
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Chapter 3

Neuroimaging Studies in Depression

Late-life depression (LLD) is a common disorder which can cause great
suffering in the elderly and reduce their quality of life. LLD is frequently comorbid with
physical illnesses, for example it is common in patients recovering from myocardial
infarction (Blazer, 2000), and when present can delay recovery and lengthen hospital
stay. Diagnosis and treatment is therefore of key importance to improve quality of life,
but current treatments are empirically based and the biological causes of depression
remain largely unknown, though there are several theories all supported by evidence
(see Chapter 1). It is now understood that there are a number of contributors, or causes,
which increase susceptibility to LLD, including environmental and genetic factors, prior
psychiatric history and overall medical burden, which can all affect brain structures and
functioning.

Neuroimaging can be used to investigate the underlying brain changes that are
associated with depression. Imaging studies have focussed on investigating the
functioning of circuits of brain regions and on determining if abnormalities here are
associated with the behavioural signs and symptoms of depression. Studies have shown
that depression is associated with abnormalities in the volumes and functioning of
limbic-cortical-striatal-pallidal-thalamic (mood regulating) circuits formed by
connections between the orbital and medial prefrontal cortex, amygdalae, hippocampi,
ventromedial striatum (caudate and putamen), mediodorsal and midline thalamic nuclei
and ventral pallidum (globus pallidus) (Sheline, 2003; Mayberg, 1997; Mayberg, 1994;
Alexander et al., 1986).

The hypothesis of dysfunction of the limbic-cortical-striatal-pallidal-thalamic
circuits was initially described in early-onset depression but studies suggest that these
circuits are also involved in LLD. Along with emotional dysfunction, LLD is often
accompanied by cognitive impairments (executive dysfunction), characterised by
decreased interest in activities and more profound psychomotor retardation (Herrmann
et al., 2007; Alexopoulos, 2002). Cognitive impairments have been linked with fronto-
striatal-limbic network abnormalities in a number of LLD studies (Sheline et al., 2006;

Alexopoulos et al., 2002; Alexopoulos et al., 1997).
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Neuroimaging studies can be structural or functional in nature. The main
structural imaging studies summarised here have investigated region of interest
volumes, voxel based morphometry (which enables whole brain volumetric analysis),
and analysis of the burden of white matter hyperintensities. Functional imaging
techniques can involve the use of positron emission tomography (PET) or functional
magnetic resonance imaging (fMRI), for example, and brain function can be
investigated at rest, or when a subject performs a cognitive or emotional task.

3.1  Structural Magnetic Resonance Imaging

Volumetric measures, using T1-weighted MR images, are the most common
method used to examine differences in brain structures. These methods involve
measuring the volume of a specific brain region guided by relevant neuroanatomical
parameters. VVolumetric measures generally show high reliability, if they are carried out
within the same research group and/or by a small number of investigators, and are easy
to implement. However, they can be time consuming and as there is a lack of
standardised guidelines for the delineation of brain regions it can be difficult to compare
findings between studies. More recent methods involve placing a region of interest in
standard space and then overlaying this region onto individual subject scans. However,
the drawback of this approach is that it can be difficult to overlay the regions on brain
images of older subjects because they have greater brain atrophy (e.g. surrounding the
ventricles) than a standardised brain template takes into account. Therefore it is
important that appropriate templates are used.

LLD has been linked with significant abnormalities in frontostriatal circuits
(Alexopoulos, 2002). Cross-sectional MRI studies report significant volume reductions
in frontal brain regions in LLD (Almeida et al., 2003a; Kumar et al., 2000); namely the
anterior cingulate and orbitofrontal cortices (Andreescu et al., 2008; Ballmaier et al.,
2004), and the medial temporal lobe (specifically the hippocampus) (Andreescu et al.,
2008; Ballmaier et al., 2008b; Hickie et al., 2005; Lloyd et al., 2004; O'Brien et al.,
2004b; Steffens et al., 2000). Longitudinal studies have also demonstrated greater loss
in hippocampal volume in LLD over a 2 year period compared to control subjects
(Steffens et al., 2010). Volume losses in the hippocampus in LLD have been linked with
memory deficits (Steffens et al., 2010; O'Brien et al., 2004b), thus showing these
subjects are at greater risk of cognitive decline. Though, in contrast, others have

reported no hippocampal volume reductions in LLD (Greenberg et al., 2008).
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Additionally, studies comparing volumes in late-onset with early-onset
depression show greater atrophy in the medial temporal lobe (hippocampus) in late-
onset compared to early-onset depression (Hickie et al., 2005; Lloyd et al., 2004;
Steffens et al., 2000; Greenwald et al., 1997). However there are also negative studies
reporting no difference in hippocampal volume between late-onset and early-onset
depression (Ballmaier et al., 2008b). Though, the study by Ballmaier et al. (2008) did
report significantly decreased volumes in late-onset compared to early-onset depression
in subregions of the hippocampus; CA1-CA3 and the subiculum (Ballmaier et al.,
2008b).

The finding of greater medial temporal lobe atrophy in late-onset could be
linked with subsequent development of Alzheimer’s disease, which is characterised by
greater hippocampal atrophy compared to other dementia subtypes and age-matched
controls (Jack et al., 2002; Du et al., 2001; Killiany et al., 2000; Jack et al., 1997). This
would provide support for the dementia prodrome hypothesis; depression develops as an
early clinical presentation of dementia (Devanand et al., 1996) (see Chapter 1.1.1).

The caudate nuclei have also been shown to be affected in depression (mean age
48 years), with smaller volumes reported compared to controls (Krishnan et al., 1992).
More recently, studies have shown significantly decreased (13.1%) caudate nucleus
volumes (left, right and total) in LLD (mean age 71 years) compared to control subjects
(Butters et al., 2009). The volume decreases in LLD were localised to the head of
caudate nucleus and showed correlation with depression severity (Butters et al., 2009).
This is supported by findings from an earlier study which reported decreased right and
total caudate volume in bipolar older depressed patients (mean age 58 years) compared
to controls (Beyer et al., 2004). In contrast, others report no significant differences in
caudate volume in younger depressed (mean age 41 years) (Lacerda et al., 2003) or in
LLD (mean age 70 years) (Hannestad et al., 2006). Similar to hippocampal volume
measurements, the caudate (left only) has also been shown to be more affected in late-
onset compared to early-onset depression (Greenwald et al., 1997). Volumetric
abnormalities in the caudate in LLD are supported by recent pathological studies
showing decreased neuronal density in the caudate nucleus in LLD (Khundakar et al.,
2010).

Brain changes have also been investigated in white matter regions in depression.
Significant differences in atrophy of the corpus callosum were reported between late-
onset depression, early-onset depression and control subjects. Late-onset depression

subjects showed greater atrophy in the splenium of the corpus callosum compared to
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early-onset depression subjects and greater atrophy of both the genu and the splenium
compared to controls (Ballmaier et al., 2008a).

Using longitudinal measures, subthreshold levels of LLD have been associated
with smaller volumes and a faster rate of volumetric decline (over a 9 year period) in
frontal and temporal areas, specifically the cingulate, orbitofrontal cortex and
hippocampus. This study suggests that even depressive symptoms at subthreshold levels
are associated with atrophy of specific brain regions which increases with advancing
age (Dotson et al., 2009).

Voxel based morphometry is another approach to image analysis, which also
typically uses anatomical T1-weighted scans. This method involves registration to
standard space, images are typically segmented into grey matter, white matter and
cerebrospinal fluid and this enables the analysis of the entire brain at once. Due to age-
related increases in the variability of the shape and size of structures it is important to
use age appropriate templates. The method is highly dependent on the image
registration quality, but advantages are that it is an automated approach. Studies using
voxel based morphometry support findings from volumetric region of interest studies
showing significantly decreased volumes in LLD compared to controls subjects in a
number of brain regions including the anterior cingulate cortex, hippocampus, prefrontal
and orbitofrontal cortices (Ballmaier et al., 2004; Bell-McGinty et al., 2002).

T2-weighted MR images can also be analysed and used in the investigation of
depression by studying levels of white matter hyperintensities in the brain. White matter
hyperintensities are associated with increasing age (Raz et al., 2007), but in LLD a
higher burden and greater severity are reported (Herrmann et al., 2008; Taylor et al.,
2005). In LLD, similar to regions showing greater atrophy in volumetric studies,
increased white matter hyperintensities have been localised to frontal regions (Firbank
et al., 2004; O'Brien et al., 1996), specifically the dorsolateral prefrontal cortex, where
they have been shown to be ischaemic in a post-mortem study (Thomas et al., 2002).

A study matching LLD subjects and subjects with similar vascular risk factors
showed LLD was characterised by greater white matter hyperintensities in the deep
white matter underlying cortical regions (in 7 regions) and by interruptions in white
matter connections in the cingulate, insula and amygdala (Sheline et al., 2008). Others
report an association between increased burden of white matter hyperintensities in
anterior brain regions (where frontostriatal circuits are located) and reduced caudate
volume in LLD (Hannestad et al., 2006). Severe deep white matter hyperintensities in

LLD have been shown to predict poor disease outcome in terms of poor recovery from
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the initial illness, cognitive decline and relapses (O'Brien et al., 1998). Approaches to
measure the burden of white matter hyperintensities are simple to implement but they
are highly dependent on the investigator rating the images, therefore this can introduce
variability between studies.

To summarise, structural MRI studies using approaches to measure region of
interest volumes and voxel based morphometry techniques, have reported volume losses
in LLD in a consistent set of brain regions including the frontal and the medial temporal
lobes. Volume losses in LLD have been linked with memory deficits and also specific
brain regions; hippocampus and caudate nucleus, have been shown to be more affected
in late-onset than early-onset depression. Further to this, volume losses, for example in
frontal brain regions, have been associated with increased levels of white matter

hyperintensities in these regions in LLD.

3.2 Functional Neuroimaging
Chapter 2 of this thesis covers the background of functional neuroimaging
methods in detail. Briefly, functional neuroimaging can be used to measure brain

function, either as a subject rests or when a task is performed in the scanner.
3.2.1 Positron Emission Tomography

Positron emission tomography (PET) studies in depression using the ligand (**F)
fluorodeoxyglucose (FDG) to measure glucose metabolism have shown increased
activity in limbic regions, specifically the amygdala, pallidostriatum and medial
thalamus, and decreased activity in cortical regions, namely the dorsal lateral prefrontal
cortex and anterior cingulate cortex (Mayberg et al., 1999; Drevets et al., 1997).

In a resting-state PET study Mayberg et al. (1999) measured cerebral blood flow
with (*°0) water in sad and neutral mood states in controls, and glucose metabolism
using FDG in patients with unipolar depression (mean age 44 years) prior and following
treatment with the antidepressant fluoxetine. In controls, induction of transient sadness
caused increased activity in limbic regions; namely the subgenual cingulate and ventral,
mid- and posterior insula, and decreased activity in cortical regions; namely the dorsal
lateral prefrontal (right), inferior parietal, dorsal anterior cingulate and posterior
cingulate cortices. In depression, treatment with fluoxetine and consequent recovery
from depression caused metabolism to decrease in limbic regions and increase in

cortical regions, i.e. the reverse of what was seen in controls when sadness was induced.
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These findings have led to the theory that these brain regions form part of a mood
regulating circuit, and in depression imbalances in the functional connectivity of this
circuit occur (Mayberg et al., 1999).

In younger depressed subjects the subgenual anterior cingulate cortex (primarily
Brodmann area [BA] 25, and also caudal portions of BA32 and BA24) has become a
key area of interest. PET studies of the subgenual anterior cingulate cortex report
significantly decreased cerebral blood flow in bipolar depressed patients compared to
controls and significantly decreased glucose metabolism in both bipolar and unipolar
depressives compared to controls. The subgenual anterior cingulate cortex connects
with key emotional processing regions; the hypothalamus, amygdala and medial
thalamus, therefore dysfunctions in this region are linked with emotional disturbances
which are characteristic of depression (Drevets et al., 2002; Drevets et al., 1997).

PET studies show increased metabolism in LLD compared to controls in anterior
(superior and middle frontal gyrus and anterior cingulate cortex) and posterior
(precuneus, superior and inferior parietal regions) cortical regions (Smith et al., 2009;
Smith et al., 2004a). Smith et al. (2009) investigated whether functional abnormalities
in LLD (mean age 65 years) were related to structural abnormalities. They showed that
increased cerebral glucose metabolism was associated with increased cerebrospinal
fluid volumes and decreases in grey and white matter volumes in LLD compared to
controls. Increased cerebral metabolism in LLD matched with grey matter regions
where atrophy was observed, specifically the caudate, thalamus and precuneus.
Additionally, severity of depression had an effect on cerebral metabolism, with
increased cerebral metabolism showing positive correlation with depression severity
(Smith et al., 2009).

Though in contrast to these findings, an earlier PET study by Kumar et al.
(1993) reported decreased glucose metabolism in LLD (mean age 71 years) compared to
controls in a number of brain regions including frontal, temporal and parietal lobes, the
caudate and putamen and the anterior cingulate cortex (Kumar et al., 1993). Similarly,
Nobler et al. (2000) also reported decreased activity in LLD in frontal cortical regions

compared to control subjects (Nobler et al., 2000).
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3.2.2 Functional Magnetic Resonance Imaging

More recently, blood oxygenation level dependent (BOLD) fMRI has been used
in the investigation of patients with depression. This application is advantageous as
spatial and temporal resolution is high, and subjects are not exposed to ionising
radiation. In addition, the technique enables the application of resting-state measures
which is highly favourable as the scanning time is relatively short, and comparisons
between studies are more accurate as there is less variability compared to task-based
studies (see Chapter 2.2.1).

Anand et al. (2005a) used BOLD fMRI to investigate the mood regulating
circuit brain regions in younger unipolar depressed patients (mean age 28 years).
Spontaneous low-frequency fluctuations (SLFs) in the BOLD signal were acquired
during resting-state and in a task-state when subjects viewed neutral, positive and
negative pictures. Using a model-based analysis approach, correlations in SLFs were
investigated between specific seed regions previously shown to form part of the mood
regulating circuitry; cortical (anterior cingulate cortex) and limbic (medial thalamus,
amygdala and pallidostriatum). In both resting and task-states, correlations in SLFs
were decreased between cortical and limbic regions in depression compared to controls
(Anand et al., 2005a). The authors subsequently showed that antidepressant (sertraline)
treatment over a 6 week period in depressed patients was associated with a significant
increase in connectivity between the anterior cingulate cortex and limbic regions
(Anand et al., 2005b).

Bluhm et al. (2009) also used a model-based seed correlation approach in early-
onset depression (mean age 22 years), in subjects who had a very recent onset of
depression. A seed was placed in the posterior cingulate/precuneus, with the aim of
identifying the default mode network, and correlations in SLFs investigated with all
other brain regions. They showed good identification of the default mode network and,
similar to Anand et al. (2005a), they reported decreased functional connectivity,
specifically between the posterior cingulate/precuneus and the caudate (head and body)
in the depressed group compared to controls. No regions of greater connectivity were
found in depressed versus controls (Bluhm et al., 2009).

Similarly, a study by Veer et al. (2010) also reported decreased resting-state
functional connectivity in depressed subjects (mean age 36 years) compared to age-
matched controls. However, this study reported decreased functional connectivity in

different brain regions compared to the Anand et al. (2005) and Bluhm et al. (2009)
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studies. Functional connectivity was found to be decreased in 3 resting-state networks in
depression; specifically in the amygdala, insula, lingual gyrus and frontal regions. In
contrast to the model-based studies (seed-based correlation analysis) carried by Anand
et al. (2005) and Bluhm et al. (2009), this study used a model-free analysis approach of
independent component analysis (Veer et al., 2010).

Conversely, others have reported increases in functional connectivity in
depression in the resting-state. Similar to Veer et al. (2010), Greicius et al. (2007) used
independent component analysis, though they carried out the analysis on individual
subject data sets whereas Veer et al. (2010) analysed at the group level. Greicius et al.
(2007) investigated the default mode network and showed increased functional
connectivity within the subgenual cingulate, thalamus, medial frontal cortex and
precuneus in younger depressed subjects compared to controls. Additionally, increased
functional connectivity in the subgenual cingulate positively correlated with the length
of depressive episode. In the control group no brain regions showed significantly greater
connectivity than in depressed patients. In contrast to the Bluhm et al. (2009) study the
patients in this study were slightly older (mean age of 39 years) and had a longer
duration of illness (Bluhm et al., 2009; Greicius et al., 2007).

In support of the findings by Greicius et al. (2007), other groups have also
reported increased functional connectivity in depression compared to controls in the
resting-state. Sheline et al. (2010) investigated 3 networks; the default mode network,
cognitive control network, and the affective network, in the resting-state in depressed
patients (mean age 36 years). Consistently across all networks functional connectivity
was increased in depressed versus controls subjects, with each network showing
increased connectivity with the dorsal medial prefrontal cortex (Sheline et al., 2010).
Others also support these findings of increased resting-state functional connectivity in
the default mode and cognitive control networks in depression compared to controls
(mean age 39 years) (Zhou et al., 2010).

Task-based studies provide further support for increased functional connectivity
in depression. Younger depressed patients (mean age 40 and 34 years respectively) were
shown to have a failure to decrease the activity of the default mode network,
specifically the anterior cingulate, prefrontal cortex, lateral parietal and lateral temporal
regions, when an emotional task was performed. Abnormally increased activity of
default mode network regions during task-performance correlated with depression
severity (Grimm et al., 2009; Sheline et al., 2009).
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Resting-state BOLD fMRI studies in LLD are limited. A resting-state study by
Yuan et al. (2008) used a model-free method of analysis (termed “regional
homogeneity”) to investigate functional connectivity in LLD (mean age 67 years). This
method measures the coherence of the regional BOLD signal time-series, and is based
on the assumption that a given voxel is temporally similar to neighbouring voxels. This
study reported both increases and decreases in functional connectivity in LLD.
Functional connectivity increases were reported in the putamen, frontal and parietal
lobes, whereas functional connectivity was also found to be decreased in frontal and
parietal lobes, and additionally in the temporal lobe in LLD compared to controls (Yuan
et al., 2008).

A task-based fMRI study by Aizenstien et al. (2009) showed decreased activity
and connectivity using a model-based analysis approach in LLD (mean age 69 years).
Decreased activity was reported in the dorsolateral prefrontal cortex and decreased
connectivity between this region and the dorsal anterior cingulate cortex in LLD
compared to control subjects. Following antidepressant (paroxetine) treatment, activity
in the dorsolateral prefrontal cortex was increased in the LLD group, but treatment had
no effect on functional connectivity (Aizenstein et al., 2009). Table 3.1 summarises the

findings from resting and task-state fMRI studies in early-onset depression and LLD.
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Table 3.1: Summary of Resting-State and Task-State Functional Magnetic Resonance Imaging Studies in Early-Onset and Late-Life

Depression (in Italics)

Research Study Patients Mean Age | Methodology Results in Depression

(Anand et al., 2005a) 28 years Resting-state and task-state W connectivity between cortical and limbic

Model-based analysis: Cortical and limbic seeds regions

(Bluhm et al., 2009) 22 years Resting-state W connectivity between posterior
Model-based analysis: Posterior cingulate/precuneus and the caudate (head and
cingulate/Precuneus as seed body)

(Sheline et al., 2010) 36 years Resting-state /N connectivity between 3 networks and the
Model-based: Seeds in dorsal lateral prefrontal dorsal medial prefrontal cortex

cortex, precuneus and subgenual anterior cingulate

(Zhou et al., 2010) 39 years Resting-state /N connectivity in default mode network
Model-based: Seeds in dorsal lateral prefrontal

cortex, and posterior cingulate/precuneus

(Greicius et al., 2007) 39 years Resting-state /N connectivity in default mode network
Model-free: Independent component analysis regions
(Veeretal., 2010) 36 years Resting-state W connectivity in 3 resting-state networks

Model-free: Independent component analysis
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Table 3.1 (Contd.): Summary of Resting-State and Task-State Functional Magnetic Resonance Imaging Studies in Early-Onset and Late-Life

Depression (in Italics)

Research Study

Patients Mean Age

Methodology

Results in Depression

(Yuan et al., 2008) 67 years Resting-state - connectivity in putamen, frontal, parietal
Model-free: Regional homogeneity ¥ connectivity in frontal, temporal, parietal

(Sheline et al., 2009) 34 years Task-state /N connectivity/failure to down-regulate the
Model-based: Seeds in medial prefrontal, posterior | default mode network
cingulate/precuneus, lateral parietal cortices

(Grimm et al., 2009) 40 years Task-state /N connectivity/failure to down-regulate the
Model-based: Seeds in medial prefrontal cortex, default mode network
posterior cingulate, pregenual anterior cingulate

(Aizenstein et al., 2009) 69 years Task-state ¥ connectivity between dorsolateral

Model-based: Seeds in dorsal lateral prefrontal

and dorsal anterior cingulate cortices

prefrontal and dorsal anterior cingulate

cortices
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Abnormalities in levels of key excitatory and inhibitory neurotransmitters have
previously been reported in depression, for example glutamate and gamma
aminobutyric acid (GABA). Decreased glutamate has been reported in the anterior
cingulate (Auer et al., 2000) and prefrontal cortices in depression (Hasler et al., 2007)
(mean age 50 and 34 years respectively) and decreased GABA in prefrontal (mean age
34 years) (Hasler et al., 2007) and occipital regions (mean age 43 years) (Sanacora et
al., 1999). More recently, combined methods of analysis have been carried out using
fMRI and proton nuclear magnetic resonance spectroscopy to investigate whether
activity and/or connectivity abnormalities are associated with metabolite level
abnormalities.

A task-based study by Walter et al. (2009) used BOLD fMRI to investigate
activity, and magnetic resonance spectroscopy to measure metabolite levels, in the
pregenual anterior cingulate cortex in younger depressed subjects (mean age 40 years).
The pregenual anterior cingulate cortex has been linked with anhedonia in depression,
therefore it was hypothesised that there would be abnormalities in activity and
metabolite concentration in this region. In depressed subjects, negative BOLD
responses in the pregenual anterior cingulate cortex correlated with glutamate and N-
acetlyaspartate concentrations, whereas in control subjects correlation was with GABA.
In depressed subjects, decreased concentrations of glutamine were reported in the
pregenual anterior cingulate cortex, whereas glutamate and GABA concentrations were
normal (Walter et al., 2009).

A study by Horn et al. (2010) also investigated the pregenual anterior cingulate
cortex in similarly aged younger depressed subjects (mean age 39 years) (Horn et al.,
2010). They used resting-state fMRI measures to investigate functional connectivity
between the pregenual anterior cingulate and the anterior insular cortex, and also
measured glutamate/glutamine levels using magnetic resonance spectroscopy.
Consistent with the Walter et al. (2009) study, they showed significantly decreased
glutamine levels in the pregenual anterior cingulate in depression versus controls.
Additionally, contrary to the Walter et al. (2009) study, they also showed that glutamate
levels were significantly decreased. In depressed subjects, the decreased levels of
glutamate and glutamine correlated with abnormalities in resting-state connectivity with
the left anterior insular cortex. Additionally, altered metabolism and functional
connectivity were linked with depression severity (Horn et al., 2010). These studies

suggest a key role of glutamatergic deficits in the development of depression.
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Findings between fMRI studies investigating functional connectivity vary, with
some studies reporting increases and some reporting decreases in connectivity in both
LLD and early-onset depression. It is difficult to directly compare findings between the
studies, as the analysis methods used vary. For example, Greicius et al. (2007) and Veer
et al. (2010) both used model-free approaches of independent component analysis, but
one analysed individual subject data sets and the other group data, whereas Yuan et al.
(2008) also used a model-free analysis approach but not independent component
analysis, regional homogeneity (Veer et al., 2010; Yuan et al., 2008; Greicius et al.,
2007). In contrast, Anand et al. (2005a) and Bluhm et al. (2009) used model-based
methods, but again the types used were different with correlation investigated between
specific seeds versus a seed and all other brain regions respectively (Bluhm et al., 2009;
Anand et al., 2005a). Additionally, the age of study subjects varies; Bluhm et al. (2009)
and Anand et al. (2005a) studied younger depressed subjects; mean ages of 22 and 28
years respectively (Bluhm et al., 2009; Anand et al., 2005a), whereas the Veer et al.
(2010) and Greicius et al. (2007) studies were carried out in subjects of similar ages (36
and 39 years respectively) and similar methods of analysis were used, though the
studies report conflicting results (Veer et al., 2010; Greicius et al., 2007). The Yuan et
al. (2008) and Aizenstein et al. (2009) studies were both carried out in subjects with
LLD, mean age of 67 and 69 years respectively, though one study was a resting-state
study and the other was a task-state study (Aizenstein et al., 2009; Yuan et al., 2008)
(see Table 3.1 for a summary).

There can also be great variability between studies investigating LLD depending
on subject selection, for example whether the subjects have had depression earlier in
life, and if so, their exposure and response to treatment, and whether they are taking
medication and their mental state (depressed or euthymic) at the time of scanning. LLD
is often associated with medical comorbidities, particularly cardiovascular diseases, and
cognitive impairments, either as a result of depression itself or a co-existing condition
such as Alzheimer’s disease, and this can cause further variability between studies in
terms of patient groups.

In summary, increasing evidence from different neuroimaging techniques
suggests abnormalities in a reasonably consistent set of brain regions in depression.
Studies show that emotional disturbances, characteristic of the depressed state, are
associated with a distributed neuronal network involving cortical and limbic regions and

not solely on the activity of a discrete brain region. Functional connectivities between
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limbic and cortical regions, and the volume size or the extent of atrophy of these
regions, are therefore considered critical in the formation of complex behaviours.

Further research is necessary, particularly in LLD, as few studies have been
carried out investigating connectivity in this disorder. The majority of resting-state
fMRI studies have measured activity/connectivity in early-onset depression. However, it
Is not known whether changes that occur in early-onset depression also occur in LLD,
or if certain brain regions are more affected in LLD. The aim would be to guide
pharmacological intervention as currently treatments used in early-onset depression are
applied also in LLD and as structural studies have shown, there are significant
differences in terms of brain atrophy, and therefore the same treatments may not be
applicable.

The use of functional connectivity is an ideal application in subjects with
depression as it enables the investigation of correlations between brain regions,
therefore abnormalities previously shown in structural and some PET studies in
frontostriatal brain regions can be investigated. The method offers advantages over
structural MRI as it enables the investigation of correlations between brain regions, and
over PET in terms of spatial and temporal resolution and repeatability (see Chapter 2 for
more detail). Resting-state is an ideal application in subjects with cognitive
impairments, for example, as the scanning time is short and no task has to be practised
or performed, therefore patient compliance is generally high and head motion is
reduced.

Therefore it was planned to investigate resting-state functional connectivity
using BOLD fMRI measures in subjects with LLD. Based on findings from structural
MRI studies showing volume reductions (Butters et al., 2009) and pathological studies
showing decreased neuronal density (Khundakar et al., 2010), the head of caudate
nucleus was selected as the seed region and functional connectivity investigated with all
other brain regions (see Chapter 5).
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Chapter 4

Neuroimaging Studies in Alzheimer’s Disease

and Dementia with Lewy Bodies

Differential diagnosis between Alzheimer’s disease (AD) and dementia with
Lewy bodies (DLB) can be difficult as there can be great overlap in clinical symptoms,
especially in the early stages. Diagnosis of AD using the National Institute of
Neurological and Communicative Disorders and Stroke/Alzheimer’s Disease and
Related Disorders Association (NINCDS/ADRDA) criteria (McKhann et al., 1984) (see
Chapter 1, Table 1.2) shows high sensitivity (proportion of positives that are correctly
identified) and specificity (proportion of negatives that are correctly identified) for
probable AD (roughly 80%) (Blacker et al., 1994; Kazee et al., 1993). The consensus
criteria for DLB to assist with ante-mortem diagnosis (McKeith et al., 1996) (see
Chapter 1, Table 1.3), show high specificity (79-100%), however sensitivity is low
(32%), therefore diagnosis can be easily missed (Nelson et al., 2010; Litvan et al.,
2003). The DLB consensus criteria were revised in 2005 to incorporate new information
on methods of assessment to improve case detection (see Chapter 1), but the accuracy of
the new criteria have not yet been systematically assessed (McKeith et al., 2005).

Diagnosis is important as it aids in the management of the patient, which varies
between the dementias. AD and DLB patients both respond well to acetylcholinesterase
inhibitors (Perry et al., 1994), but antipsychotics which can be used in the treatment of
AD (though they do increase stroke risk) can cause additional serious, sometimes life
threatening, side effects in up to 50% of DLB cases (McKeith et al., 1992).

The cognitive profile varies between the disorders; AD is characterised by
greater impairments in memory (Ferman et al., 2006; Calderon et al., 2001), whereas
DLB is associated with greater deficits on attentional and visuo-perceptual tasks
(Collerton et al., 2003; Calderon et al., 2001). Neuroimaging studies have provided
important information on differences in specific structures between the disorders which
attempt to explain the varying symptoms. In general, neuroimaging changes have been

less well investigated in DLB compared to AD.
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4.1  Structural Magnetic Resonance Imaging

Structural magnetic resonance imaging (MRI) can involve manual anatomical
methods; measuring region of interest volumes, surface area, tissue density or topology.
Alternatively, it can involve methods that enable tissue differentiation; white and grey
matter, and cerebrospinal fluid, and either looking at global brain structure or specific
regions. These methods can be cross-sectional or longitudinal, where rates of change are
measured.

In early AD, the hippocampus is one of the first regions to be affected by
neurofibrillary tangles and neuritic plaques (Jack et al., 1992). It is expected that these
deposits would affect functioning here and consequently the hippocampus has been a
key region of investigation in imaging studies of AD. Structural MRI studies have
shown that AD is characterised by atrophy of medial temporal lobe structures,
specifically the hippocampus and entorhinal cortex (Kenny et al., 2008; Jack et al.,
2002; Du et al., 2001; Killiany et al., 2000; Jack et al., 1997), whereas DLB is
characterised by relative preservation of the hippocampus (Burton et al., 2009;
Ballmaier et al., 2004; Barber et al., 2000; Barber et al., 1999). Atrophy of subregions
of the hippocampus has also been investigated, with greater atrophy reported in AD
compared to DLB and controls in anterior portions of the hippocampus (CA1 and
subiculum) (Firbank et al., 2010). Additionally, the hypointense line that runs between
hippocampus subregions, which represents the fibres in the stratum moleculare,
lacunosum and radiatum, was shown to be significantly less distinct in AD compared to
DLB and controls (Firbank et al., 2010).

Other brain regions that have been investigated in dementia include the caudate
nucleus, putamen and substantia innominata. Almeida et al. (2003) reported no
significant differences in caudate nucleus volume between AD, DLB and controls
(Almeida et al., 2003b), whereas for the putamen significantly smaller volumes have
been reported in DLB compared to AD and controls (Cousins et al., 2003). Similarly,
significantly reduced substantia innominata volume has been reported in DLB
compared to AD (Hanyu et al., 2007).

Voxel based morphometry is another approach which has been used in the
investigation of dementia. This is an automated method that looks throughout the whole
brain to show differences in global or large-scale brain structures, and therefore there is
no prior decision on which structures to assess. Using voxel based morphometry,

distinct patterns of grey matter loss have been reported in AD and DLB. In AD, a
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widespread pattern of grey matter loss is evident in temporo-parietal cortex and the
medial temporal lobes (hippocampus). In contrast, DLB is characterised by grey matter
loss involving the dorsal midbrain, substantia innominata and hypothalamus, with
preservation of the medial temporal lobe (hippocampus) in roughly 40% of cases
(Whitwell et al., 2007; Burton et al., 2004; Burton et al., 2002).

Longitudinal or serial MRI enables the investigation of structural changes over
time within the same subject. The method allows a subject to act as their own control
via registration of one scan to another, i.e. a baseline scan and a 2 year follow-up scan.
Longitudinal measures increase sensitivity, as individual differences in neuroanatomy
are removed and paired statistics are used. Using longitudinal measures, significantly
higher rates of atrophy have been reported in AD (2% per year) compared to controls
(0.25-0.5%) (O'Brien et al., 2001; Fox et al., 1996). DLB patients also showed greater
rates of atrophy (1.4%) than controls but lower compared to AD, although this was not
significant (O'Brien et al., 2001). Additionally, higher atrophy rates are reported in the
hippocampus, entorhinal cortex, ventricles and whole brain of normal subjects who
converted to mild cognitive impairment (MCI) (a syndrome which is linked with higher
risk of developing AD) and AD compared to those that remained stable, and greater
rates are reported in fast AD progressors compared to slow (Jack et al., 2004).

More specifically, the diagnostic accuracy of medial temporal lobe atrophy has
been investigated in AD and DLB by measuring how well atrophy matches
confirmation at autopsy. Medial temporal lobe atrophy was rated visually using the
Scheltens scale (Scheltens et al., 1992), which is based on hippocampus height and
cerebrospinal fluid space width. Visual rating of medial temporal lobe atrophy was
greater in AD compared to DLB which correlated with the Braak stage and percentage
area of neurofibrillary tangles in the autopsy confirmed cases. Therefore, medial
temporal lobe atrophy was found to differentiate AD from DLB with high accuracy for
autopsy confirmed cases (91% sensitivity and 94% specificity) (Burton et al., 2009).

Brain regions shown to be atrophied in DLB (substantia innominata, dorsal
midbrain and hypothalamus) contain neurones which are major components of the
cholinergic system, for example the nucleus basalis of meynert in the substantia
innominata. Both AD and DLB are associated with deficits in the cholinergic system,
but profound cholinergic loss and severely depleted choline acetyltransferase levels
occur earlier in the disease course in DLB than AD (Perry et al., 1994). Therefore, these
regions are expected to be more severely affected in DLB and are a potentially

important target for investigation in the differentiation of DLB and AD.
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4.2  Functional Neuroimaging

Functional neuroimaging can be used to measure brain function, either as a
subject rests or when a task is performed in the scanner (see Chapter 2). The main
functional neuroimaging techniques which have been used in AD and DLB are single
photon emission computed tomography (SPECT) and positron emission tomography
(PET), and more recently functional magnetic resonance imaging (fMRI). The previous
findings from studies in AD and DLB using functional neuroimaging methods are

covered in this section.

4.2.1 Single Photon Emission Computed Tomography and Positron Emission

Tomography

SPECT studies using the ligand technetium-99m hexamethylpropylene amine
oxime (Tc-HMPAO) report decreased blood flow in the parietal and frontal lobes in
both AD and DLB compared to controls (Colloby et al., 2002). AD is characterised by
greater deficits in temporal regions, whereas in DLB occipital (visual areas) and
posterior parietal cortices (precuneus) are more affected (Colloby et al., 2002). Occipital
hypoperfusion on SPECT has been robustly associated with DLB, for a review see
(O'Brien, 2007). However, its utility as a diagnostic marker in individual cases has been
questioned.

Some studies report good diagnostic accuracy. Using SPECT to measure

perfusion and (*?*

I) metaiodobenzylguanidine (MIBG) myocardial scintigraphy to
measure sympathetic nerve damage, Hanyu et al. (2006a) showed significantly
decreased occipital perfusion and lower cardiac MIBG uptake in DLB compared to AD.
Dysfunction of the sympathetic nervous system was specific to DLB, enabling
differentiation between DLB and AD. Additionally, MIBG myocardial scintigraphy
showed stronger discriminating power in differentiating DLB from AD than SPECT
(Hanyu et al., 2006a). A further study by the same group showed that the combined use
of SPECT and mini-mental state examination (MMSE) score also achieved high
sensitivity and specificity for discriminating DLB from AD (>80%) in terms of medial
occipital hypoperfusion specific to DLB (Hanyu et al., 2006b). In contrast, to these
studies others have shown low sensitivity and specificity of HMPAO-SPECT in the

differential diagnosis of DLB (Colloby et al., 2008; Kemp et al., 2007).
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Consistent with findings from perfusion SPECT studies, FDG-PET studies
measuring cerebral metabolism have reported hypometabolism/reduced activity in the
occipital lobes in DLB compared to AD, which differentiated the disorders with high
sensitivity and specificity (92%) (Ishii et al., 1998). The decreased blood flow in DLB
to occipital/visual areas has been associated with the core feature of visual
hallucinations, which is characteristic of this disorder (Colloby et al., 2002; Lobotesis et
al., 2001, Ishii et al., 1999). Occipital hypoperfusion on SPECT is now included in the
revised guidelines as a supportive feature for the diagnosis of DLB (McKeith et al.,
2005).

Similar to findings from structural imaging studies (Cousins et al., 2003),
SPECT studies show the putamen is affected in DLB, and, in contrast to structural
findings which show preservation of caudate volume (Almeida et al., 2003b), SPECT
studies show abnormalities in DLB (O'Brien et al., 2004a; Walker et al., 2002). These
SPECT studies reported decreased binding of the (*?*1)-2b-carbomethoxy-3b-(4-
iodophenyl)-N-(3-fluoropropyl)nortropane (*31-FP-CIT) ligand to the dopamine
transporter reuptake site in both the caudate and putamen in DLB compared to AD and
control subjects (O'Brien et al., 2004a; Walker et al., 2002). Differentiation between
DLB and AD using FP-CIT SPECT showed high specificity (90%) and sensitivity
(78%) (McKeith et al., 2007).

PET studies using Pittsburgh compound B to image amyloid burden in the brain
showed increased amyloid in the majority (approximately 90 %) of subjects meeting
clinical criteria for probable AD. However, a more variable pattern was reported in
DLB, with some patients showing a similar burden to AD, and in MCI, subjects were
characterised by either an AD-like pattern (60%) or a normal pattern. In AD and DLB,
binding was highest in the frontal lobes, the caudate, posterior cingulate cortex and the
precuneus, therefore suggesting that these regions are most affected by amyloid (Rowe
et al., 2007).

PET and SPECT studies have consistently shown decreased activity (measured
by cerebral glucose metabolism and perfusion/blood flow) in the posterior cingulate
cortex in AD (Johnson et al., 1998; Minoshima et al., 1997). This was initially a
surprising finding as early studies showed the first regions to demonstrate
neuropathological changes in AD are medial temporal lobe structures (Braak and Braak,
1991). Consequently, this has led to the theory that a distributed brain network exists
which plays a role in memory. This network involves the posterior cingulate and medial

temporal lobe structures and is affected in early stage AD. This hypothesis has been
67



confirmed by further SPECT studies which propose a remote effect hypothesis;
abnormalities in the posterior cingulate cortex are caused by degeneration in distant but
connected areas, i.e. the entorhinal cortex (Hirao et al., 2006).

4.2.2 Functional Magnetic Resonance Imaging

Blood oxygenation level dependent (BOLD) fMRI can also be used to measure
brain function through the measurement of deoxyhaemoglobin concentrations as a result
of changes in blood flow, caused by neuronal activity. A major advantage of this
method over PET and SPECT is that it does not require the injection of a contrast agent
and can therefore be repeated many times.

As discussed in Chapter 2, fMRI studies have shown that during a task, e.g.
memory performance, specific brain regions activate and at the same time other brain
regions deactivate, i.e. exhibit a decrease in BOLD signal. Brain regions which show
activation with task performance have been investigated in patients to see if their
activation differs from control subjects. Additionally, brain regions which deactivate
with the performance of a task have also been investigated for abnormalities in disease
states. Further still, regions which show an increase in BOLD signal when no task is
performed (i.e. resting-state), have also become key areas of interest. Studies have
mainly been carried out in AD, and at the time of this research, no studies had
investigated resting-state connectivity in DLB and only one task-based study had been
carried out in DLB.

Task-based studies, e.g. involving the encoding of new information into
memory, report decreased activation of the hippocampus and parahippocampal areas in
AD compared to controls, confirming these regions are critical for successful memory
functioning (Dickerson et al., 2005; Sperling et al., 2003; Rombouts et al., 2000).
Additionally, regions showing increases in activation have also been reported in AD
compared to controls in the medial parietal and posterior cingulate cortices (Sperling et
al., 2003). In subjects with mild cognitive impairment (MCI) reduced hippocampal
activity has also been reported compared to control subjects (Johnson et al., 2006). In
contrast, other studies have reported greater hippocampal activation in MCI compared
to controls, and in the same study reduced activation of both the hippocampus and
entorhinal cortex in AD. These findings propose a stage of increased activity in the
medial temporal lobe early in the disease course, followed by a subsequent decrease as

the disease progresses (Dickerson et al., 2005).
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Other task-based studies have investigated brain regions which deactivate with
the performance of a task, specifically the default mode network regions, and have
shown that there are also alterations in deactivations in AD. Lustig et al. (2003)
reported differences in activity in the medial parietal and posterior cingulate regions.
Younger adults showed deactivations in these regions whilst a task was being
performed, whereas AD patients showed activation in these regions. In older adults
without dementia a trend towards positive activation was seen, but the AD group
showed significantly greater activations (Lustig et al., 2003).

Resting-state studies have shown that AD is linked with changes in spontaneous
low-frequency fluctuations (SLFs) and consequently abnormalities in functional
connectivity. The majority of studies have used the hippocampus as the seed region, as
it is known to be affected early in the course of the disease (Du et al., 2001; Jack et al.,
1992), or other brain regions that are known to form part of the default mode network,
e.g. the posterior cingulate cortex (Raichle et al., 2001). Studies investigating activity in
the default mode network in AD have generally shown that it is decreased compared to
controls, specifically in the posterior cingulate and medial temporal lobe structures
(hippocampus) (Greicius et al., 2004).

AD patients have been shown to have significantly lower functional connectivity
within the hippocampus than MCI and control subjects, with the MCI group also
showing significantly lower connectivity than controls. The approach used in this
resting-state study involved selecting pairs of voxels within the hippocampus and
measuring the mean of the cross-correlation coefficient of spontaneous low-frequency
(COSLOF) fluctuations to determine functional connectivity within the structure (Li et
al., 2002).

Others also report similar findings; Wang et al. (2006) found reduced functional
connectivity between the right hippocampus and several brain regions; medial
prefrontal, ventral anterior cingulate, inferior, superior and middle temporal, and
posterior cingulate cortices and the precuneus. However, they also reported increases in
functional connectivity in the AD group between the left hippocampus and right lateral
prefrontal cortex (Wang et al., 2006). A study by Allen et al. (2007) showed that in
controls the hippocampus (bilaterally) had extensive connectivity between frontal,
parietal, occipital and temporal cortices, whereas in AD a more restricted pattern of
connectivity is seen and a complete absence of connectivity with the frontal lobes
(Allen et al., 2007).
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The regional homogeneity (ReHo) method has also been used in resting-state
fMRI studies. This model-free approach measures the functional connectivity of a voxel
with its nearest neighbours, as significant brain activities are thought to more likely
occur in clusters rather than a single voxel (Zang et al., 2004). Using this method,
decreased functional connectivity was reported in the posterior cingulate and precuneus
in AD compared to controls, which correlated with disease progression (measured by
mini mental state examination score [MMSE]). Brain regions showing increased
functional connectivity were also found in AD in occipital and temporal lobe regions of
the cuneus, lingual and fusiform gyrus. These findings support the compensatory
recruitment hypothesis which proposes that decreases in the posterior cingulate and
precuneus are compensated for by the recruitment of the occipital and temporal lobes
(He et al., 2007).

A study by Zhang et al. (2009) using the posterior cingulate cortex as the seed
region showed reduced functional connectivity in AD compared to controls with several
brain regions; ventral medial prefrontal cortex, visual cortex, dorsal lateral prefrontal
cortex, infero temporal cortex, precuneus, hippocampus (left), thalamus (right) and
posterior orbital frontal cortex. Conversely, increased functional connectivity with the
posterior cingulate cortex was observed in AD compared to controls in medial
prefrontal cortex, primary motor cortex (left), dorsal lateral prefrontal cortex, orbital
frontal cortex (right) and inferior temporal cortex (left) (Zhang et al., 2009). These
findings support the view that functional connectivity within the default mode network
is decreased in AD. Similar to the He et al. study (He et al., 2007), the findings of
increased functional connectivity provide further support for the compensatory
recruitment hypothesis in that frontal-parietal cortices are recruited to play a
compensatory role in early stage AD. This is confirmed by findings from pathological
examinations showing impairments in these brain regions occur later in the disease
course (Braak and Braak, 1997; Braak and Braak, 1991). Table 4.1 summarises findings
from previous resting-state fMRI studies in AD and MCI.

DLB is characterised by greater attentional deficits than AD (Collerton et al.,
2003; Calderon et al., 2001), therefore it might be expected that the default mode
network would be more dysfunctional (affected) in DLB compared to AD. In DLB and
AD, following the performance of colour and motion tasks, deactivation of the default
mode network was decreased compared with controls, however there were no
significant differences in deactivation between DLB and AD (Sauer et al., 2006).

Previous studies have shown that AD and DLB patients have greater rates of atrophy
70



than controls (O'Brien et al., 2001), but the effect this greater atrophy has on functional
connectivity is not fully known and whether functional connectivity abnormalities occur
before structural or vice versa.

In summary, DLB is generally characterised by changes affecting subcortical
structures whereas AD is characterised by abnormalities in medial temporal lobe
structures. These characteristics are considered an important tool in the differentiation
of DLB from AD and have been included in the revised guidelines for DLB diagnosis
(McKeith et al., 2005). Resting-state fMRI studies, for example, generally show
decreased functional connectivity in AD in the default mode network including the
hippocampi. In contrast, other brain regions show increased functional connectivity and
this has led to the compensatory recruitment theory that certain brain regions show
increased activity to compensate for the decreased activity of other brain regions.

It is difficult to directly compare findings between studies because there can be
great variation in group size, age range of subjects, stage of dementia, scanning
procedure and the methods of analysis. No resting-state fMRI studies, to date, have
investigated functional connectivity in DLB. The findings from studies which have been
carried out in AD are not consistent, with some reporting increases and others reporting
decreases in functional connectivity. Resting-state fMRI is an ideal application in
subjects with dementia as no task has to be performed, which is advantageous as
cognitive impairments may make it more difficult for subjects to adhere to a task.

The investigation of connectivity in AD and DLB is of key importance in order
to better understand the neurobiology of the disorders to inform diagnosis. Currently
definitive diagnosis is only possible at autopsy and many studies lack pathological
confirmation. Connectivity measures are hoped to be able to inform disease-modifying
therapies which could target brain abnormalities to slow cognitive decline and also to
enable differentiation between the disorders, which require different management.
Chapter 7 of this thesis covers the investigation of functional connectivity in AD, DLB
and control subjects. Additionally, as the methods of analysis vary greatly between
studies it is important that methodology becomes more consistent so that studies can be

compared more directly and the accuracy of the data is improved (see Chapter 6).
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Table 4.1: Summary of Previous Resting-State Functional Magnetic Resonance Imaging Studies in Alzheimer’s Disease and Mild Cognitive

Impairment

Research Group

Methods

Results and Conclusions

(Zhang et al., 2009)

Method: Seed
(posterior cingulate)
correlation analysis
Subjects: AD

| FC between posterior cingulate and ventral medial prefrontal cortex, visual cortex, dorsal
lateral prefrontal cortex (r), inferotemporal cortex, hippocampus (l), thalamus (r) precuneus
1 FC between posterior cingulate and medial prefrontal cortex, primary motor corteX,

dorsal lateral prefrontal cortex, orbital frontal cortex (r), inferotemporal cortex (l)

(Allen et al., 2007)

Method: Seed
(hippocampus)
Subjects: AD

| FC of hippocampus, cortical limbic, subcortical and cerebellar regions

No FC between hippocampus and frontal brain regions

(Wang et al., 2006)

Method: Seed
(hippocampus)
correlation analysis
Subjects: AD

| FC between hippocampus (r) and medial prefrontal cortex, ventral anterior cingulate
cortex, posterior cingulate and precuneus
1 FC between hippocampus (I) and dorsolateral prefrontal cortex (r)

Right > left FC in controls, diminished in AD

(Wang et al., 2007)

Method: Whole brain
divided into 116
regions

Subjects: AD

| FC between prefrontal and parietal lobes
1 FC within the prefrontal lobe, parietal lobe and occipital lobe

| negative correlations with anti-correlated network
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Table 4.1 (Contd.): Summary of Previous Resting-State Functional Magnetic Resonance Imaging Studies in Alzheimer’s Disease and Mild

Cognitive Impairment

Research Group

Methods

Results and Conclusions

(He et al., 2007)

Method: Regional
Homogeneity
Subjects: AD

| FC in posterior cingulate and precuneus, correlates with disease progression

1 FC in occipital and temporal lobe: cuneus, lingual gyrus (r), fusiform gyrus (1)

(Gili etal., 2010)

Method: Independent
Component Analysis
Subjects: AD, MCI

and Controls

| FC between DMN regions (posterior cingulate and medial prefrontal cortex) and the rest
of the brain in AD and MCI compared to controls
Greater grey matter atrophy in posterior cingulate in AD vs MCI

Loss of FC precedes grey matter atrophy

(Sorg et al., 2007)

Method: Independent
Component Analysis
Subjects: MCI

Absence of FC between hippocampus and posterior cingulate (1)

| FC of selected areas of DMN and executive attention network

(Greicius et al., 2004)

Method: Independent
Component Analysis
Subjects: AD and
Controls

Coactivation of the hippocampus showing the DMN is involved in episodic memory

| FC between the posterior cingulate and left hippocampus in AD

Abbreviations: AD — Alzheimer’s disease; DMN — Default mode network; FC — Functional connectivity; MCI — mild cognitive impairment; RSN —

resting-state network.
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Chapter 5

Investigation of Functional Connectivity in Late-Life Depression

5.1 Rationale for this Study

Structural and functional imaging studies have shown abnormalities in a number
of brain regions in subjects with depression (see Chapter 3). The methods used in
functional imaging studies (resting and task state) have varied greatly, with some
studies using model-based (hypothesis driven) approaches of seed-based correlation
analysis whereas others have used model-free approaches, for example independent
component analysis. Most previous resting-state functional connectivity studies have
been carried out in younger depressed subjects (Bluhm et al., 2009; Greicius et al.,
2007; Anand et al., 2005a), with only one study in late-life depression (LLD), and this
study used a model-free analysis approach (Yuan et al., 2008). No study to date has
investigated resting-state functional connectivity using a model-based analysis approach
of correlating a seed region with all other brain voxels in LLD, and only one study has
used this approach in early-onset depression (Bluhm et al., 2009).

As discussed in Chapter 2, using fMRI, resting-state images can be acquired
over a period of minutes and show small amplitude, spontaneous low-frequency
fluctuations (SLFs) in the blood oxygenation level dependent (BOLD) signal, which are
correlated between functionally related brain regions (Cordes et al., 2001; Lowe et al.,
1998). Related brain regions can therefore be investigated by determining the level of
cross-correlation between SLFs in the BOLD signal in a seed region and the rest of the
brain. Resting-state functional connectivity measures may provide key insights in the
investigation of neurobiological changes in depression by measuring activity between
brain regions, for example in frontostriatal circuits. These measures may also be used to
support findings from previous structural imaging studies in depression, and could
determine whether such structural changes are related to functional abnormalities.
Additionally, measures may supplement other research data on clinical and
neuropsychological features and from structural imaging studies to help clarify whether
there are important differences between LLD and early-onset depression. Resting-state

fMRI does not require patient compliance in task performance and is therefore ideal for
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application in older subjects and patient groups who may have cognitive problems, for

example, which can limit their ability to comply with fMRI activation paradigms.

5.2 Aims

e To examine functional connectivity between the head of caudate nucleus and the
rest of the brain in LLD and age-matched controls by cross-correlation of the
BOLD signal time-series.

e To investigate whether there are differences in functional connectivity between
LLD and control subjects, and whether functional connectivity measures can
differentiate the two groups.

e To determine in the LLD group whether white matter pathology, as indicated by
white matter hyperintensities on MRI, or depression severity has an effect on

functional connectivity.

5.3  Hypotheses

LLD subjects were hypothesised to show abnormal functional connectivity
between the head of caudate nucleus and other brain regions compared to controls based
on the role of the caudate in regulating mood, emotion and cognition. Functional
connectivity was predicted to be increased in LLD compared to control subjects because
of the characteristic features of heightened emotional responses and self-reflective
tendencies in this disorder. This hypothesis was supported by prior resting-state studies
in younger subjects showing increased functional connectivity in sub-lobar regions in

depression (Greicius et al., 2007).

54  Methods
5.4.1 Subjects and Assessment

The study involved 33 subjects aged 65 years and over. Subjects were
community dwelling in the North East of England. Sixteen patients were recruited from
referrals to Newcastle and Gateshead Old Age Psychiatry Services and met diagnostic
criteria for Major Depression according to DSM-1V, as assessed during a standardised
interview by an experienced psychiatrist (Dr Jonathan Richardson). Seventeen similarly

aged controls were recruited by advertisement; none of the control subjects had past or
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present history of depression. All subjects were cognitively intact, had no history or
clinical evidence of dementia, and all scored > 24 on the Mini-Mental State
Examination (MMSE) (Roth et al., 1986). Patients were assessed using a standardised
interview and received a structured physical examination. Current depression severity
was rated using the Montgomery-Asberg Depression Rating Scale (MADRYS)
(Montgomery and Asberg, 1979). Exclusion criteria were; co-morbid or previous
history of drug or alcohol misuse, previous head injury, history of epilepsy, myocardial
infarction in the preceding 3 months, a carotid bruit on physical examination, or any
contraindication to MRI. The study received ethics committee approval and all subjects

gave verbal and written consent.

5.4.2 Imaging

Subjects were scanned in a 3 Tesla Philips Intera Achieva MRI System at the
Newcastle Magnetic Resonance Centre, Newcastle University. An 8 channel head coil
was used to collect anatomical 3D T1-weighted, fluid attenuated inversion recovery
(FLAIR) and resting-state functional MRI1 (fMRI) scans. The scanning protocol
involved asking subjects to lie still in the scanner, to keep their eyes closed, to think of
nothing in particular, but not to fall asleep.

The timing and parameters used to collect anatomical scans were as follows;

e Anatomical 3D T1-weighted: Magnetisation-prepared rapid acquisition with
gradient echo (MPRAGE), sagittal acquisition, slice thickness = 1.2 mm, voxel
size = 1.15 x 1.15 mm, repetition time (TR) = 9.6 ms, echo time (TE) 4.6 ms,
flip angle = 8°, sensitivity encoding (SENSE) factor = 2.

e FLAIR: Number of slices = 60, slice thickness = 2.5 mm, voxel size = 1.02 x
1.02, TR = 11000 ms; TE = 125 ms, inversion time (TI) = 2800 ms; SENSE
factor = 1.5.

e Resting-state fMRI scans were collected using a gradient-echo echo-planar
imaging (GE-EPI) sequence. The timing and parameters used were similar to
those that have been used in previous studies to detect resting-state networks
(De Luca et al., 2006); 25 axial slices, 128 volumes, anterior-posterior
acquisition, in-plane resolution = 2 x 2 mm, slice thickness = 6 mm, TR = 3000
ms, TE = 40 ms, field of view = 260 x 150 x 260 mm, and acquisition time =

6.65 minutes.
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5.4.3 Selection of the Seed Region

The head of caudate nucleus was used as the seed region in this study. The
caudate is a basal ganglia structure. The basal ganglia are a collection of subcortical
nuclei involved in controlling motor, cognitive and emotional functions. The caudate
nucleus, putamen and nucleus accumbens, collectively termed the striatum, are the input
nuclei for signal circuits that originate in the cerebral cortex. These input nuclei project
to the intrinsic nuclei (external segment of the globus pallidus, subthalamic nucleus,
substantia nigra pars compacta, ventral tegmental area) and output nuclei (internal
segment of the globus pallidus, ventral pallidum, substantia nigra pars reticulate). The
caudate nucleus is C-shaped and is a continuous structure although three separate names
are given to its portions; head, body and tail. The caudate nucleus is connected to the
putamen by cell bridges and the nucleus accumbens is located ventromedially. Figure
5.1 illustrates the organisation of the basal ganglia (Martin, 1996).

Figure 5.1: Overview of the Input-Output Organisation of the Basal Ganglia
Figure extracted from (Martin, 1996)

Basal ganglia
Intrinsic nuclei
Substantia nigra pars compacta
Ventral tegmental area
Corebral cortex | Intrinsic nuclei ; Output nuclei |
! Caudate nuclaus Globus pallidus (internal segment) *
\ Putamen > Ventral pallidum \
T > | Nucleus accumbens Substantia nigra H
Frontal lobe E l
i Intrinsic nuclei .| Intrinsic nuclei
Globus pallidus (external segment) Subthalamic nuclei

Early studies investigating the role of the basal ganglia nuclei suggested they
integrate influences from cortical association and sensorimotor areas to common
thalamic target zones and contribute to the initiation and control of movement (Allen
and Tsukahara, 1974; Kemp and Powell, 1971; Evarts and Thach, 1969). Though

subsequently, it has been shown that there are at least 5 basal ganglia thalamocortical
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circuits; motor, oculomotor, prefrontal (2 circuits) and limbic (Alexander and Crutcher,
1990; Alexander et al., 1986):
i.  Motor circuit:
e Focussed on the precentral motor fields
e Controls skeletal musculature
ii.  Oculomotor circuit:
e Focussed on the frontal and supplementary eye fields
e Controls extraocular muscles
ii.  Prefrontal circuits (2 circuits):
e Focussed on the dorsal lateral prefrontal cortex and lateral orbitofrontal
cortices
e Control cognition and spatial memory
iv.  Limbic circuit:
e Focussed on the anterior cingulate and medial orbitofrontal cortices

e Controls motivational regulation of behaviour and emotions

Each individual circuit is organised in parallel and the basic design is similar; output is
received from the cerebral cortex and projections are then sent to the input and output
nuclei, the thalamus, and a portion of the frontal lobe (as outlined in figure 5.1).

As was discussed in detail in Chapter 3, a number of studies have investigated
the caudate nuclei in depression. Decreased caudate volumes have been reported in
LLD (mean age 71 years) (Butters et al., 2009), in older depressed subjects (mean age
58 years) (Beyer et al., 2004) and in younger depressed subjects (mean age 48 years)
(Krishnan et al., 1992). Caudate volumes have also been shown to be smaller in LLD
compared to early-onset depression (Greenwald et al., 1997) and anterior white matter
lesion volumes have been negatively associated with total and right caudate nuclei
volumes in LLD (mean age 70 years) (Hannestad et al., 2006). Conversely, other studies
have reported no significant differences in caudate volumes between depressed patients
and controls, though these subjects had early-onset depression (mean age 41 years)
(Lacerda et al., 2003). The methods used to delineate the caudate nucleus vary between
studies, with some studies measuring the head of caudate nucleus only (Butters et al.,
2009), whereas others have measured the whole caudate volume (Lacerda et al., 2003),

which could explain the differences found between studies.
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5.4.4 Placing of the Seed Region

The Functional MRI of the Brain (FMRIB) Software Library (FSL)

(www.fmrib.ox.ac.uk/fsl) tools were used for analysis (FMRIB Analysis Group, 2007)

(version 4.1). Brain extraction, using the FSL Brain Extraction Tool (BET) (version 2.1)
(Smith, 2002), which segments brain from non-brain, was previously carried out by Dr.
David Cousins. Using the FSLView tool (version 3.1), the head of caudate nuclei seed
regions were placed directly on the first volume of the resting-state fMRI scans. The
seeds, of 2 by 2 voxels, were place on one slice only in both the left and right
hemispheres, with the images in the axial view and radiological orientation noted (i.e.
right side of the computer is the left hemisphere of the brain) (see Figure 5.2). The seeds
were places by a sole investigator (the author) blinded to the identity and diagnosis of
each scan and guided by a standard brain atlas (DeArmond et al., 1989). In a second
display window, the FSL tools were used to display an echo planar image in standard
space with the head of caudate nucleus overlayed for further reference. The seeds were
placed on the most inferior slice where the head of caudate nucleus and the putamen are
separated by the internal capsule, similar to guidelines used in previous studies (Beyer
et al., 2004; Aylward et al., 2003). In some subjects, placing the seed was more difficult
than in others due to greater ventricular atrophy. However, on reviewing all seeds after
placement, in all cases the seed was observed to be accurately placed and within the
caudate nucleus boundaries. To check for motion in the images the movie mode
function was used which enables all volumes of the brain to be viewed. No study

subjects exhibited a significant amount of head motion.
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Figure 5.2: Overlay of the Head of Caudate Nucleus in the Axial View on the
Functional Image

5.4.5 Functional Connectivity Analysis

FMRI data pre-processing steps of motion correction (Jenkinson et al., 2002),
spatial smoothing (5 mm full width at half maximum) and high-pass temporal filtering
(cut-off = 125 s) (Smith et al., 2004b) were performed using FMRI Expert Analysis
Tool (FEAT) (version 5.92). The mean BOLD signal time-series were extracted from
the left and right (separately) head of caudate nuclei (using the command line tool
fslmeants which outputs the average time-series of a set of voxels) and these time-series
were then used as the model response function in first-level (i.e. individual subject)
general linear modelling time-series analysis; FMRIB’s Improved Linear Model (FILM)
(Woolrich et al., 2001). This effectively cross-correlates the time-series of SLFs in the
BOLD signal in the head of caudate nucleus with all other brain areas, and searches for
voxels which are showing similar time-series. The FSL recommended default setting for
statistical analysis were used with functional connectivity thresholded at z>2.3 and

p<0.05 (Worsley, 2001). Images were registered to the standard space echo planar
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imaging template from Statistical Parametric Mapping (SPM) (Wellcome Trust Centre
for Neuroimaging, 2005) using FMRIB’s Linear Image Registration Tool (FLIRT)
(Jenkinson and Smith, 2001). For a more detailed outline of the methods carried out
please refer to Appendix A.

Following the individual subject analysis, a study specific standard brain
template was created. The subjects in this study were elderly so we would expect them
to have more brain atrophy than a general standard space template which is based on
younger subjects. To create the study specific brain template, one subject was registered
to the standard space echo planar imaging template from SPM (Wellcome Trust Centre
for Neuroimaging, 2005), all other study subjects were registered to this subject (using
FLIRT) (Jenkinson and Smith, 2001) and then averaged (using the fsimaths command
which enables mathematical manipulation of images).

FEAT higher-level (group) analysis was then run on the registered data. Using
FMRIB’s Local Analysis of Mixed Effects (FLAME), a two-sample unpaired t-test was
carried out to investigate differences between the functional connectivity results for
control and LLD subjects using a voxel by voxel comparison (Woolrich et al., 2004). Z
(Gaussianised T/F) statistic images were thresholded using clusters of pixels determined
by z>2.3 and p<0.05 (Worsley, 2001). Connectivity differences between the left and
right head of caudate nuclei within each group were also investigated, with z and p
thresholds as above.

The coordinates from FSL are in Montreal Neurological Institute (MNI) space,
to assign specific brain regions to these coordinates they were converted to Talairach
space (Talairach and Tournoux, 1988) using GingerALE (Lancaster et al., 2007) and
entered into Talairach Client which assigns Talairach labels (hemisphere, lobe, gyrus,

tissue and cell type) (Lancaster et al., 2000; Lancaster et al., 1997).

5.4.6 White Matter Hyperintensities and Functional Connectivity

The relationship between functional connectivity and levels of white matter
hyperintensities were investigated in LLD subjects using structural MRI and fluid
attenuated inversion recovery (FLAIR) images. Volumes of white matter
hyperintensities in the LLD subjects had previously been calculated from FLAIR
images by Dr. Michael Firbank using a published and validated method (Firbank et al.,
2004; Firbank et al., 2003b). This work involved using SPM (Wellcome Trust Centre

for Neuroimaging, 2005) to segment subjects’ T1 scans into images showing the
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distribution of grey and white matter and cerebrospinal fluid (Firbank et al., 2004;
Firbank et al., 2003b). Registration was performed, and from the segmentations the total
brain (grey plus white matter) and intracranial (brain volume plus cerebrospinal fluid)
volumes were calculated for each subject, and intersubject differences in head size were
corrected for. FLAIR scans for each subject were registered to their corresponding T1
image, and white matter hyperintensities identified using a previously automated
procedure (Firbank et al., 2004; Firbank et al., 2003b). Non-brain regions of the FLAIR
image were removed using the T1 brain segmentation, and the white matter
hyperintensities were segmented on a slice by slice basis (with the images in native
space) using a threshold determined from the histogram of pixel intensities for each
image slice. White matter hyperintensities in the periventricular regions (frontal,
occipital and lateral) were distinguished from deep white matter hyperintensities
(volume outside the periventricular regions), and were expressed as a percentage of the
total brain volume.

The LLD subjects were split into 2 groups (low and high) based on their median
value for deep white matter hyperintensities, using a cut-off of 0.10%. The LLD
subjects were also split into 2 groups (low and high) based on their median value for
deep plus periventricular white matter hyperintensities, using a cut-off of 0.60%, to

determine whether there was a regional difference in white matter burden.

5.4.7 Depression Severity and Functional Connectivity

The relationship between depression severity and functional connectivity was
investigated in the LLD group using the Montgomery-Asberg Depression Rating Scale
(MADRS) (Montgomery and Asberg, 1979). LLD subjects were split into 2 groups
using the mean MADRS score (7.1):

e For the low MADRS score group a cut-off of <7 was used
e For the high MADRS score group a cut-off of > 8 was used (a higher MADRS

score indicates greater depression severity).
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55  Results
5.5.1 Demographics

Table 5.1 shows the clinical characteristics of the subjects. Statistical analysis
was carried out using Statistical Package for Social Sciences (SPSS), version 15.0.1
(SPSS for Windows, 2006). Groups were comparable for gender (p=0.38, ¥* = 0.76, df
=1), age (p=0.76, df=31, t=-0.31), MMSE score (p=0.17, df=31, t=-1.43) and total
brain volume normalised to total intracranial volume (p=0.85, df=31, t=-0.19). Mean
MADRS score for LLD subjects was 7.1, indicating that most had recovered from their
episode of depression by the time of scanning. Mean age at onset of depression was
47.4 years and the mean number of previous episodes of depression was 2.5. At the time
of the study, 12 subjects in total were taking antidepressants (citalopram, mirtazapine,
trazodone, venlafaxine, paroxetine and lofepramine), 2 subjects were taking
antipsychotics (flupenthixol and prochlorperazine) (1 of these subjects was also taking
antidepressants), 2 subjects were taking benzodiazepines (zopliclone and temazepam)
(both subjects were also taking antidepressants) and 2 subjects were taking antiepileptic
medication (carbamazepine and sodium valproate) (both subjects were also taking

antidepressants).
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Table 5.1: Demographic and Neuropsychological Data of Study Subjects

Demographic and Controls Late-Life Depression P Value
Neuropsychological Data
n 17 16
Age (Years) 75.7£7.6 76.4+7.2 0.76°
Sex (Male:Female) 11:6 8:8 0.38°
Age at Onset of Depression (Years) 47.4+18.5
Montgomery-Asberg Depression 7.1+4.8
Rating Scale
Number of Previous Episodes of 25+2.1
Depression
Mini-Mental State Examination 28.8+1.2 28.0+1.8 0.17°%
Score
Brain Volume Normalised to Total 0.79+0.052 0.79+0.048 0.85°

Intracranial VVolume

Values expressed as mean + standard deviation. ® P values calculated using Independent-Samples T Test. P value calculated using Chi-Square Test.




5.5.2 Group Functional Connectivity

The mean functional connectivity maps for control subjects showed that areas of
significant connectivity with the head of caudate nucleus were predominately frontal
areas; including inferior, middle and the precentral gyrus, and also limbic (cingulate)
and sub-lobar regions (caudate head and body and the insula) (Figure 5.3a). In contrast,
the LLD group showed functional connectivity over a much wider area. The brain
regions with the most peak connectivity clusters in LLD for the left head of caudate
nucleus were; frontal (precentral gyrus), sub-lobar (thalamus) and parietal (precuneus),
and for the right head of caudate nucleus; frontal (precentral gyrus) and limbic
(cingulate). The LLD group showed connectivity with temporal and parietal regions
which were not shown in the control group (Figure 5.3b).

When the groups were compared, brain regions showing significantly greater
connectivity (z statistic>2.3, p<0.05) in LLD compared to control subjects for both left
and right head of caudate nucleus were the following:

e Frontal (precentral, sub-gyral, middle frontal and paracentral lobule)

e Sub-lobar (thalamus and insula)

e Limbic (cingulate)

e Parietal (postcentral gyrus, precuneus, inferior parietal lobule and supramarginal
gyrus)

e Temporal (superior temporal gyrus)

These brain regions are illustrated in Figure 5.3d and in more detail in Figure
5.4, with the corresponding brain regions listed in Table 5.2. There were no brain
regions of significantly greater connectivity with the left or right head of caudate

nucleus in controls compared to LLD subjects (Figure 5.3c).
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Figure 5.3: Functional Connectivity Maps Showing Regions of Significant
Connectivity with the Head of Caudate Nucleus in Late-Life Depression and
Control Subjects

Left 2.3 g 56 Right 2.3 pmm 5.8

VOO0 0OOE
00000006
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a) Controls

b) LLD

Images are registered to standard space. Threshold levels are shown at the top of the
figure. Voxels with a z score of > 2.3 (p<0.05) were considered to show significant
connectivity. Slices are z = 33, 35, 37, 39, 49, 51, 53, 55. Note radiological orientation,
i.e. left hemisphere in the image is right hemisphere in the brain.

c) Controls >
LLD

d) LLD >
Controls
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Figure 5.4: Functional Connectivity Maps Showing Regions of Significantly
Greater Connectivity with the Head of Caudate Nucleus in Late-Life Depression

versus Control Subjects (Figure 5.3d but with slices covering more of the brain)

Left 23 EE 5.6

Images are registered to standard space. Threshold levels are shown at the top of the
figure. Voxels with a z score of > 2.3 (p<0.05) were considered to show significant
connectivity. Odd slices, z = 33 - 77. Note radiological orientation, i.e. left hemisphere
in the image is right hemisphere in the brain.
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Table 5.2: Brain Regions Showing Greater Functional Connectivity in Late-L.ife

Depression compared to Controls

Left Head of Caudate Nucleus

Brain Region Talairach
Lobe Gyrus Left/ Coordinates (mm) | Z Score
Right X y z
Frontal Precentral L -16 -27 50 3.44
Sub-Gyral R 16 -27 56 3.15
Paracentral Lobule L -7 -40 48 3.28
R 18 -40 50 3.01
Sub-lobar Thalamus L -11 -34 8 2.92
R 6 -34 5 3.83
Limbic Cingulate R 14 -44 42 3.19
Parietal Postcentral L 24 -29 52 3.48
Precuneus L -7 -48 51 3.09
R 6 -36 43 3.39

Right Head of Caudate Nucleus

Brain Region Talairach
Lobe Gyrus Left/ Coordinates (mm) | Z Score
Right X y z
Frontal Precentral L -43 -6 24 3.19

Middle Frontal L -37 -7 41 3.19

Paracentral Lobule L -7 -40 48 3.48

Sub-lobar Insula R 37 -39 23 3.79
Limbic Cingulate L -7 -41 30 3.87
R 12 -20 36 3.87

Parietal Postcentral R 31 -32 38 3.56
Inferior Parietal R 50 -36 30 3.21

Supramarginal R 46 -39 32 3.08

Temporal Superior Temporal R 44 43 22 3.09
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5.5.3 Brain Hemisphere and Functional Connectivity

In control and LLD subjects, a number of regions showed significantly greater
connectivity for the right head of caudate nucleus compared to the left (Figure 5.5),
whereas no regions showed significantly greater connectivity for the left head of
caudate nucleus compared to the right in either control or LLD subjects. In the control
group, peak areas showing greater right caudate functional connectivity than left were
mainly in frontal and to a lesser extent sub-lobar brain regions (Figure 5.5a and Table
5.3), whereas in LLD sub-lobar, followed by limbic and temporal regions showed the

greatest functional connectivity (Figure 5.5b and Table 5.3).

Figure 5.5: Functional Connectivity Maps Showing Regions of Significantly
Greater Connectivity for the Right Head of Caudate Nucleus Compared to the
Left in Control and Late-Life Depression Subjects

a) Controls 2.3 4.5 b) LLD 2.3 5.2
-
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R R R R R lR R R R R

Images are registered to standard space. Threshold levels are shown at the top of the
figure. VVoxels with a z score > 2.3 (p<0.05) were considered to show significant
connectivity. Slices are z = 33, 35, 37, 39, 49, 51, 53, 55. Note radiological orientation,
I.e. left hemisphere in the image is right hemisphere in the brain.
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Table 5.3: Brain Regions Showing Greater Connectivity for the Right Head of
Caudate Nucleus compared to the Left in Controls and Late-Life Depression
Subjects

Controls: Right Head of Caudate Connectivity > Left

Brain Region Left/ Talairach Z
Lobe Gyrus Right Coordinates (mm) Score
X y z
Frontal Inferior Frontal L -22 28 -2 4.15
Medial Frontal L -20 41 9 3.90
R 8 46 39 3.68
Superior Frontal R 24 55 14 3.54

Sub-lobar Caudate (Head) R 14 18 1 4.58
Caudate (Body) R 14 14 6 3.97
Thalamus L -12 -3 12 3.87

LLD: Right Caudate Connectivity > Left

Brain Region Left/ Talairach Z
Lobe Gyrus Right Coordinates (mm) Score
X y z

-6 28 20 3.34
64 -26 -2 3.63
66 -30 -4 3.59

Anterior Cingulate

Temporal Superior Temporal

Sub-lobar Caudate (Head) R 16 18 -4 5.27
Putamen R 22 16 2 4.25
Claustrum R 28 26 -2 3.69
Extra-nuclear R 32 16 -12 34
Insula R 48 8 -12 3.08
Limbic Cingulate L 0 18 30 3.63
R 4 16 40 3.91
L
R
R

Middle Temporal
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5.5.4 White Matter Hyperintensities and Functional Connectivity

To assess whether the level of white matter hyperintensities affected

connectivity, the LLD group was split according to median values in two ways:

Low and high levels of deep white matter hyperintensities as a percentage of the
total brain volume. The low deep white matter hyperintensities group had
<0.10% (9 subjects) (mean = 0.08%), and the high group had > 0.10% (7
subjects) (mean = 0.28%) (mean for all subjects = 0.16%).

Low and high levels of deep plus periventricular white matter hyperintensities as
a percentage of the total brain volume. The median was used as a cut-off to split
the LLD subjects. The low group had < 0.60 % (8 subjects) (mean = 0.40%) and
the high group > 0.60 % (8 subjects) (mean = 1.13%) (mean for all subjects =
0.76%).

The overlap of subjects between the 2 groups (low and high) for deep only and

deep plus periventricular white matter hyperintensities were as follows:

Low deep only white matter hyperintensity group and the low deep plus

periventricular group comprised 5 of the same subjects

High deep only white matter hyperintensity group and the high deep plus
periventricular group comprised 4 of the same subjects

Low deep only white matter hyperintensity group and the high deep plus
periventricular group comprised 4 of the same subjects

High deep only white matter hyperintensity group and the low deep plus

periventricular group comprised 3 of the same subjects.

FLAIR images for 2 subjects are shown in Figure 5.6, a subject with high levels

of white matter hyperintensities (Figure 5.6a) and a subject with low levels of white

matter hyperintensities (Figure 5.6b).

Deep white matter hyperintensities

For the left and right head of caudate seeds, functional connectivity visibly

looked greater in the high (Figure 5.7a for the left caudate seed) compared to the low

(Figure 5.7b for the left caudate seed) white matter hyperintensity groups. However, on

statistical testing no significant differences in functional connectivity were found
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between the groups based on levels of white matter hyperintensities for either the left or

right caudate seeds.

For the left head of caudate nucleus the high deep white matter hyperintensity

group showed functional connectivity with (see Figure 5.7a):

Frontal (precentral, inferior frontal)

Sub-lobar (thalamus, caudate head, putamen, insula, claustrum)
Limbic (parahippocampal gyrus)

Parietal (postcentral, inferior parietal, supramarginal)
Temporal (caudate tail, superior temporal)

For the left head of caudate nucleus the low deep white matter hyperintensity

group showed functional connectivity with (see Figure 5.7b):

Frontal (precentral, inferior frontal, superior, middle and medial)
Sub-lobar (caudate head, putamen, claustrum)

Limbic (cingulate)

Parietal (precuneus, supramarginal)

Temporal (middle temporal)

Occipital (cuneus)

Deep plus Periventricular White Matter Hyperintensities

Similar to the results for deep white matter hyperintensities only, there were no

significant differences between the high and low burden groups in deep plus

periventricular white matter hyperintensities for the left or right head of caudate

nucleus.
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Figure 5.6: Fluid Attenuated Inversion Recovery (FLAIR) Images in a Subject
with a High Level of White Matter Hyperintensities (a) and a Subject with a Low
Level of White Matter Hyperintensities (b)

b)

Figure 5.7: Functional Connectivity Maps for the Left Head of Caudate Nucleus in
Late-Life Depression Subjects Split According to High and Low Deep White

Matter Hyperintensities

a) High b) Low

Images are registered to standard space. Threshold levels are shown at the top of the
figure. Voxels with a z score of 2.3 (p<0.05) were considered to show significant
connectivity. Slices are z = 33, 35, 37, 39, 49, 51, 53, 55. Note radiological orientation,
i.e. left hemisphere in the image is right hemisphere in the brain.
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5.5.5 Depression Severity and Functional Connectivity

To assess whether differences in functional connectivity might reflect state
rather than trait changes, the LLD group was split based on depression severity as
measured by their score on the Montgomery-Asberg Depression Rating Scale
(MADRS). The mean MADRS score for all subjects was 7.1, so < 7 and > 8 were used
as the cut-offs to split the LLD subjects into 2 groups. Subjects with a MADRS score of
< 7 were assigned to the low MADRS score group (7 subjects) (Figure 5.8a for the left
caudate) and subjects with a score of > 8 were assigned to the high MADRS score
group (9 subjects) (high score signifies greater depression severity) (Figure 5.8b for the
left caudate).

Significantly greater connectivity for the left head of caudate nucleus was found
in the high MADRS score group compared to the low MADRS score group in a number
of brain regions; sub-lobar (putamen and thalamus), limbic (cingulate), midbrain
(substantia nigra), anterior (culmen), occipital (lingual gyrus) and parietal (precuneus
and superior parietal lobule) regions (see Figure 5.8d and Table 5.4). There were no
regions of significantly greater connectivity in the low versus high MADRS score group
for the left head of caudate nucleus (Figure 5.8c). There were no significant differences
between the low and high MADRS score groups for the right head of caudate nucleus.

Summary

In summary, significant differences in functional connectivity with the head of
caudate nucleus were observed between groups (LLD > controls for left and right
seeds), hemispheres (right > left seed in LLD and controls) and for depression severity
(high > low MADRS score for the left seed). Table 5.5 provides a summary of the

model-based functional connectivity analysis carried out on the data.
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Figure 5.8: Functional Connectivity Maps for the Left Head of Caudate Nucleus in
Late-Life Depression Subjects Split According to High and Low MADRS Score
a) Low 23 4.9 b) High

Images registered to standard space. Threshold levels are at the top of the figure. Significant
connectivity = z score > 2.3 and p<0.05. Slices are z = 33, 35, 37, 39, 49, 51, 53, 55. Note
radiological orientation, i.e. left hemisphere in the image is right hemisphere in the brain.
Table 5.4: Brain Regions Showing Greater Connectivity for the Left Caudate in

LLD Subjects in the High Compared to the Low MADRS Score Group

Brain Region Left/ | Talairach Coordinates Z
Lobe Gyrus Right X y z Score
Sub-Lobar Putamen R 22 -17 4 3.32
Thalamus L -16 -31 3 2.89
R 22 -23 9 3.05
Limbic Cingulate L -13 -50 25 2.71
R 10 -44 26 3.67
Posterior Cingulate L -3 -44 15 3.16
Midbrain Substantia Nigra L -7 -27 -9 3.09
Anterior Culmen L -12 -28 -15 2.92
Occipital Lingual Gyrus L -18 -65 -7 3.15
Parietal Precuneus L -17 -46 49 3.57
Superior Parietal L -15 -46 60 3.1

(o]
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Table 5.5: Summary of the Results from the Model-Based Functional Connectivity

Analysis in Late-Life Depression and Control Subjects

Variable Comparisons Significant
Difference
(z>2.3, p<0.05)

Group LLD > Control for L Seed v
LLD > Control for R Seed v
Control > LLD for L Seed x
Control > LLD for R Seed x
Hemisphere R > L Seed in Control 4
R>L Seed in LLD v
L >R Seed in Control x
L >R Seed in LLD x
White Matter Low > High for L Seed x
Hyperintensities in Low > High for R Seed x
LLD (Deep only and High > Low for L Seed x
Deep plus PVH) High > Low for R Seed x
MADRS Score in High > Low MADRS score for L Seed v
LLD High > Low MADRS score for R Seed x
Low > High MADRS score for L Seed x
Low > High MADRS score for R Seed x

Abbreviations: LLD=Late-Life depression, L=Left, MADRS=Montgomery-Asberg
Depression Rating Score, PVH = Periventricular; R=Right.
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5.6 Discussion

This resting-state fMRI study showed increased functional connectivity between
the head of caudate nucleus and specific brain regions in LLD compared to age-matched
control subjects. Increased connectivity was reported in frontal (precentral, sub-gyral,
middle frontal and paracentral lobule), sub-lobar (thalamus and insula), limbic
(cingulate), parietal (postcentral gyrus, precuneus, inferior parietal lobule and
supramarginal gyrus) and temporal (superior temporal gyrus) brain regions in LLD
compared to control subjects. No brain regions showed greater connectivity in control
compared to LLD subjects.

In both the control and LLD groups, greater right head of caudate connectivity
was shown than left, and no regions of greater left connectivity than right. Similarly,
previous studies have shown rightward asymmetry in elderly controls with the
hippocampus, which was absent in Alzheimer’s disease (Wang et al., 2006). These
findings could suggest that the right hemisphere of the brain is more important for
resting-state brain activity, for example mind-wandering/daydreaming, whereas the left
hemisphere has been shown to be more strongly activated for task-based functions such
as language processing (Desmond et al., 1995). It could also be that ageing, and/or
disease, affect connectivity in the right hemisphere, and functioning in the left
hemisphere is preserved, though maybe only initially. Therefore, the left hemisphere is
characterised by lower connectivity as brain regions are functioning more efficiently.

The effect of white matter hyperintensities on functional connectivity in LLD
were investigated, however no significant differences in connectivity were found
between the high and low level groups for deep only or deep plus periventricular
hyperintensities. Though, functional connectivity did appear to be greater in the group
with high deep white matter hyperintensities and it is likely that the group size of
between 7 and 9 subjects was too small for statistical significance to be reached.

In the LLD subjects, the effect of depression severity on functional connectivity
was also investigated to see whether functional connectivity might reflect mood state,
rather than trait changes. LLD subjects who had a greater severity of depression (as
assessed by score on the MADRS) showed increased functional connectivity with the
left head of caudate nucleus compared to LLD subjects who had a lower MADRS score
and less severe depression. This finding indicates that the mood state of individuals at
the time of scanning does have an effect on the functional connectivity observed.
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The finding of increased functional connectivity in LLD between the head of
caudate nucleus and a number of brain regions supports results from previous studies of
abnormal functioning of mood regulating circuits in depression, specifically limbic-
cortical-striatal-pallidal-thalamic circuits (Drevets et al., 2002; Mayberg et al., 1999;
Drevets et al., 1997). These circuits are known to be formed by connections between
several brain regions which match regions that were shown in this study to have
abnormally increased functional connectivity in LLD, for example the thalamus.

Previous PET studies have shown that depression is characterised by increased
activity (glucose metabolism) in limbic regions (Mayberg et al., 1999). Consistent with
previous studies, this study reports increased activity in the same regions, specifically
the thalamus, cingulate and insula. PET studies have also reported decreased activity in
cortical regions in depression (Mayberg et al., 1999; Drevets et al., 1997), however
decreased connectivity was not found in this study, but similarly, other resting-state
fMRI studies have also reported no regions of significantly greater connectivity in
control versus depression subjects (Greicius et al., 2007).

Increased connectivity was found in a number of brain regions which have
previously been demonstrated to form part of a resting-state network, the default mode
network (Raichle et al., 2001), namely frontal regions, the cingulate, precuneus and
inferior parietal regions. Additionally, this study showed that LLD subjects with more
severe depression (high MADRS score) had increased functional connectivity compared
to patients who had a lower MADRS score. The regions showing increased connectivity
corresponded with default mode network regions of the thalamus, posterior cingulate
and precuneus.

The default mode network is more active at rest and is deactivated during task
performance (Raichle et al., 2001). This network is involved in the processing of
internal self-reflective thoughts, i.e. daydreaming (Gusnard et al., 2001) (see Chapter 2).
Abnormally increased activity of the default mode network in LLD could cause
emotional dysregulation, characteristic of LLD, due to increased levels of unconstrained
mental activity. Over activity of this network at rest may mean there is no, or reduced,
suppression of this network during task performance. Therefore the task state could also
be characterised by more mind-wandering and less adherence to the task being
performed.

Similar to the findings in this study, a previous study in depression by Greicius
et al. (2007) showed increased connectivity in default mode network regions. Greicius

et al. (2007) reported increased connectivity within frontal regions, the cingulate,
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thalamus and precuneus in depression compared to controls, regions where this study
also reported increased functional connectivity (Greicius et al., 2007).

A resting-state study by Sheline et al. (2010) also reported increased functional
connectivity in depression. Similarly, using a seed-based correlation approach, Sheline
et al. (2010) reported increased functional connectivity in 3 networks in depression,
which suggests that abnormalities in depression affect connections between a number of
brain regions. Using the precuneus as the seed region Sheline et al. (2010) reported
increased functional connectivity in the default mode network. This LLD study also
reported increased functional connectivity in the precuneus and again similar to this
study, Sheline et al. (2010) also observed positive correlation between increased
connectivity and depression severity (Sheline et al., 2010).

There has only been one resting-state study to date investigating functional
connectivity in LLD and the findings here, in part, match this study. Yuan et al. (2008)
reported increased connectivity in frontal, striatal (putamen) and parietal regions, but
they also reported decreased functional connectivity in frontal, temporal and parietal
regions. The regions where Yuan et al. (2008) reported decreased connectivity match
with some of the regions where they also reported increased connectivity, and also
regions where this study showed increased connectivity (Yuan et al., 2008). The mean
age of depressed subjects in the Yuan et al. (2008) study was younger (67 years)
compared to this study (76 years) and as they used a model-free analysis approach it is
possible that these factors could explain the differences between study findings.

Contrary to the findings reported here, Bluhm et al. (2009) reported decreased
functional connectivity in depression compared to control subjects. In depression,
functional connectivity was decreased between a seed placed in the posterior
cingulate/precuneus and the bilateral caudate (head and body). In contrast to this study,
the subjects in the Bluhm et al. (2009) study were younger (mean of 22 years) and also
had a recent onset of depression (Bluhm et al., 2009). Others have also reported
decreased connectivity in depression. Anand et al. (2005) used a seed placed in the
anterior cingulate and investigated connectivity with the thalamus, amygdala and
pallidostriatum and found decreased connectivity compared to control subjects (Anand
et al., 2005a). The subjects in the Anand et al. (2005) study had early-onset depression
(mean age 28 years) and connectivity between specific seeds only was investigated,
unlike the approach used in this study which investigated connectivity with all brain
regions. A model-free analysis study using independent component analysis also

reported decreased connectivity in early-onset depression (mean age 36 years). Though,
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decreased connectivity was reported in different regions to the Bluhm et al. (2009) and
Anand et al. (2005) studies; namely the amygdalae, insula, lingual gyrus and frontal
regions (Veer et al., 2010).

The reasons why control subjects were characterised by a frontal predominance
of connectivity whereas LLD subjects had a more diffuse pattern are not clear. No
significant differences in brain volumes were found between control and LLD subjects,
therefore it is not thought that connectivity differences can be related to greater brain
atrophy in LLD. In support of this, functional connectivity was increased in LLD
subjects with a greater severity of depression (higher MADRS score), which implies
that some changes in connectivity appear to be mood related and suggests that structural
changes cannot be the only explanation for functional connectivity abnormalities.

One possible cause of abnormal functional connectivity in LLD could be
microvascular damage. Microvascular damage would alter neurovascular coupling and
consequently affect the BOLD response (D'Esposito et al., 2003). However, if this was
the case, a delay, or a decrease in the BOLD response would be expected and thus
reduced connectivity, rather than increased functional connectivity as reported here.

The widely distributed connectivity seen in LLD may represent a departure from
frontally coordinated suppression of brain activity, seen in the control group, which is
necessary for normal brain functioning at rest. The caudate is involved in the processing
of rewarding stimuli involved in pleasure and emotion, therefore abnormalities here
could be linked with a characteristic feature of depression, anhedonia; the inability to
experience interest or pleasure in activities (Haruno et al., 2004). This study showed
abnormal functioning of the default mode network in LLD, which was further increased
in the LLD patients who had higher severity of symptoms. This network is activated in
free thinking including remembering the past, thinking about future events and
considering the thoughts and views of others (Buckner et al., 2008; Buckner and
Vincent, 2007; Raichle et al., 2001). The abnormal functioning of this network in LLD
and the role this network plays in memory function could be linked with cognitive
impairments that are often associated with LLD and also a contributing factor to
subsequent development of dementia.

There has been a great deal of discussion as to whether SLFs represent neuronal
activity or if they represent fluctuations due to non-neuronal physiological noise, for
example. In support of their neuronal origin, SLFs have been shown to be affected in
neurological diseases, for example in Alzheimer’s disease (Greicius et al., 2004), and

the BOLD signal has been shown to correlate with cortical electrical activity (Goldman
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et al., 2002). However, it has also been shown that noise from the cardiac and
respiratory cycles can introduce fluctuations into the fMRI time-series, into the low-
frequency ranges at which resting-state functional connectivity is investigated (Lowe et
al., 1998). Filtering techniques have been developed to remove cardiac (at 0.6-1.2 Hz)
and respiratory fluctuations (at 0.1-0.5 Hz) prior to functional connectivity analysis as
they are easily separable from neuronal SLFs (at <0.1 Hz) (Cordes et al., 2001; Cordes
et al., 2000). However, variations in respiration depth from breath to breath occur at
much lower frequencies (approx 0.03 Hz), which are not filtered out by typical
physiological correction techniques (Wise et al., 2004) and thus can over-estimate
functional connectivity (Birn et al., 2008; Birn et al., 2006).

Therefore, it has now become clear that monitoring and/or removal of non-
neuronal physiological signals leads to significant improvement in the quality of the
data (Birn et al., 2006; Fox et al., 2005). It can be concluded that resting-state networks
are distinct neuronal processes, but it is important that non-neuronal fluctuations are
removed for greatest accuracy of the functional connectivity results. Chapter 6 of this

thesis will discuss this area in detail.

5.6.1 Strengths and Limitations

Strengths of this study are that the control and LLD groups were well matched
in terms of subject numbers, gender and age. The model-based analysis method used in
this study enables the investigation of the correlation of SLFs between the head of
caudate nucleus and all other brain regions based on an a priori hypothesis to select the
seed region. In this study, the hypothesis was based on findings from previous studies
showing that the caudate nucleus is abnormal in depression, and specifically in LLD, for
example structural studies showing decreased volume (Butters et al., 2009) and
pathological studies showing decreased neuronal density (Khundakar et al., 2010). In
contrast, other studies have only looked at correlations between a few specific regions in
depression, or have used model-free methods where no prior hypothesis is required and
all connectivity is searched for. Resting-state studies benefit from simplicity of
experimental design, no task has to be practised or performed, therefore patient
compliance and tolerance is high and head motion is reduced.

Limitations of this study are that model-based techniques can be biased by the
choice of seed region which means functional connectivities of interest can be missed if

they do not show connectivity with the seed. Model-free methods do not require
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predefined seeds or a temporal model, and this can be advantageous in ageing studies as
the measured BOLD response in these subjects, and particularly in patients, may not
necessarily match the standard haemodynamic response function (Rombouts et al.,
2005; D'Esposito et al., 2003). However, the lack of specificity of model-free
approaches means that results can be hard to interpret as resting-state networks can be
split into a number of separate components and the order of these can vary between
separate runs of the same data. Further limitations include the effects of psychoactive
medications in the LLD group, which previous task state studies have shown can
modulate the BOLD response and therefore may affect connectivity (Anand et al., 2007;
Anand et al., 2005b), however obtaining a drug naive patient group with LLD would be
difficult to achieve.

5.7 Conclusion

In conclusion, this study reports abnormal (increased and more widespread)
resting-state functional connectivity with the head of caudate nucleus in LLD compared
to control subjects. Further studies are required to replicate these findings and to
determine the time course of the development of changes, and the effects of a change in
mood state and treatment on functional connectivity. Of importance will be to determine
whether functional connectivity changes precede structural changes and therefore could
be used as an early marker for subsequent atrophy, or whether structural changes occur

prior, and are responsible for, functional connectivity abnormalities.
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Chapter 6

Methodology to Correct for Non-Neuronal Fluctuations

6.1 Introduction

The aim of resting-state functional magnetic resonance imaging (fMRI) is to
investigate connectivity between brain regions by measuring spontaneous low-
frequency fluctuations (SLFs) in the blood oxygenation level dependent (BOLD) signal.
SLFs in the BOLD signal are believed to be caused by neuronal activity of the brain
(see Chapter 2). When the methodology used in the late-life depression (LLD) study
(Chapter 5) was applied to the next study, investigating connectivity in Alzheimer’s
disease (AD) and dementia with Lewy bodies (DLB), an unexpected pattern of global
synchronicity was observed in some subjects. Functional connectivity maps in these
subjects showed synchronicity between the seed regions and the majority of brain
voxels, across grey and white matter (see Figure 6.1). This pattern of global
synchronicity had not been observed in the previous study in any of the subjects (LLD
or controls) when the head of caudate nucleus was used as the seed (Chapter 5).

Global synchronicity was not seed region specific, meaning that in subjects
where we saw this it generally occurred for all seed regions, and there was no
anatomical seed region where global synchronicity was not observed in these subjects.
Global synchronicity was most commonly seen in the AD group followed by the DLB
group, but was also seen in control subjects. Five AD subjects showed global
synchronicity across all the seed regions investigated (generally with more than one
seed region), 3 DLB subjects and 2 control subjects; totalling over 20% of subjects in
the study. Figure 6.1 illustrates examples of this global synchronicity (right side of the
page) compared to subjects showing a ‘normal’/non-global pattern (left side of the page)
of connectivity with seeds placed in the left thalamus (a), head of caudate nucleus (b)
and precuneus (c).

The finding of global synchronicity in a number of subjects was surprising, as a
seed region placed in the grey matter would not be expected to show correlation with
white matter also. Additionally, a seed region would not be expected to show
correlation with almost every voxel of the brain. Therefore, possible contributors to the
global synchronicity pattern were investigated as the aim of resting-state functional

connectivity is to measure SLFs in the BOLD signal between grey matter regions only.
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In recent years, other studies investigating functional connectivity have reported these
global effects (Fox et al., 2009; Weissenbacher et al., 2009). A number of different
ways to correct for non-neuronally related fluctuations have been proposed, which will

be discussed in detail in this chapter.

Figure 6.1: Functional Connectivity Maps in Subjects Showing Non-Global

Synchronicity and Global Synchronicity
a) Left Thalamus
Non-Global Synchronicity (Control) Global Synchronicity (DLB)

b) Left Head of Caudate Nucleus
Non-Global Synchronicity (DLB) Global Synchronicity (AD)

c) Left Precuneus
Non-Global Synchronicity (AD) Global Synchronicity (Control)
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6.2 Aims

The main aim of this investigation was to optimise the methodology for the
analysis of the dementia study data, with the aim of eliminating or minimising what
appeared to be aberrant connectivity patterns in the data, which have also been reported

in previous studies.

6.3 Methods

6.3.1 Seed Placing

The first step in the investigation of why some subjects were showing global
synchronicity involved verifying the placing of the seed regions to ensure that seeds
were correctly placed within the structure boundaries. One concern was that as the
subjects in this study were older, they have greater brain atrophy, which is known to be
even greater in AD and DLB (O'Brien et al., 2001). This could mean that the seed
voxels for certain brain regions, for example the thalamus or head of caudate nucleus,
which are located close to the ventricles, may actually be in the cerebrospinal fluid due
to the greater ventricular atrophy in dementia (O'Brien et al., 2001). However, if this
was the case it would be expected for connectivity to be observed in the cerebrospinal
fluid, and not in grey and white matter brain regions. This is demonstrated in Figure 6.2
which shows the pattern of functional connectivity observed following the placing of a
seed of 2 by 2 voxels in the ventricles/cerebrospinal fluid.

All seeds were re-checked in the subjects showing global synchronicity and
accurate placing of the seeds within the structure boundaries was confirmed. Moving
the seed within the structure (a few voxels in all directions) was investigated, though
still making sure the seed was within the structure boundaries, but this had no effect on
the pattern of global synchronicity seen in these subjects. It was therefore concluded

that the seed regions had been accurately placed.
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Figure 6.2: Functional Connectivity Map for Seed-Based Correlation Analysis with

a Seed Placed in the Cerebrospinal Fluid

6.3.2 Motion Artefact

It was also checked whether this pattern of global synchronicity could be caused
by motion-related artefacts in these subjects. Motion correction had previously been
carried out in the pre-processing stage of the FMRIB Expert Analysis Tool (FEAT)
analysis (Jenkinson et al., 2002), and tools in the FMRIB Software Library (FSL) had
been used to view all volumes through the brain (http://www.fmrib.ox.ac.uk/fsl/)
(FMRIB Analysis Group, 2007). In no subjects was a high level of motion clearly
visibly. Additionally, the mean displacement in subjects showing global synchronicity
was <1 mm and previous studies have used guidelines of a mean displacement of
>3.125 mm to exclude subjects (Greicius et al., 2007). Also, the mean displacement in
subjects showing global synchronicity (mean = 0.51 mm) was compared with subjects
who did not show global synchronicity (mean = 0.42 mm) and was not found to be

significantly different between the 2 groups.

6.3.3 Medications

It was investigated whether medications could be contributing to the global
synchronicity effect. However, as global synchronicity was also observed in control
subjects it was not thought likely that it was medication related. Additionally, when

investigating the subjects who showed global synchronicity, no medication was found
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to be consistent across all subjects that could explain the results. The most common
medication across the global synchronicity subjects was the acetylcholinesterase
inhibitor donepezil (5 subjects), which alleviates cholinergic deficits. However in the
study there were 14 subjects taking donepezil. Appendix C shows the medications taken

by study subjects, with the global synchronicity subjects in italics.

Therefore it was concluded from these investigations that the seed regions had
been accurately placed within the structure boundaries and that global synchronicity
was not likely to be caused by excessive motion, as tools had been used to correct for
this and the mean displacement measurements were low and comparable with subjects
who did not show global synchronicity. Global synchronicity was not thought to be
related to subject medication as no medication was common across all global
synchronicity subjects, other subjects taking the same medications did not show global

synchronicity and the pattern was also observed in control subjects.

6.3.4 Spurious Fluctuations

Recently, fMRI studies have begun to report the occurrence of global
synchronicity in resting-state data. Similar to the results shown in Figure 6.1, these
fluctuations have been shown by other studies to occur across grey and white matter
regions (Fox et al., 2009; Weissenbacher et al., 2009; Fox et al., 2005). Global
synchronicity is also illustrated in Figure 6.3b, taken from (Fox et al., 2009). Studies
have shown that spurious fluctuations contaminate the resting-state fMRI BOLD signal
by introducing false correlations in the data and consequently over-estimating
functional connectivity. A combination of factors are thought to be responsible for these
spurious fluctuations including physiological signals, scanner related artefacts (field
drifts) and head motion.

As was discussed in Chapter 2, early resting-state fMRI studies showed that
SLFs occur at low-frequencies, < 0.08 Hz (Cordes et al., 2001). Physiological signals,
for example cardiac and respiratory-related fluctuations, occur at higher frequencies;
0.1-0.5 Hz (respiratory) 0.6-1.2 Hz (cardiac). SLFs were therefore deemed separable
from physiological signals using methods to temporally filter the data (Cordes et al.,
2001; Cordes et al., 2000). More recently however, variations in respiration depth from
breath to breath have been shown to occur at much lower frequencies, which are not

filtered out by typical physiological correction techniques (Birn et al., 2006; Wise et al.,
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2004). Respiration has been shown to affect the BOLD signal time-series by changing
the arterial level of CO,, a potent vasodilator. CO, can fluctuate during the scan due to
changes in depth and rate of breathing. Small fluctuations in end tidal CO, level have
been shown at frequencies of 0.03 Hz, which therefore correlate significantly with SLFs
in the BOLD signal. These CO, fluctuations occur naturally during normal breathing at
rest and have been shown in grey matter brain regions, specifically they have been
shown to overlap with default mode network regions (Birn et al., 2006; Wise et al.,
2004). Cardiac related signals have been reported in brain regions expected to be more
susceptible to cardiac pulsatility, for example major vessels and cerebrospinal fluid, and
additionally, more recently, they have also been localised to grey matter regions (Chang
and Glover, 2009; Shmueli et al., 2007; Birn et al., 2006). Since these fluctuations do
not reflect neuronal activity it is important that they are removed from the data.

Over recent years, a number of studies have proposed various methods to
attempt to correct for spurious fluctuations in the BOLD signal and consequently
remove false correlations in resting-state data using model-based methods, specifically
seed-based correlation analysis (Murphy et al., 2009; Weissenbacher et al., 2009;
Margulies et al., 2007; Fox et al., 2005; Greicius et al., 2003). These methods are
investigated in this chapter, and are summarised in Table 6.1. The Fox et al (2005)
method is summarised in Figure 6.3, taken from (Fox et al., 2009; Fox et al., 2005). To
test and compare the effect of different methods on the dementia study data, each
method was run on 6 subjects using the left thalamus as the seed region. Three subjects
were selected which had shown the greatest pattern of global synchronicity with the left
thalamus; 2 AD subjects and 1 DLB subject, and 3 subjects who did not show this
pattern of global synchronicity with the left thalamus; 1 control, 1 AD and 1 DLB

subject, using the previous method described in Chapter 5.
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Table 6.1: Summary of Methods Used in Previous Studies in Resting-State Functional Connectivity Analysis

Study Pre-processing Filtering Covariates of No Interest | Global signal
Removed
(Kenny et al., Motion correction High-pass temporal x x
2010) Spatial smoothing, Gaussian kernel of FWHM filtering
5mm (125s)
Registration
(Fox et al., Motion correction Band-pass Motion parameters v
2005) Spatial smoothing, Gaussian kernel of FWHM temporal filtering Ventricular seed
6 mm between 0.009 and White matter seed
Registration 0.08 Hz Global mask
(Murphy et al., RETROICOR - Physiological noise correction tool Band-pass x x
2009) Motion correction temporal filtering

Spatial smoothing, Gaussian kernel of FWHM
5mm

Registration

between 0.01 and
0.1 Hz
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Table 6.1 (Contd.): Summary of Methods Used in Previous Studies in Resting-State Functional Connectivity Analysis

Study

Pre-processing

Filtering

Covariates of No Interest

Global signal

Removed

(Weissenbacher
et al., 2009)

Motion correction
Spatial smoothing, Gaussian kernel of FWHM
9 mm

Registration

Band-pass temporal
filtering between
0.009 and 0.08 Hz

Motion parameters
Ventricular seeds (5)
White matter seeds
(4)

Global signal

v

(Greicius et al.,
2003)

Motion correction

Spatial smoothing, Gaussian kernel of FWHM
4 mm

Intensity normalisation

Registration

Band-pass temporal
filtering between
0.0083 and 0.15 Hz

x

(Margulies et
al., 2007)

Motion correction
Spatial smoothing, Gaussian kernel of FWHM
6 mm

Registration

High-pass temporal
filtering (100s)
Low-pass temporal
filtering (2.8s)

Motion parameters
Ventricular

White matter
Global signal

Abbreviations = FWHM = Full width at half maximum; RETROICOR = Retrospective correction of physiological motion effects.
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Figure 6.3: Functional Connectivity Maps following Seed-Based Correlation
Analysis
Figure extracted from (Fox et al., 2009)

a) b)

MT seed

MC seed

a) Seed regions used for correlation analysis

b) Connectivity maps following model-based analysis (no regression)

c) Connectivity maps following regression for movement, white matter and
ventricular signal

d) Connectivity maps following global signal regression

Yellow/Orange = positive correlations with the seed (z score of 2 to 6)

Blue/Green = negative correlations with the seed (z score of -2 to -6)
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The Functional MRI of the Brain (FMRIB) Software Library (FSL)
(www.fmrib.ox.ac.uk/fsl) tools were used for analysis (FMRIB Analysis Group, 2007)

(version 4.1). Firstly, the thalamus seeds were placed in the left and right hemispheres
on the first volume of the resting-state functional scans using FSLView (version 3.1)
(see Chapter 7 for guidelines used to place the thalamus).

The FSL tool FMRI Expert Analysis Tool (FEAT) (version 5.92) was used to
analyse the data with each method (Smith et al., 2004b), following the methodology
outlined in Table 6.1 as closely as possible. Below is a description of some of the
analysis steps described in Table 6.1 and how they were implemented in this study:
Motion Correction

All of the methods outlined in Table 6.1 corrected for subject head motion. The
FSL tool, motion correction FMRIB’s linear image registration tool (MCFLIRT) was
used which attempts to remove the effects of subject head motion which can occur
during the scan procedure. This tool is designed for use on fMRI time-series. Through
time, each voxel in the brain should be located at a consistent anatomical point,
MCFLIRT realigns to a common reference using FLIRT, an automated tool for brain
image registration (Jenkinson et al., 2002).

Spatial Smoothing

All of the study methodologies outlined in Table 6.1 carried out spatial
smoothing of the data. Spatial smoothing averages a voxel with its neighbour(s), so that
each voxel's intensity is replaced by a weighted average of neighbouring intensities. The
advantages are that the signal to noise ratio is increased (if the size of smoothing is less
than the size of activation), it enables the application of Gaussian random field theory
for thresholding and correlation/connectivity analysis, and can improve comparisons
across subjects by decreasing the anatomic variability in brain regions between subjects.
However, a disadvantage of spatial smoothing is that it can reduce activation in small
brain areas.

The methods in Table 6.1 differed on the extent of smoothing they used.
Greicius et al. (2003) smoothed the data at 4 mm full width at half maximum (FWHM),
whereas Weissenbacher et al. (2009) smoothed much higher at 9 mm FWHM
(Weissenbacher et al., 2009; Greicius et al., 2003). The level of smoothing is also
dependent on the resolution of the data, which may in part explain the different levels of
smoothing used. Each level of smoothing was applied using the FEAT tool. FEAT has a

default setting of 5 mm for smoothing and recommends lowering below 5 mm to
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investigate small activation areas and above 10 mm for the investigation of larger areas
(Smith et al., 2004b).
Registration

All methods performed registration which enables the localisation of anatomical
landmarks and multi-subject analysis. Registration was carried out to the standard space
echo planar imaging template from SPM (Wellcome Trust Centre for Neuroimaging,
2005) using the FLIRT tool in FEAT (Jenkinson et al., 2002).
Filtering

All the study methodologies outlined in Table 6.1 applied temporal filtering to
the data. In the previous analysis method (Chapter 5) the data were high-pass
temporally filtered only, to remove low-frequency artefacts. Others have used band-pass
filtering which involves high and low-pass filtering (to remove high frequency noise).
The methods by Fox et al. (2005) and Weissenbacher et al. (2009) both band-pass
filtered at 0.009 and 0.08 Hz. The fsImaths command line tool (which enables
mathematical manipulation of images) was used to band-pass filter the fMRI data using
the —bptf option (FMRIB Analysis Group, 2007).
Time-Series Extraction

Following the pre-processing steps (motion correction, smoothing, registration
and filtering), the thalamus mean time-series (left and right separately) were extracted
from the seed regions and used as the model response function in first-level (i.e.
individual subject) general linear modelling time-series analysis; FMRIB’s Improved
Linear Model (FILM) (Woolrich et al., 2001). This cross-correlates the time-series of
SLFs in the BOLD signal in the thalamus with all other brain areas and searches for
voxels which are showing similar time-series. The FSL recommended default setting for
statistical analysis were used with functional connectivity thresholded at z statistic > 2.3
and p value < 0.05 (Worsley, 2001) (see Chapter 5 and Appendix A for more detail).
Covariates of No Interest

Another approach which has been used in model-based analysis studies is to
include covariates of no interest (or nuisance covariates) (Weissenbacher et al., 2009;
Margulies et al., 2007; Fox et al., 2005). This involves including time-series information
from seeds and masks in specific regions which would not be expected to correlate with
the seed under investigation, and are assumed to contain information on global
physiological and/or scanner-related effects. These can be included in the first-level
general linear modelling analysis for the seed region under investigation, and regressed

out of the time-series of interest. Including covariates of no interest has been shown to
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improve the accuracy of functional connectivity results, and enables the investigation of
SLFs localised to grey matter only (Weissenbacher et al., 2009; Margulies et al., 2007;
Fox et al., 2005) (see Figure 6.2) (Fox et al., 2009). Examples of covariates of no
interest that previous studies have used are:
e Global Brain Mask
Including a global brain mask as a covariate of no interest has been carried out
by a number of the studies in Table 6.1 (Weissenbacher et al., 2009; Margulies et al.,
2007; Fox et al., 2005). This involves creating a seed or mask of the global signal, i.e.
using a binary mask showing activity in all brain voxels. Studies by Greicius et al.
(2003) and Murphy et al. (2009) did not include the global signal as a covariate of no
interest. The study by Murphy et al. (2009) strongly recommended against including
this in the analysis as they believe it introduced anti-correlations in the data which are
not present before global signal was removed (Murphy et al., 2009). Alternatively,
Greicius et al. (2003) performed intensity normalisation whereby each voxel in every
volume is divided by the mean value of this volume and multiplied by the intensity of
the first volume. This gives a constant mean volume intensity over time (Greicius et al.,
2003). The study by Weissenbacher et al. (2009) showed that global signal regression
(i.e. using the global signal as a covariate of no interest) outperformed intensity
normalisation in terms of significance and specificity of results (Weissenbacher et al.,
2009).
e Seeds Placed in the White Matter and Cerebrospinal Fluid
Linear regression for white matter and cerebrospinal/ventricular signal has been
shown to correct for fluctuations in non-grey matter regions (Weissenbacher et al.,
2009; Margulies et al., 2007; Fox et al., 2005). This involved using FSLView to place
seeds in the white matter (cerebellum) and cerebrospinal fluid (lateral ventricles) on the
first volume of subjects’ resting-state fMRI scans. The time-series from the white matter
and cerebrospinal fluid seeds were then extracted (as described above for the thalamus
seed), included in the general linear modelling analysis and regressed out of the time-
series of interest.
e Motion Parameters
This was carried out by some of the previous studies (Weissenbacher et al.,
2009; Margulies et al., 2007; Fox et al., 2005). Movement regressors from head motion
correction were included in the general linear modelling analysis and regressed out of

the time-series of interest.
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6.4  Results

Figures 6.4 and 6.5 show the results from the functional connectivity analysis
using the methods outlined in Table 6.1 and the left thalamus as the seed region. Figures
6.4 (a), (b) and (c) are the subjects who had shown global synchronicity and Figures 6.5
(d), (e) and (f) are subjects who had shown non-global/non-noisy connectivity using the
method from the previous study (Chapter 5).

The connectivity maps for the Fox et al. (2005) method for subjects (a), (b) and
(c) (Figure 6.4) showed a considerable difference compared to the maps from the Kenny
et al. (2010) method (Kenny et al., 2010; Fox et al., 2005). Connectivity was greatly
reduced using the Fox et al. (2005) method and localised to more specific brain regions.
In the subjects who had not previously shown global synchronicity, Figure 6.5 (d), (e)
and (f), following analysis with the Fox et al. (2005) method, the maps look similar to
the maps following the Kenny et al. (2010) method. The Fox et al. (2005) method
appears to have removed some of the smaller clusters, slightly decreased the z statistic
and removed connectivity from the edges of the brain. This is an interesting finding as it
has been shown that cardiac pulsations are often localised in the edges of the brain
(Glover et al., 2000). Therefore, it appears from the connectivity maps that the Fox et al.
(2005) method is correcting the global signal pattern (Figure 6.4 (a), (b) and (c)) and in
the subjects showing a non-global pattern (Figure 6.5 (d), (e) and (f)) it is not
dramatically changing their connectivity maps, but is also removing non-neuronal signal
(Fox et al., 2005).

The connectivity maps for the Murphy et al. (2009) method for subjects (a), (b)
and (c) (Figure 6.4) show that the method has removed some of the global
synchronicity, though the z statistic has been increased and the signal at the edges of the
images is still high. In subjects (d), (e) and (f) (Figure 6.5), correlations with the seed
region are shown to have increased, and this method seems to be introducing
correlations into the data in the subjects who previously did not show global
synchronicity. It was not possible to follow all the steps in the Murphy et al. (2009)
method, as to run the retrospective correction of physiological motion effects
(RETROICOR) (Glover et al., 2000) requires respiratory and cardiac data to have been
collected at the time of scanning, and then subsequently regressed out. As
RETROICOR could not be carried out on the data, this may in part explain why the
Murphy et al. (2009) method did not entirely remove global synchronicity in this data.

The results for the global synchronicity subjects using the Weissenbacher et al.

(2009) method look similar to the Fox et al. (2005) results. In subjects (b) and (c)
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(Figure 6.4), more connectivity is evident at the brain edges following the
Weissenbacher et al. (2009) method than the Fox et al. (2005) method, therefore the
Weissenbacher et al. (2009) method does not appear to be correcting as accurately for
potential cardiac related fluctuations. The non-global synchronicity maps for subjects
(e) and (f) (Figure 6.5) look similar to the Kenny et al. (2010) method, which is what
would be expected as these subjects were viewed to have non-noisy maps. In subject (d)
some correlations seem to have been introduced following the Weissenbacher et al.
(2009) method (Weissenbacher et al., 2009).

The functional connectivity results for subjects (b) and (c) (Figure 6.4)
following the Greicius et al. (2003) method are similar to the Fox et al. (2005) and
Weissenbacher et al. (2009) methods, but the z statistic for correlations in subject (a)
(Figure 6.4) have increased greatly and the areas showing connectivity are very
different, with a loss of connectivity with the thalamus. For subjects (e) and (f)
correlations are decreased, but for subject (d) they were increased compared to the
Kenny et al. (2010) results (Figure 6.5).

The results using the Margulies et al. (2007) method are similar to the Fox et al.
(2005) method showing that the method filtered the global synchronicity in subjects (a),
(b) and (c) (Figure 6.4) and did not change the connectivity maps for the subjects
showing non-global synchronicity, (d), (¢) and (f) (Figure 6.5). Both the Margulies et al.
(2007) and Fox et al. (2005) methods involved similar steps using covariates of no
interest in the linear regression analysis.

In summary, if looking at the subjects who previously showed a relatively non-
noisy pattern of functional connectivity (Figure 6.5), the Fox et al. (2005) and
Margulies et al. (2007) methods changed the connectivity the least, only removing
connectivity from the edges of the brain and not introducing or increasing correlations
(Margulies et al., 2007; Fox et al., 2005). The Fox et al. (2005) and Margulies et al.
(2007) methods were also shown to be the most accurate methods to remove global
synchronicity and limit the connectivity seen to grey matter regions only in the subjects
originally showing a noisy pattern of connectivity (Figure 6.4). Additionally, the Fox et
al. (2005) method has been widely used by many studies investigating resting-state
functional connectivity and has also been previously used by studies investigating
resting-state in older subjects (Hedden et al., 2009) and in Alzheimer’s disease (Wang et
al., 2007). Therefore, it was decided that the Fox et al. (2005) method would be used for

the analysis of functional connectivity on the dementia study data.
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Figure 6.4: Functional Connectivity Maps of 3 Different Subjects (a-c) with Global Synchronicity following Analysis with Methods

Summarised in Table 6.1

Kenny Fox Murphy Weissenbacher Greicius Margulies
et al. (2010) et al. (2005) et al. (2009) et al. (2009) et al. (2003) et al. (2007)

| (c)DLB
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Figure 6.5: Functional Connectivity Maps of 3 Different Subjects (d-f) who did not show Global Synchronicity following Analysis with
Methods Summarised in Table 6.1

Kenny Fox Murphy Weissenbacher Greicius Margulies
et al. (2010) et al. (2005) et al. (2009) et al. (2009) et al. (2003) et al. (2007)

1 (d) Control

| () DLB
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6.5 Discussion

In summary, when the method used in the LLD study (Chapter 5) was applied to
the resting-state BOLD data from dementia subjects a pattern of global synchronicity
was observed in some control, AD and DLB subjects across the seed regions
investigated (Figure 6.1). This global synchronicity had not been previously observed in
the LLD study (Chapter 5). Initially, it was thought that it could be due to the different
seed regions investigated, however global synchronicity was also observed with the
head of caudate nucleus (the same seed that was used in the LLD study). It was also
investigated whether it could be due to the seed regions being placed inaccurately, i.e. in
the cerebrospinal fluid. The seed regions were re-checked and placing was viewed
accurate, and if the seeds were in the cerebrospinal fluid, synchronicity in the
cerebrospinal fluid would be expected and not in grey and white matter regions (see
Figure 6.2).

Another possibility was that this could be a related to the patient groups, as the
subjects in this study had dementia therefore this synchronicity could be related to the
disorder. However, global synchronicity was also shown in the control subjects in this
study. Related to this, it could be an age related effect, but then the same result would
have been expected in the LLD study, and other studies also report global synchronicity
in younger control subjects (Fox et al., 2005). Global synchronicity may not have been
seen in the LLD study because there were fewer subjects investigated and/or because
the analysis methods in the FEAT tool for motion correction, spatial smoothing and
temporal filtering were accurate enough in this cohort to remove spurious fluctuations.
In support of this, when the Fox et al. (2005) method was applied to non-noisy data
(Figures 6.5d, e, and f), the method had almost no effect on the functional connectivity
maps.

The results from the investigation and comparison of methodologies to correct
for spurious fluctuations showed that the best method for the dementia study data was
the Fox et al. (2005) method. This method involved regression for the global signal. It
has been shown that signal changes caused by variations in respiration (rate and depth)
and heart rate occur throughout the brain, i.e. in grey matter regions and blood vessels
(Chang and Glover, 2009; Birn et al., 2006). Therefore it is expected that these signals
would be major contributors to the global signal, but resting-state signals may also
contribute to the global signal, meaning regression can also remove neuronally related

connectivity and possibly result in under estimation of connectivity.
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Some of the other methods investigated did not involve regression of the global
signal using covariates of no interest (Murphy et al., 2009; Greicius et al., 2003) and
although these methods were found to remove part of the global signal, in this data it
seemed that some spurious fluctuations still remained. These methods were also shown
to introduce correlations in the non-noisy data (Murphy et al., 2009; Greicius et al.,
2003).

Preventing respiratory or cardiac changes from influencing the data in the first
place would be ideal, but this involves monitoring breathing and heart rate at the time of
scanning and regressing from the signal of interest, which cannot be estimated
retrospectively. Recent studies have reported respiratory and cardiac-related
haemodynamic response functions/models which can be used to regress out the signal
from respiratory and cardiac related noise and these should be considered essential for

future investigations (Chang and Glover, 2009; Birn et al., 2008).

6.6 Conclusion

In conclusion, various methods to correct for spurious fluctuations in resting-
state fMRI data were investigated. The findings here concluded on a method which
corrected for noise caused by physiological signals, scanner related artefacts and head
motion, for example. Chapter 7 of this thesis applies the methodology selected here on

the dementia data.
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Chapter 7

Investigation of Functional Connectivity in Alzheimer’s Disease and

Dementia with Lewy Bodies

7.1  Rationale for this Study

As discussed in Chapter 1, Alzheimer’s disease (AD) and dementia with Lewy
Bodies (DLB) are the 2 most common causes of degenerative dementia in older people.
AD and DLB have distinct clinical profiles and a different clinical course, but,
compared to AD, neurobiological changes in DLB have not been studied in great detail.
Chapter 4 of this thesis discusses findings from imaging studies showing brain changes
that occur in AD and DLB. However, the neural substrates which underpin the core
features of fluctuating cognition and visual hallucinations in DLB are still relatively
unknown.

Using resting-state functional magnetic resonance imaging (fMRI), this study
investigated functional connectivity in AD and DLB by measurement of the time-series
of spontaneous low-frequency fluctuations (SLFs) in the blood oxygenation level
dependent (BOLD) signal in seed regions of the brain, the rationale for which has been
described in Chapter 2. Resting-state fMRI methods do not require patient compliance
in task performance and scanning time is short, therefore they are ideal for application
in cognitively impaired subjects, for example AD and DLB subjects. A small number of
studies have applied these methods in AD, but studies have generally focussed on using
seeds in the posterior cingulate cortex or the hippocampus only (Zhang et al., 2009;
Wang et al., 2006; Li et al., 2002). Results from such connectivity studies to date are
conflicting, with some reporting decreases in functional connectivity in AD (Gili et al.,
2010; Allen et al., 2007; Greicius et al., 2004), whereas others report both increases and
decreases in AD compared to controls (Zhang et al., 2009; Wang et al., 2007; Wang et
al., 2006). No studies to date have investigated resting-state functional connectivity in
DLB.
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7.2 Aims

Functional connectivity in AD and DLB was investigated using a seed-based
correlation analysis approach. This hypothesis driven approach used seeds placed in
brain regions which have been reported, or are hypothesised, to be abnormal in DLB
and/or AD. The main aims were to investigate differences between DLB and AD and to
determine how these might relate to the neurobiological differences between the
disorders. It was hoped that this would inform better understanding of the mechanisms
of symptom formation in these disorders and lead to improved methods for diagnosis

and aid in directing therapeutic strategies.

7.3 Hypotheses

7.3.1 Seed Regions
The following patterns of functional connectivity were expected with the seed
regions investigated:
I.  Head of Caudate Nucleus:
e Abnormal connectivity in DLB versus Control and AD subjects
It was hypothesised that DLB patients would show abnormal connectivity with
the head of caudate nucleus compared to AD and control subjects. It was not certain
whether abnormal connectivity would be demonstrated as increased or decreased
connectivity in DLB subjects, as functional connectivity studies have reported both
results in patient groups. However, it was predicted that connectivity would be most
likely demonstrated as decreased in DLB subjects compared to AD and control subjects.
This hypothesis was based on findings from structural (e.g. diffusion tensor imaging)
and functional (e.g. SPECT) studies investigating the caudate in DLB subjects.
Diffusion tensor imaging, which enables the investigation of white matter connections,
has shown tissue abnormalities in the caudate nucleus in DLB compared to control
subjects (Bozzali et al., 2005). SPECT studies have shown significantly reduced ligand
binding, indicating dopamine transporter loss, in the caudate nucleus in DLB compared
to AD and controls (O'Brien et al., 2004a). In contrast, others have reported no
significant differences in structural measures such as caudate volume between DLB, AD
and control subjects (Almeida et al., 2003b).
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ii.  Putamen:
e Abnormal connectivity in DLB versus Control and AD subjects
DLB patients were hypothesised to show abnormal functional connectivity with
the putamen compared to AD and controls, most likely decreased connectivity. This
hypothesis was based on the motor features of parkinsonism associated with DLB.
SPECT studies show significantly greater dopaminergic degeneration in the putamen, as
demonstrated by decreased ligand binding to the dopamine transporter, in DLB and
Parkinson’s disease compared to AD and control subjects (O'Brien et al., 2004a; Walker
et al., 2002). Structural MRI studies also show abnormalities in the putamen in DLB,
with significantly greater atrophy in DLB compared to AD (Cousins et al., 2003).
iii.  Thalamus (Mediodorsal nucleus):
e Abnormal connectivity in DLB versus Control and AD subjects
Similar to the hypotheses for the head of caudate nucleus and the putamen,
functional connectivity with the thalamus was hypothesised to be more abnormal in
DLB subjects compared to AD and controls. It was hypothesised that this connectivity
abnormality in DLB subjects would be characterised by decreased connectivity. The
thalamus has been implicated as playing a major role in the maintenance of
consciousness (Perry and Perry, 2004) and post-mortem studies of brain tissue have
shown higher nicotinic receptor binding in the mediodorsal nucleus in DLB subjects
with disturbances of consciousness/cognitive fluctuation than DLB without and control
subjects (Pimlott et al., 2006).
iv.  Hippocampus:
e Abnormal connectivity in AD versus Control and DLB subjects
A very consistent finding from structural imaging studies is greater atrophy of
the hippocampus in AD compared to DLB, which is thought to be responsible for the
relative preservation of memory in DLB compared to AD (Ballmaier et al., 2004;
Burton et al., 2002; Barber et al., 2000). Some studies have reported reduced functional
connectivity in the hippocampus in AD subjects (Allen et al., 2007; Greicius et al.,
2004; Zang et al., 2004; Li et al., 2002), whereas others have reported that this is the
case for the right hippocampus, but for the left hippocampus functional connectivity is
actually increased (Wang et al., 2006). Based on these findings it was hypothesised that
AD patients would show abnormal functional connectivity with the hippocampus
compared to DLB and control subjects, and for there to be no significant difference in

hippocampus functional connectivity between DLB and control subjects.
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v.  Posterior Cingulate Cortex:
e Abnormal connectivity in DLB and AD versus Control subjects
Studies in AD have generally reported decreased functional connectivity in the
posterior cingulate in AD (Zhang et al., 2009; He et al., 2007; Greicius et al., 2004;
Zang et al., 2004), though increased functional connectivity between the posterior
cingulate and several brain regions has also been reported (Zhang et al., 2009). The
posterior cingulate forms part of the default mode network which is involved in
attending to environmental stimuli (Raichle et al., 2001). DLB is characterised by
greater attentional deficits than AD (Ballard et al., 2001), therefore it was expected that
functional connectivity with the posterior cingulate would also be affected in DLB and
possibly to a greater extent than in AD.
vi.  Precuneus:
e Abnormal connectivity in DLB and AD versus Control subjects
The precuneus also forms part of the default mode network (Raichle et al., 2001)
and previous studies in AD have reported reduced functional connectivity in this region
(Zhang et al., 2009; He et al., 2007; Zang et al., 2004). SPECT studies in DLB report
decreased perfusion compared to AD (Colloby et al., 2002), and it was expected this
would be reflected in the functional connectivity with this region. It was hypothesised
that functional connectivity would be decreased in AD and DLB compared to control
subjects, and additionally more affected in DLB compared to AD.
vii.  Primary Visual Cortex (V1):
e Abnormal connectivity in DLB versus Control and AD subjects
For the seed placed in the primary visual cortex, it was hypothesised that DLB
subjects would show abnormal connectivity compared to AD and control subjects. The
primary visual cortex was expected to be functioning normally in AD subjects, as vision
is not affected in this disorder. In DLB, resting-state SPECT studies have reported
decreased perfusion in DLB compared to AD in the primary visual cortex (Colloby et
al., 2002), and these abnormalities are thought to be associated with the core feature of
visual hallucinations in DLB (McKeith et al., 1996). Therefore it was hypothesised that
this would affect the functional connectivity with this region in DLB subjects, and most

likely cause a decrease in connectivity in these subjects.
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7.3.2 Neuropsychiatric Measures

Although group sizes were modest, it was examined in an exploratory post hoc
way the relationship between functional connectivity and severity of cognitive
impairments and neuropsychiatric features. It was expected that patients who had a
higher burden of cognitive and non-cognitive symptoms would show more

abnormalities in functional connectivity to those who had less severe dementia.

7.4 Methods

7.4.1 Subjects and Assessment

The study involved 47 subjects all aged over 60 years: 16 Control, 16 AD and
15 DLB subjects. AD and DLB patients were recruited from clinical Old Age
Psychiatry, Geriatric Medicine and Neurology outpatient services and controls were
recruited by local advertisement. The study was approved by the local ethics committee,
and all subjects gave signed informed consent for participation. AD patients fulfilled
National Institute of Neurological and Communicative Diseases and Stroke, and the
Alzheimer’s Disease and Related Disorders Association (NINCDS/ADRDA) criteria for
probable AD (McKhann et al., 1984) and DLB patients met DLB consensus criteria for
probable DLB, including the presence of 2 or more core features (fluctuating cognition,
visual hallucinations and/or parkinsonism) (McKeith et al., 2005; McKeith et al., 1996).
Diagnoses were made by consensus between two experienced clinicians, a method
which has previously been validated against autopsy diagnosis (McKeith et al., 2000b).
Detailed physical, neurological and neuropsychiatric examinations were carried out.
Cognitive and neuropsychiatric examinations involved:

e Mini-mental state examination (MMSE) as a measure of global cognitive
impairment and to assess dementia severity. This very widely used test assesses
orientation, registration, short-term memory and language function. The
maximum score is 30, a score of > 24 is conventionally taken as the cut-off
indicating normal cognition, > 21 signifies mild dementia, > 10 moderate, and <
10 severe (Folstein et al., 1975).

e Cambridge cognitive (CAMCOG) examination was carried out to assess
cognitive status. CAMCOG is made up of 8 subscales to assess orientation,

language, memory, praxis, attention, abstract thinking, perception and
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calculation. The CAMCOG total score can range from 0 to 105, with a score of
< 80 considered indicative of dementia (Roth et al., 1986).

e The 15 item geriatric depression score (GDS) was developed as a screening tool
for the measurement of depressive symptoms in elderly populations and derived
from the original 30 item scale. It is a self-completed assessment, with a
maximum possible score of 15 (Sheikh and Yesavage, 1986). A score of > 5 is
normally used as a cut-off for depression (D’Ath et al., 1994).

e Neuropsychiatric inventory (NPI) assesses 12 neuropsychiatric domains
common in dementia, including delusions, hallucinations, agitation and
depression, based on the frequency and severity of each symptom over the last
month, according to the carer report (Cummings et al., 1994).

e Fluctuating cognition was assessed using the clinical assessment of fluctuation
scale (CAFS), which is judged present if a clear-cut example can be given.
Frequency and duration of episodes are rated and the two scores multiplied to
give severity. A score of 0 signifies no fluctuating cognition and 12 shows
severe fluctuating cognition (Walker et al., 2000).

e The motor subsection of the unified Parkinson’s disease rating scale (UPDRS
I11) was carried out to assess severity of motor features of parkinsonism (e.g.

speech, facial expression and tremor at rest) (Fahn et al., 1987).

Exclusion criteria for the study were; severe concurrent illness (apart from
dementia in the AD and DLB groups), the presence of space occupying lesions on MR,
stroke history and any contraindications to MRI. Control subjects had no history of

psychiatric illnesses.
7.4.2 Imaging

Subjects were scanned using a 3 Tesla MRI system at the Newcastle Magnetic
Resonance Centre, Newcastle University. Resting-state fMRI scans were acquired

whilst subjects lay still in the scanner. The same imaging parameters used in the LLD

study were also used in this study (see Chapter 5 for details).
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7.4.3 Placing of the Seed Regions

The FMRIB Software Library (FSL) tools, www.fmrib.ox.ac.uk/fsl (version

4.0.4) were used for analysis (FMRIB Analysis Group, 2007). Firstly, all non-brain
structures were removed using the brain extraction tool (BET) (Smith, 2002). Seed
regions were then placed manually using the FSLView tool. For reference and help with
seed placing a standard brain atlas (DeArmond et al., 1989) and the FSL brain atlas tool
(which overlays specified brain regions on a standard brain template) were used. Seeds
were placed on the first volume of the resting-state functional scans (in the axial view)
by a sole investigator who was blinded to subject diagnosis. Seeds were placed in both
the left and right hemispheres and the radiological orientation was noted, i.e. left
hemisphere of the brain is the right side of the computer screen. The guidelines used for
seed placing are summarised below and the seeds overlayed on the functional images
are shown in Figure 7.1.

The size of the seeds placed was selected based on the structure under study to
ensure the seed could confidently be placed within the structure boundaries. The
thalamus is approximately 3 cm (or 15 voxels) in length and the mediodorsal nucleus is
approximately 1.2 cm (6 voxels) in length, therefore a seed of 2 by 2 voxels (4x4 mm)
should easily fit inside the structure. Although the ventral anterior nucleus of the
thalamus was also of potential interest, because of the higher nicotinic receptor binding
reported here in DLB subjects with disturbances of consciousness than DLB subjects
without (Pimlott et al., 2006), it was considered to be too small a structure for accurate
placing, as the nucleus is only 0.5 cm (2.5 voxels). In addition, due to this structures
close proximity to the ventricles it may be affected by dementia-related ventricular
atrophy. All seeds were considered to be placed accurately and no subjects were
excluded due to difficulty in seed region placing. In order to view all brain volumes and
check for subject motion in the image time-series, the movie mode function was used.

No subjects were found to have moved excessively during the scanning procedure.
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Guidelines used for Seed Placing:
i.  Head of Caudate Nucleus

A seed of 2x2 voxels was placed in the mid-region on the most inferior slice
where the caudate and putamen are separated by the internal capsule. The anterior
commissure was located, and as this structure disappears the head of caudate becomes
the body of caudate. These are the same guidelines that were used for seed placing in
the LLD study (Chapter 5) (see Figure 7.1.1).

ii.  Putamen

A seed of 2x2 voxels was placed on the slice inferior to where the caudate and
putamen are separated by the internal capsule. Ventricle 111 and the insula were used as
guidelines to identify the inner and outer borders. The seed was placed in the upper
putamen as this is the widest part of the structure, therefore it was thought that
placement here would be most accurate (see Figure 7.1.ii).

iii.  Thalamus (mediodorsal nucleus)

A seed of 2x2 voxels was placed on the slice where ventricle 111 and the internal
capsule separate the head of caudate nucleus and the putamen, in line with the base of
the putamen (the widest part of the thalamus) (see Figure 7.1.iii).

iv.  Hippocampus

The mammillary body and cerebral peduncle were located, and the hippocampus

is adjacent to these structures, a seed of 2x2 voxels was placed (see Figure 7.1.iv).
v.  Posterior Cingulate Cortex

A seed of 2x2 voxels was placed on the same slice as where the head of
caudate, putamen and ventricle Il are present, and where the posterior cingulate is
separated by the cerebellum (see Figure 7.1.v).

vi.  Precuneus

A seed of 4x4 voxels was placed on the first slice after the ventricles have
disappeared, as the precuneus is easily identifiable here and comprises a large area. The
seed was placed in the lower precuneus, towards the centre (see Figure 7.1.vi).

vii.  Primary Visual Cortex

A seed of 4x4 voxels was placed in the lower area of the primary visual cortex

on the same slice where the head of caudate nucleus and the putamen are present (see

Figure 7.1.vii).
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Figure 7.1: Seed Regions Investigated and Overlayed on the Functional Images
1) Head of Caudate Nucleus il) Putamen iii) Thalamus iv) Hippocampus

vi) Precuneus
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7.4.4 Functional Connectivity Analysis

The FSL tool, FMRI Expert Analysis Tool (FEAT) was used to carry out the

following data analysis:

Data pre-processing (i.e. filtering and smoothing)

First-level general linear modelling time-series analysis; FMRIB’s Improved
Linear Model (FILM) (Woolrich et al., 2001)

Higher-level/group analysis; FMRIB's Local Analysis of Mixed Effects
(FLAME) (Beckmann et al., 2003).

The method used by Fox et al. (2005) was followed for analysis. This method

involves additional pre-processing steps to remove spurious fluctuations from the data

which are known to over-estimate functional connectivity (Fox et al., 2005), see

Chapter 6 for more detail on why this method was selected. The steps for pre-processing

and model-based analysis of the data were as follows:

A)

Pre-processing Steps:

Motion Correction: The resting-state fMRI data were corrected for head motion
using Motion Correction FMRIB’s Linear Image Registration Tool (MCFLIRT).
The tool attempts to remove the effects of subject head motion which can occur
during the scan procedure. Through time, each voxel in the brain should be
located at a consistent anatomical point, MCFLIRT realigns to a common
reference using FLIRT, an automated tool for brain image registration
(Jenkinson et al., 2002).

Spatial Smoothing: Data were spatially smoothed using a 6 mm full width at half
maximum (FWHM) Gaussian kernel. Spatial smoothing averages a voxel with
surrounding voxels, so that each voxel's intensity is replaced by a weighted
average of surrounding intensities (Smith et al., 2004b).

The Fox et al. (2005) method requires a specific setting of the low pass and high

pass filters and additional registration steps, which cannot be run through the FEAT

graphical user interface; therefore the analysis was performed through a command line
script written by AMB and MJF.

Temporal Band-pass Filtering: The fMRI data were temporally band-pass
filtered at 0.009 and 0.08 Hz using the ‘fsImaths’ (a tool which enables
mathematical manipulation of images) command. High-pass filtering enables the
removal of low-frequency drift and low-pass filtering removes high frequency

noise and physiological fluctuations (Smith et al., 2004b).
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B)

C)

Vi.

Registration: A study specific functional brain template was created as the
subjects in this study are elderly, therefore they would be expected to have more
brain atrophy than a general standard space template, which is based on younger
subjects. To create the study specific brain template, one subject was registered
to the standard space echo planar imaging template from Statistical Parametric
Mapping (SPM) (Wellcome Trust Centre for Neuroimaging, 2005), all other
study subjects were registered to this subject (using FLIRT) (Jenkinson and
Smith, 2001) and then averaged using fsimaths (a tool which enables
mathematical manipulation of images). The seeds which had been placed in
patient space were transformed to standard space for analysis.
First-level/Subject FEAT Analysis:
First-level analysis was carried out which is a model-based fMRI analysis tool.
The data modelling that FEAT uses is based on general linear modelling, or
multiple regression. FEAT allows you to provide a model of the predicted
BOLD response and finds voxels in the brain that match this response, with a
good match showing positive correlation with the seed (Woolrich et al., 2001).
The mean BOLD signal time-series was extracted from each seed region and
used as the model response function, enabling cross-correlation of SLFs in the
seed with signal variations in all other brain regions to determine functional
connectivity.
Covariates of no interest, i.e. spurious fluctuations, were removed from the data
using a linear regression approach. This involved extracting the time-series
from:

a. Seeds placed in the white matter (left and right cerebellum)

b. A seed in the cerebrospinal fluid

c. A whole brain mask to remove the global signal
The z statistic threshold was set at > 2.3 and the p threshold at < 0.05.
Higher-level/Group FEAT Analysis:
A three group comparison (control, AD and DLB groups) was carried out to
investigate whether there were significant differences in connectivity between
groups for each of the seed regions, by comparing their data on a voxel by voxel
basis (FMRIB’s Local Analysis of Mixed Effects [FLAME]) (Woolrich et al.,
2004; Beckmann et al., 2003). FEAT first-level analysis directories were
selected, with left and right seeds run separately. Z (Gaussianised T/F) statistic

images were thresholded using clusters of pixels determined by z>2.3 and
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Vii.

viii.

p<0.05 (corrected cluster significance threshold) (Worsley, 2001). Higher-level
FEAT analysis was run through the graphical user interface.

Scores on neuropsychiatric measures were investigated to see whether a poor
score was associated with greater abnormalities in functional connectivity:

e Clinical Assessment of Fluctuation Scale (CAFS):

The effect of fluctuating cognition on functional connectivity with the
mediodorsal nucleus of the thalamus was investigated in the DLB group.
Previous studies have shown that the thalamus plays a key role in maintaining
consciousness (Pimlott et al., 2006), it was therefore predicted that subjects with
a poor score on the clinical assessment of fluctuation scale would show greater
abnormalities in functional connectivity with the thalamus. The mean CAFS
score of 6.7 was used as a cut-off and subjects grouped as either low (8 subjects
with a score < 6) or high fluctuators (7 subjects with a score > 8).

e Unified Parkinson’s Disease Rating Scale (UPDRS):

The DLB subjects were split according to a high and low score on the
UPDRS and functional connectivity investigated with the putamen. DLB
subjects were split based on the median UPDRS score; 7 subjects scored < 16
and were classified in the low group (less severe parkinsonian symptoms) and 8
subjects scored > 19 and were allocated to the high UPDRS score group.
Higher-level FEAT analysis was then run to compare functional connectivity
between the two groups based on their scores on the neuropsychiatric measures.
The z statistic threshold was set at > 2.3 and the p threshold at < 0.05.

The peak connectivity cluster coordinates from the FEAT analysis are in
Montreal Neurological Institute (MNI) space. Coordinates were converted to
Talairach space (Talairach and Tournoux, 1988) using GingerALE (Lancaster et
al., 2007) and entered into Talairach Client which assigns Talairach labels
(hemisphere, lobe, gyrus, tissue and cell type) (Lancaster et al., 2000).

Appendix A outlines the above analysis steps in more detail.
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75 Results

7.5.1 Demographics

Table 7.1 shows the clinical characteristics of the study subjects. Statistical
analysis was performed using Statistical Package for Social Sciences (SPSS) (version
15.0.1) (SPSS for Windows, 2006). Groups were comparable for age (p=0.294, df=2,
F=1.26) and sex (p=0.466, y* =0.532, df =1). As expected, controls had significantly
higher scores on cognitive tests (MMSE and CAMCOG) and lower scores on measures
of motor features (UPDRS) and depression (GDS) compared to AD and DLB subjects.
There were no significant difference between the AD and DLB groups in MMSE or
total CAMCOG score, age at onset of dementia or duration of dementia, but (consistent
with the known preservation of memory in DLB) DLB subjects had significantly higher
scores than AD subjects on CAMCOG memory subscore (p=0.022). UPDRS scores
were significantly higher in DLB subjects compared to AD (p<0.001), indicating greater
severity of the motor features of parkinsonism in DLB. NPI scores were also
significantly higher in DLB compared to AD subjects (p=0.002), indicating greater
severity of neuropsychiatric disturbances in DLB. DLB subjects scored significantly
higher than AD subjects on the CAFS (p=0.01), a measure of fluctuating cognition.
Scores for the GDS were significantly higher in DLB subjects compared to AD subjects
(p<0.001), which signifies greater severity of depressive symptoms in the DLB group.
All of these differences were expected given the known symptom profile of DLB
compared to AD.

At the time of study, 24 subjects were taking acetylcholinesterase inhibitors; 14
AD subjects (donepezil [9 subjects] and galantamine [5 subjects]) and 10 DLB subjects
(donepezil [5 subjects], galantamine [4 subjects] and rivastigmine [1 subject]). Eight
subjects (6 DLB) were taking antidepressants (citalopram, mirtazapine, trazodone,
venlafaxine and paroxetine), and 1 DLB subject was taking a benzodiazepine

(zopliclone) as a hypnotic.
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Table 7.1: Demographic and Neuropsychological Data of Study Subjects

Demographic and Controls AD DLB P Value
Neuropsychological Data

n 16 16 15
Age (Yrs) 76.3+8.3 77.3+8.9 80.6+6.0 =0.294°
Sex (M:F) 9:7 8:8 9:6 =0.466°
Age at Onset of Dementia (Yrs) n/a 73.9+8.9 77.2+6.7 =0.256 ¢
Duration of Dementia (Months) n/a 40.4+£24.8 40.2+20.3 =0.981°¢
MMSE 28.6+1.3 21.1+3.5 19.5+4.2 <0.001"*
CAMCOG Total 96.9+3.5 68.9+11.4 69.0+12.9 <0.001°*
CAMCOG Memory 241421 12.1+4.0 16.0+4.9 <0.001P*
UPDRS 2.7£3.6 6.1+4.4 22.1+11.9 <0.001"*
NPI n/a 8.5+11.8 23.1+115 =0.002 “*
CAFS n/a 1.6+3.4 6.7£5.3 =0.01%*
GDS 1.3+1.4 3.4+2.4 7.1+3.3 <0.001"*

Values expressed as mean = standard deviation.

Abbreviations: CAMCOG = Cambridge cognitive examination; CAFS = Clinical assessment of fluctuation scale; GDS = Geriatric Depression Score;
MMSE = Mini-Mental State Examination; NA = not applicable; NPI = Neuropsychiatric Inventory; UPDRS = Unified Parkinson’s Disease Rating

Scale (subsection I11).
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Table 7.1: Demographic and Neuropsychological Data of Study Subjects
The P value was calculated using the Chi-Square Test

®The P values were calculated using the One-Way ANOVA

The P values were calculated using the Independent-Samples T Test

*The P value is < 0.05

e MMSE: Con > AD and DLB (p<0.001, df=2, F=36.61)"
e CAMCOG Total: Con > AD, DLB (p<0.001, df=2, F=40.46)"
e CAMCOG Memory: Con > AD, DLB (p<0.001, df=2, F=41.09) ®: DLB > AD (p=0.022, df=29, t=-2.42)
e UPDRS: Con, AD < DLB (p<0.001, df=2, F=29.24) " (i.e. DLB subjects performed significantly worse)
Con < AD (p=0.023, df=30, t=-2.40) ° (i.e. AD subjects performed significantly worse)
e NPI: DLB vs AD (p=0.002, df=27, t=-3.38) © (i.e. DLB subjects performed significantly worse)
e CAFS: DLB vs AD (p=0.01, df=24, t=-2.8) © (i.e. DLB subjects performed significantly worse)
e GDS: Con vs AD (p=0.006, df=30, t=-2.95) ¢
AD vs DLB (p=0.001, df=29, t=-3.60) ©
Con vs DLB (p<0.001, df=29, t=-6.39) ¢

135



7.5.2 Group Functional Connectivity
Seed Regions

I. Head of Caudate Nucleus
Group Means:

Across all groups, the head of caudate nucleus (bilateral) showed connectivity
with the head and body of caudate nucleus and the cingulate (anterior/posterior). For the
left head of caudate nucleus, the DLB group (Figure 7.2c) showed connectivity with the
greatest number of brain regions. Control (Figure 7.2a) and AD (Figure 7.2b) subjects
showed connectivity with a similar number and set of brain regions.

For the right head of caudate nucleus the DLB group (Figure 7.3c) showed
significant connectivity with the fewest brain regions, and like the left seed the control
(Figure 7.3a) and AD (Figure 7.3b) groups showed connectivity with a similar number
of brain regions. The controls and AD patients both showed connectivity between the
left head of caudate nucleus and sub-lobar and limbic areas and between the right head
of caudate nucleus and frontal, sub-lobar and limbic areas, whereas in the DLB group
the reverse was the case. Table 7.2 provides a summary of the peak brain regions
showing connectivity with the left and right head of caudate nuclei seeds.

Group Differences:

The left head of caudate nucleus showed significantly greater connectivity in
DLB subjects compared to controls in several brain regions; parahippocampal gyrus
(left), posterior cingulate (right) and precuneus (bilateral) (see Figure 7.4a).

Whereas the right head of caudate nucleus showed greater connectivity in both
dementia groups compared to controls. The AD group showed greater connectivity than
controls with the posterior cingulate (bilateral) and precuneus/cuneus (bilateral) (Figure
7.4b). The DLB group showed greater connectivity than controls in similar regions;
posterior cingulate (bilateral) and precuneus (left), and also the culmen (right) (Figure
7.4¢). The control group did not show significantly greater connectivity than either
dementia group.

Summary:
e Left Head of Caudate Nucleus: DLB > Controls
e Right Head of Caudate Nucleus: AD and DLB > Controls
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Figure 7.2: Functional Connectivity Maps for the Left Head of Caudate Nucleus
b) AD Mean

a) Controls Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Caudate Body -12, 15, 6 6.63
A. Cingulate -1, 27,18 5.45
Caudate Head -8,6,5 5.42
A. Cingulate 10, 23, 23 5.39

Brain Region | Coordinates | Z Stat
Caudate Head -14, 15,5 6.5
Caudate Body 16, 17,6 5.83
Caudate Body -8, 0,10 5.5
Thalamus 4,-2,10 5.4
A. Cingulate -5, 31, 13 5.25
Claustrum 31,12,-5 5.19

Brain Region | Coordinates | Z Stat
Putamen -19, 15,5 6.83
Caudate Body -16, 13,5 6.59
Caudate Body 14,11,6 6.11
G. Pallidus -10,1, -1 5.31
Caudate Head 1,2,4 4.88
Insula -47,-1, 14 3.74

Inf. Frontal -46, 16, 16 3.43
Precentral -38, 14, 37 3.35
Mid. Frontal -33, -10, 46 3.34
P. Cingulate 1, -55, 10 3.09

Abbreviations: A. Cingulate = Anterior Cingulate Cortex; G. Pallidus = Globus Pallidus; Inf. Frontal = Inferior Frontal Gyrus; Mid. Frontal = Middle
Frontal Gyrus; P. Cingulate = Posterior Cingulate Cortex
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Figure 7.3: Functional Connectivity Maps for the Right Head of Caudate Nucleus

a) Controls Mean b) AD Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Caudate body 16, 13,6 6.02
Caudate head -14, 14,0 5.05
Putamen -25, 6, -1 5.00
A. Cingulate -7, 33, 18 4.67

Brain Region | Coordinates | Z Stat
Caudate Body 10, 15, 6 7.14
Caudate Head -10, 13,5 5.94
Inf. Frontal 18, 24, -9 571
Cingulate 8,12, 38 5.54
Putamen 21,11,11 5.43
A. Cingulate 10, 25, 23 5.10
Insula -38, -12, 19 3.79
Precentral -48, -6, 30 3.65

Brain Region | Coordinates | Z Stat
Caudate Head 8,14,0 6.11
Caudate Body 14,15, 6 5.89
Medial Frontal 6, 46, 30 5.75
Caudate Head -8,14,0 5.69
A. Cingulate -5,29, 12 5.25
P. Cingulate 1,-57,10 3.4
P. Cingulate -1, -45, 22 3.21

Abbreviations: A. Cingulate = Anterior Cingulate Cortex; Inf. Frontal = Inferior Frontal Gyrus; P. Cingulate = Posterior Cingulate Cortex
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Figure 7.4: Functional Connectivity Maps Showing Group Differences for the Head of Caudate Nucleus

Left Caudate
a) DLB > Con

tA X L) EXLX) EXX X

Brain Region | Coordinates | Z Stat
PHG -9, -40, 6 3.21
Precuneus -11, -49, 26 3.2
Precuneus 10, -57, 26 2.96
P. Cingulate 2,-49, 21 2.92

Right Caudate
b) AD > Con

Brain Region | Coordinates | Z Stat
P. Cingulate -7,-51,10 3.65
P. Cingulate 2,-55, 10 3.40

Precuneus -7,-63, 20 2.98
Cuneus 2,-69, 14 2.81

c) DLB > Con

Brain Region | Coordinates | Z Stat
P. Cingulate 8, -68, 9 3.11
Precuneus -7, -65, 36 3.06
Culmen 4,-60, 4 3.02
P. Cingulate -11, -51, 10 2.94

Abbreviations: Culmen = Culmen of Vermis; PHG = Parahippocampal Gyrus; P. Cingulate = Posterior Cingulate Cortex
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Table 7.2: Peak Regions of Functional Connectivity with the Left and Right Head of Caudate Nucleus

Group Mean/

Difference

Left Head of Caudate Nucleus

Right Head of Caudate Nucleus

Control Mean

Sub-lobar: Caudate Head and Body

Limbic: Anterior Cingulate

Frontal: Inferior, Precentral Gyrus, Cingulate
Sub-lobar: Caudate Head and Body, Putamen, Insula

Limbic: Anterior Cingulate

AD Mean Sub-lobar: Caudate Head and Body, Thalamus, Frontal: Medial
Claustrum Sub-lobar: Caudate Head and Body
Limbic: Anterior Cingulate Limbic: Anterior, Posterior Cingulate
DLB Mean Frontal: Inferior, Precentral, Middle Sub-lobar: Caudate Head and Body, Putamen
Sub-lobar: Caudate Head and Body, Putamen, Globus Limbic: Anterior Cingulate
Pallidus, Insula
Limbic: Posterior Cingulate
AD > Con Limbic: Posterior Cingulate
Occipital: Precuneus, Cuneus
DLB > Con Limbic: Parahippocampal Gyrus, Posterior Cingulate Limbic: Posterior Cingulate

Parietal: Precuneus

Occipital: Precuneus

Parietal: Precuneus

Anterior Lobe: Culmen of Vermis
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ii. Putamen
Group Means:

Mean functional connectivity maps with a seed placed in the putamen are shown
in figures 7.5a (left seed) and 7.6a (right seed) for controls, 7.5b (left seed) and 7.6b
(right seed) in AD and 7.5c (left seed) and 7.6¢ (right seed) in DLB. The peak brain
regions which showed connectivity with the left and right putamen are summarised in
Table 7.3. All groups showed bilateral putamen connectivity, i.e. a seed in the left
putamen showed connectivity with the right putamen and a seed in the right putamen
showed connectivity with the left putamen. The right putamen showed connectivity
with more brain regions in all groups than the left putamen. For the left putamen all
groups only showed sub-lobar connectivity. Controls and AD subjects showed similar
patterns of connectivity for the right putamen; frontal, sub-lobar and limbic (Figures
7.6a and b). The DLB group showed connectivity with frontal and sub-lobar regions
similar to controls and AD, but in contrast did not show limbic connectivity and showed
connectivity with parietal and temporal regions (Figure 7.6c).

Group Differences:

DLB subjects showed greater connectivity than controls with the left putamen
and the pre and postcentral gyrus and inferior parietal regions (all left hemisphere)
(Figure 7.7a). DLB subjects also showed greater functional connectivity than AD
subjects for both the left and right seeds in similar regions; pre and postcentral gyrus,
inferior parietal and transverse temporal regions (all left hemisphere) (Figures 7.7b and
7.7c). Controls did not show greater functional connectivity than AD or DLB between
the putamen and any brain region, and there were no brain regions of significantly
greater functional connectivity in AD compared to DLB.

Summary:
e Left Putamen: DLB > Controls and AD
e Right Putamen: DLB > AD
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Figure 7.5: Functional Connectivity Maps for the Left Putamen

a) Control Mean

b) AD Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Putamen -23, 8, -1 6.42
Putamen 21,8,0 6.32

Brain Region | Coordinates | Z Stat
Putamen -23,6, -1 6.15
Putamen 29,-2,5 5.53

Claustrum -27,23,6 4.02
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Brain Region | Coordinates | Z Stat
Putamen -23,6,1 6.07
Putamen 29,2,5 4.87

Claustrum -27, 23,6 4.46




Figure 7.6: Functional Connectivity Maps for the Right Putamen
b) AD Mean

a) Control Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Putamen 21,8, -5 6.63
Putamen -19,9, -6 5.44
Thalamus -25, -26, 1 451
Cingulate 10, 22, 28 4.19

A. Cingulate -5, 33, 13 3.95

Med. Frontal 6, 21, 44 3.73

Sup. Frontal -27, 46, 14 3.61

Med. Frontal -9, -5, 52 3.59

Abbreviations: A. Cingulate = Anterior Cingulate Cortex; Med. Frontal =

Superior Temporal Gyrus

Brain Region | Coordinates | Z Stat
Putamen 20, 8, -5 8.52
Insula 40, -26, -3 4.61
Thalamus 21,-22, 3 3.73
Cingulate 8, 33, 18 3.66
A. Cingulate -10, 31, 12 4.70
Med. Frontal 8, 15, 44 4.14
Putamen -18,17,0 5.51
Caudate Head -12,12,0 4.53
Hypothalamus -7,-5, -2 3.89
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Brain Region | Coordinates | Z Stat
Putamen 21,6,0 6.46
Putamen -19,4, -1 471

Sup. Frontal 28, 33, 30 4.42
Insula 41,12, 17 4.32
Claustrum 34,0,-1 3.93
Postcentral -46, -9, 19 3.63
Precentral -37, -16, 35 3.53
Sup. Temporal -49, 4, 4. 3.50
Insula -47, -3, 14 3.40

Medial Frontal Gyrus; Sup. Frontal = Superior Frontal Gyrus; Sup. Temp. =




Figure 7.7: Functional Connectivity Maps Showing Group Differences for the Putamen
Right Putamen
c) DLB >AD

Left Putamen

a) DLB > Con b) DLB > AD

Brain Region | Coordinates | Z Stat
Precentral -55, -13, 24 3.46
Inf. Parietal -53, -20, 23 3.43
Postcentral -48, -19, 29 3.06

Brain Region | Coordinates | Z Stat
Inf. Parietal -53, -20, 23 3.75
Postcentral -55, -15, 24 3.45

Trans. Temp. -57,-12, 13 2.84

Brain Region | Coordinates | Z Stat
Inf. Parietal -42,-33, 38 3.04
Postcentral -55, -15, 24 2.99
Precentral -38, -10, 30 2.78

Abbreviations: Inf.

Parietal = Inferior Parietal Lobule; Trans. Temp. = Transverse Temporal Gyrus
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Table 7.3: Peak Regions of Functional Connectivity with the Left and Right Putamen

Group

Mean/Difference

Left Putamen

Right Putamen

Control Mean

Sub-lobar: Putamen

Frontal: Medial, Superior
Sub-lobar: Putamen, Thalamus

Limbic: Cingulate, Anterior Cingulate

AD Mean e  Sub-lobar: Putamen, Claustrum Frontal: Medial
Sub-lobar: Caudate Head, Putamen, Thalamus,
Hypothalamus, Insula
Limbic Lobe: Cingulate, Anterior Cingulate

DLB Mean e Sub-lobar: Putamen, Claustrum Frontal Lobe: Superior, Precentral
Sub-lobar: Putamen, Insula, Claustrum
Parietal Lobe: Postcentral
Temporal Lobe: Superior

DLB > Con e Frontal: Precentral Gyrus

e Parietal: Inferior, Postcentral
DLB > AD e Parietal: Inferior, Postcentral Frontal: Precentral Gyrus

Temporal: Transverse

Parietal: Inferior, Postcentral
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iii.  Thalamus (Mediodorsal nucleus)
Group Means:

The mean connectivity maps for all subjects showed significant connectivity
between the left and the right thalamus, and vice versa. The control (Figures 7.8a and
7.9a) and AD (Figures 7.8b and 7.9b) groups showed significant connectivity between
the thalamus (left and right) and frontal regions, whereas in the DLB group (Figures
7.8c and 7.9c) neither seed showed connectivity with frontal regions. In contrast to
controls and DLB, the AD group did not show connectivity with the anterior or
posterior lobes. The AD group showed connectivity with the greatest number of brain
regions, particularly for the left seed (see Table 7.4 for a summary).

Group Differences:

Greater connectivity with the left thalamus was reported in both the AD and
DLB groups compared to controls (Figures 7.10a and b), and also for the DLB group
compared to controls for the right thalamus (figure 7.10c). AD subjects showed greater
connectivity than controls between the left thalamus and pre and postcentral gyrus and
inferior parietal regions (all right hemisphere) (Figure 7.10a). The DLB group showed
greater connectivity than controls between the left thalamus and the cingulate (bilateral),
insula (right) and frontal regions (bilateral) (Figure 7.10b). For the right thalamus the
DLB group showed greater connectivity than controls in frontal and limbic regions (all
right hemisphere) (Figure 7.10c and Table 7.4 for a summary). The control group did
not show any regions of greater connectivity with the thalamus than either dementia
group.

Summary:
e Left Thalamus — AD and DLB > Controls
e Right Thalamus — DLB > Controls
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Figure 7.8: Functional Connectivity Maps for the Left Thalamus
b) AD Mean

a) Con Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Thalamus -8,-19, 8 6.0

Subthalamic N | -12,-12, -8 5.38
Thalamus 4,-23,8 5.21
G. Pallidus -18, -5, -2 4.89

Brain Region | Coordinates | Z Stat
Thalamus -3,-10,9 5.87
Thalamus 8,-17,8 541

Sup. Frontal -3, 16, 49 4.33

Med. Frontal -9, 2,48 3.45

Sup. Frontal 10, 14, 49 3.30

Abbreviations: G. Pallidus = Globus Pallidus; Med. Frontal = Medial Frontal Gyrus; Mid. Frontal = Middle Frontal Gyrus; Subthalamic N =

Brain Region | Coordinates | Z Stat
Thalamus 16, -23, 8 5.68
Thalamus -23,-26, 7 5.19

Caudate Tail -27,-34,11 5.13

Mid. Frontal -33, 16, 38 4.92
Cingulate 6, -9, 36 4.87
Paracentral -22,-41, 43 474
Sub-gyral 19, -16, 57 4.62
Precuneus -22, -45, 48 4.58

Subthalamic Nucleus; Sup. Frontal = Superior Frontal Gyrus
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Figure 7.9: Functional Connectivity Maps for the Right Thalamus
b) AD Mean

a) Controls Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Thalamus 8,-19, 8 6.13
Thalamus -16, -18, 13 5.42

Inf. S.-Lunar -21, -67, -40 5.07

Nodule -1, -55, -28 5.03
C. Tonsil 7,-55, -33 4.93
Tuber -32,-64,-29 | 3.68
Pyramis -23,-74,-30 | 3.45

Brain Region | Coordinates | Z Stat
Thalamus -10, -13, 3 4.62
Med. Frontal 9,-21, 46 451
Thalamus 8,-13,3 4.43
Claustrum 30, -22, 14 4.27
Putamen -27,-11, 8 4.07
Mid. Frontal -29, 26, 28 4.06
Sub-Gyral -12, 25, 39 3.95
Sup. Frontal 4,13, 49 3.68
Sup. Frontal -7, 16, 54 3.51

Brain Region | Coordinates | Z Stat
Thalamus 6, -21, 8 5.24
Nodule -1, -55, -28 4.84
Thalamus -7,-26,7 4.45
Uvula 5, -60, -34 3.90
C. Tonsil 12, -50, -38 3.86
C. Tonsil -10,-53,-33 | 3.47
Uvula -10, -66, -29 | 2.92
Pyramis -23,-72,-30 | 2.87

Abbreviations: C. Tonsil = Cerebellar Tonsil; Inf. S. -Lunar = Inferior Semi-Lunar Lobule; Med. Frontal = Medial Frontal Gyrus; Mid. Frontal =

Middle Frontal; Sup. Frontal = Superior Frontal Gyrus
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Figure 7.10: Functional Connectivity Maps Showing Group Differences for the Thalamus
Left Thalamus
a) AD > Con

Right Thalamus
c) DLB > Con

b) DLB > Con

EAE Rl BEEES

Brain Region | Coordinates | Z Stat
Postcentral 32, -34, 45 3.54
Precentral 35, -28, 56 3.06
Inf. Parietal 39, -43, 55 2.87

Brain Region | Coordinates | Z Stat
Med. Frontal 1,42,19 2.92
A. Cingulate 14, 36, 24 2.89
Sup. Frontal 19, 55, 15 2.77

Abbreviations: A. Cingulate = Anterior Cingulate; Inf. Frontal = Inferior Frontal; Inf. Parietal = Inferior Parietal; Med. Frontal = Medial Frontal Gyrus;

Sup. Frontal = Superior Frontal Gyrus

Brain Region | Coordinates | Z Stat

Cingulate 4,-19, 40 4.04
Paracentral 0, -23, 45 3.54
Cingulate -5, 6, 37 3.40
Precentral -17,-19,51 2.99

Insula 38,1,16 3.70
Precentral 47, -1, 37 2.82
Inf. Frontal 49, 8, 22 2.75

149




Table 7.4: Peak Regions of Functional Connectivity with the Left and Right Thalamus

Group Mean/ Left Thalamus Right Thalamus
Difference
Control Mean e Frontal: Medial and Superior e Sub-lobar: Thalamus

e Sub-lobar: Thalamus e Anterior: Nodule

e Posterior: Inferior Semi-Lunar, Cerebellar Tonsil,
Tuber, Pyramis

AD Mean e Frontal: Middle, Paracentral Lobule, Sub-Gyral e Frontal: Medial, Middle, Sub-gyral, Superior

e Sub-lobar: Thalamus, Caudate Tail e Sub-lobar: Thalamus, Putamen and Claustrum

e Limbic: Cingulate

e Parietal: Precuneus

DLB Mean e Sub-lobar: Thalamus and Globus Pallidus e Sub-lobar: Thalamus
e Midbrain: Subthalamic Nucleus e Anterior: Nodule
e Posterior: Uvula, Cerebellar Tonsil and Pyramis
AD > Con e Frontal: Precentral

e Parietal: Inferior and Postcentral

DLB > Con e Frontal: Precentral, Paracentral and Inferior )

e Sub-lobar: Insula °

e Limbic: Cingulate

Frontal: Medial, Superior

Limbic: Anterior Cingulate
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iv.  Hippocampus
Group Means:

The functional connectivity maps in control subjects were observed to have the
greatest functional connectivity for both the left and right hippocampus (Figures 7.11a
and 7.12a) compared to the dementia groups (Figures 7.11b and c and 7.12b and c). The
control group demonstrated connectivity between the hippocampus and sub-lobar and
occipital regions which were not present in the AD or DLB groups. Generally, across all
groups connectivity between the hippocampus and the rest of the brain was low
compared to the other seed regions investigated. Table 7.5 summarises the brain regions
showing significant connectivity.

Group Differences:

The AD group showed significantly greater connectivity than controls between
the left hippocampus and the right insula and right inferior parietal regions (Figure
7.11d). These areas were not reported to show connectivity in the AD group mean
results (Figure 7.11b) as their z statistic was < 2.3. However, when comparing between
groups the absence of connectivity in these regions in controls causes these regions to
reach significance for the group comparison. There were no other significant differences
between groups for the left or right hippocampus.

Summary:
e Left Hippocampus: AD > Con

¢ Right Hippocampus: No significant differences between groups
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Figure 7.11: Functional Connectivity Maps for the Left Hippocampus

a) Controls Mean

“000N«000

b) AD Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
PHG -23,-19,-14 | 4.92
Culmen 10, -29, -9 4.67
Culmen -8, -29, -20 3.77

Brain Region | Coordinates | Z Stat
Culmen -27,-31,-21 | 4.22
PHG -27,-17,-14 | 4.15
Uncus -34, -8, -24 4.08
PHG 21,-21,-14 4.16
Mid. Temporal -43, 5, -28 3.92
d) AD > Con

Brain Region | Coordinates | Z Stat
PHG -23,-21,-14 | 5.86
Mid. Temporal | 35, -1, -28 4.36
PHG 32,-17,-13 3.73
Culmen 14, -29, -9 3.66

Brain Region | Coordinates | Z Stat
Inf. Parietal 49, -32, 24 3.52
Insula 39, -38, 23 3.23

Abbreviations: Inf. Parietal; Inferior Parietal; Mid. Temporal = Middle Temporal Gyrus ; PHG = Parahippocampal Gyrus
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Figure 7.12: Functional Connectivity Maps for the Right Hippocampus
b) AD Mean

EX L L] B L

a) Controls Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
PHG 23, -23, -14 5.19
Culmen -16, -39, -16 | 4.46
Uncus 20, -12, -29 4.38
Mid.Temporal 40, 1, -27 4.20
PHG -19,-13,-14 | 3.92

Brain Region | Coordinates | Z Stat
PHG 21,-19, -13 5.78
Culmen 6, -40, -5 4.38
Amygdala -23, -10, -8 4.16
Putamen -27, -10, -8 4.12
PHG -19, -25, -9 3.74
Culmen -25,-34,-16 | 3.55
Sup. Temporal | -34,12, -22 3.48
Mid. Temporal -39, 3, -29 3.27
Lingual -10, -54, 4 2.64

Brain Region [ Coordinates | Z Stat
PHG 25, -23, -14 5.98
Culmen 25, -31, -20 3.71
PHG -25,-32,-10 | 4.76
Sup. Temporal -30, 7, -28 3.73
Culmen -18,-32,-15 | 3.61
Subcallosal 7,5,-11 3.58

Abbreviations: Mid. Temporal = Middle Temporal Gyrus; PHG = Parahippocampal Gyrus; Sup. Temporal = Superior Temporal Gyrus
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Table 7.5: Peak Regions of Functional Connectivity with the Left and Right Hippocampus

Group Mean/

Difference

Left Hippocampus

Right Hippocampus

Control Mean

Limbic: Uncus, Parahippocampal Gyrus
Temporal: Middle

Anterior: Culmen

Sub-lobar: Putamen

Limbic: Parahippocampal Gyrus, Amygdala
Temporal: Superior, Middle

Occipital: Lingual

Anterior: Culmen

AD Mean Limbic: Parahippocampal Gyrus Limbic: Parahippocampal Gyrus, Uncus
Temporal: Middle Temporal: Middle
Anterior: Culmen Anterior: Culmen
DLB Mean Limbic: Parahippocampal Gyrus Frontal: Subcallosal Gyrus
Anterior: Culmen Limbic: Parahippocampal
Temporal: Superior
Anterior: Culmen
AD > Con Sub-lobar: Insula

Parietal: Inferior
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v.  Posterior Cingulate Cortex
Group Means:

Across groups, the left and right posterior cingulate seeds showed functional
connectivity with a high number of brain regions. For the left posterior cingulate, DLB
subjects (Figure 7.13c) showed connectivity with the most brain regions and controls
and AD showed connectivity with a similar number of brain regions (Figures 7.13a and
7.13b). For the right posterior cingulate, the AD group showed functional connectivity
with the least brain regions (limbic and sub-lobar only) (Figure 7.14b), and controls and
DLB subjects showed connectivity with a similar number of brain regions (Figures
7.14a and 7.14c). The DLB group showed a more widespread pattern of connectivity for
the right seed involving many different brain regions and small clusters of activity,
whereas the control and AD groups showed larger and more distinct clusters of activity.
Table 7.6 summarises these results.

Group Differences:

There were no significant differences in left posterior cingulate cortex
connectivity between any of the groups. The AD group showed greater connectivity
than controls between the right posterior cingulate cortex and the caudate head
(bilateral) and body (right) and with the caudate body (bilaterally) compared to DLB
subjects (Figure 7.15a and c). Although these regions appear to be localised to the
cerebrospinal fluid in the AD subjects, the coordinates are localised to the grey matter
region of the caudate. This is thought to be caused by greater ventricular atrophy in the
dementia groups, therefore a voxel in the brain in the AD subjects (who show less
atrophy) when overlayed on the mean template of all study subjects is actually placed in
the cerebrospinal fluid. The DLB group showed greater connectivity than controls for a
number of regions; limbic (left anterior cingulate), sub-lobar (right globus pallidus),
anterior lobe (right culmen) and posterior lobe (right cerebellar tonsil) (Figure 7.15b).
Controls did not show greater connectivity with any brain regions compared to the
dementia groups, and the DLB group did not show greater connectivity than the AD
group. Table 7.6 summarises these results.

Summary:
e Left posterior cingulate: No significant differences

e Right posterior cingulate: AD > DLB, Controls; DLB > Controls
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Figure 7.13: Functional Connectivity Maps for the Left Posterior Cingulate Cortex
b) AD Mean

a) Controls Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat

P.Cingulate 1,-50, 16 5.59
Precuneus 0, -46, 38 4.25
Thalamus 3,-19, 8 4.09
Thalamus -10, -30, 7 4.04
C. Tonsil -10, -53, -33 4,76
Pyramis 1, -65, -23 4.53
Declive -10, -73, -19 4.50
Nodule 1,-59, -28 4.40
Declive 6, -62, -18 4.19

Brain Region | Coordinates | Z Stat
Cuneus -3, -75, 19 5.57
P.Cingulate -3, -46, 16 5.41
P.Cingulate 2,-48, 16 4.76
G. Pallidus -10, 1, -1 4.18
Caudate Tail 32,-44,11 4.12
C. Tonsil -3, -53, -33 3.78
Pyramis 12,-72,-29 3.65
Inf. S.-Lunar -27,-67, -35 3.53
Pyramis -18, -66, -29 3.51
Nodule -1, -59, -23 3.49

Abbreviations: C. Tonsil = Cerebellar Tonsil; G. Pallidus = Globus Pallidus; Inf. S. Lunar = Inferior Semi-
Lunar Lobule; Med. Frontal = Medial Frontal Gyrus; P. Cingulate = Posterior Cingulate; Sup. Frontal =

Superior Frontal; Sup. Temporal = Superior Temporal Gyrus; U. of Vermis = Uvula of Vermis
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Brain Region | Coordinates | Z Stat
P.Cingulate 0,-52, 16 4.77
Lingual -5, -60, 4 4.68
Thalamus 1,-27,7 4.33
Culmen 4,-41,0 4.27
Precuneus 0, -48, 32 4.24
U. of Vermis 5, -60, -34 3.96
Med. Frontal 8, 38, 35 3.63
C. Tonsil -23, -45, -38 3.57
Nodule 1,-57,-28 3.56
Postcentral -35, -27, 28 3.53
C. Tonsil 11, -50, -44 3.49
Cingulate -20, -38, 33 3.34
Sup. Temporal 35, -74, 30 3.04
Sup. Frontal 15, 18, 50 3.04
Insula -42,-19, 23 3.00




Figure 7.14: Functional Connectivity Maps for the Right Posterior Cingulate Cortex

a) Controls Mean

b) AD Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
P. Cingulate 4,-42, 11 5.27
Caudate Head -8,2,4 5.12
P. Cingulate -3, -46, 11 5.03
PHG -10, -36, 6 4.88
Thalamus 8,-23,13 4.69

Brain Region | Coordinates | Z Stat
P. Cingulate 4,-46, 11 5.95
P. Cingulate -7,-48, 10 5.58

Cingulate 6, -49, 27 5.08
Precuneus 13, -60, 26 4.86
Precuneus -2,-63, 31 4.52
PHG 32,-55,10 4.44
Inf. S.-Lunar | -23,-65,-40 | 3.44
Pyramis -14,-68,-29 | 3.19
C. Tonsil -25,-62,-34 | 3.04

Brain Region | Coordinates | Z Stat
P. Cingulate 0,-52, 16 5.10
P. Cingulate 8, -45, 6 4.65

C. Tonsil 12, -48, -43 451
Precuneus -11, -63, 31 451
Sub-gyral 34,44, -2 4.45
Insula -44,-19, 23 3.96
Postcentral -37, -28, 28 3.85
Mid. Frontal 23,23, 34 3.67

Med. Frontal 8,58, 10 3.66
Inf. Parietal -42,-32, 44 3.29

Abbreviations: C. Tonsil = Cerebellar Tonsil; Inf. Parietal = Inferior Parietal; Inf. S. -Lunar = Inferior Semi-Lunar Lobule; Med. Frontal = Medial
Frontal Gyrus; Mid. Frontal = Middle Frontal; PHG = Parahippocampal Gyrus; P. Cingulate = Posterior Cingulate Cortex
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Figure 7.15: Functional Connectivity Maps showing Group Differences for the Right Posterior Cingulate Cortex
a) AD > Con

000000« 006

Brain Region | Coordinates | Z Stat
Caudate Head -8,19,1 3.91
Caudate Head 8,14,0 3.74
Caudate Body 16, 15, 6 3.66

b) DLB > Con

Brain Region | Coordinates | Z Stat
C. Tonsil 25,-43,-37 | 3.85
Culmen 29, -56,-22 | 3.36
A. Cingulate -3,1,-1 2.91
G. Pallidus 16, 2, -1 2.82

¢) AD > DLB

Brain Region | Coordinates | Z Stat
Caudate Body -5, 5,10 3.42
Caudate Body 5,13, 11 3.17

Abbreviations: A. Cingulate = Anterior Cingulate Cortex; C. Tonsil = Cerebellar Tonsil; G. Pallidus = Globus Pallidus
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Table 7.6: Peak Regions of Functional Connectivity with the Left and Right Posterior Cingulate Cortex

Group Mean/

Difference

Left Posterior Cingulate Cortex

Right Posterior Cingulate Cortex

Control Mean

Sub-lobar: Globus Pallidus, Caudate Tail
Limbic: Posterior Cingulate
Occipital: Cuneus

Anterior: Nodule

Posterior: Cerebellar Tonsil, Pyramis, Inferior Semi-

Lunar Lobule

Limbic: Posterior Cingulate, Cingulate,
Parahippocampal Gyrus

Parietal: Precuneus

Occipital Lobe: Precuneus

Posterior: Inferior Semi-Lunar Lobule, Pyramis,

Cerebellar Tonsil

AD Mean Sub-lobar: Thalamus Sub-lobar: Caudate Head, Thalamus
Limbic: Posterior Cingulate Limbic: Posterior Cingulate, Parahippocampal Gyrus
Parietal: Precuneus
Anterior: Pyramis, Nodule
Posterior: Cerebellar Tonsil, Declive
DLB Mean Frontal: Medial, Superior Frontal: Sub-Gyral, Middle, Medial

Sub-lobar: Thalamus, Insula
Limbic: Posterior Cingulate, Cingulate
Parietal: Precuneus, Postcentral

Temporal: Superior

Sub-lobar: Insula
Limbic: Posterior Cingulate
Parietal: Precuneus, Inferior Parietal

Posterior: Cerebellar Tonsil, Postcentral
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Table 7.6 (Contd.): Peak Regions of Functional Connectivity with the Left and Right Posterior Cingulate Cortex

Group Mean/

Left Posterior Cingulate Cortex

Right Posterior Cingulate Cortex

Difference
DLB Mean e Occipital: Lingual Gyrus
e Anterior: Culmen, Nodule
e Posterior: Uvula of Vermis, Cerebellar Tonsil
AD >DLB Sub-lobar: Caudate Body
AD > Con Sub-lobar: Caudate Head and Body
DLB > Con Sub-lobar: Globus Pallidus

Limbic: Anterior Cingulate
Anterior: Culmen

Posterior: Cerebellar Tonsil
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vi.  Precuneus
Group Means:

For the control group, the left precuneus showed connectivity with the right
precuneus only (Figure 7.16a), whereas AD and DLB subjects also showed connectivity
with middle and medial frontal brain regions and the cingulate also (all right
hemisphere) (Figures 7.16b and c respectively). The connectivity maps for the left
precuneus look quite different across groups with controls showing a very large cluster
of connectivity compared to AD and DLB subjects. For the right precuneus, the findings
were the reverse of the left precuneus results, with AD and DLB subjects only showing
connectivity with the left precuneus (Figures 7.17b and c respectively), however
controls showed connectivity also with frontal regions (middle) and sub-lobar (insula
and claustrum) (Figure 7.17a). Table 7.7 provides a summary of the brain regions
showing significant connectivity for the group means.

Group Differences:

Voxelwise comparison of the group results showed that there were no significant
differences between groups in functional connectivity. Though visibly, functional
connectivity maps for controls do appear to show greater connectivity than AD and
DLB with both the left and right precuneus.

Summary:
e Left precuneus: No significant differences between groups

¢ Right precuneus: No significant differences between groups
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Figure 7.16: Functional Connectivity Maps for the Left Precuneus
B) AD Mean

A) Controls Mean

C) DLB Mean

Brain Region | Coordinates | Z Stat
Precuneus 4, -66, 41 5.98
Precuneus -7, -68, 46 5.63

Cuneus -15, -82, 34 5.34

Brain Region | Coordinates | Z Stat
Precuneus 9, -63, 36 5.59
Precuneus -5, -58, 42 5.54

Mid. Frontal 26, 7,43 459

Med. Frontal 21,24, 29 2.92

Cingulate 17, 22, 28 2.79

Brain Region | Coordinates | Z Stat
Precuneus 9, -63, 36 5.40
Precuneus -5, -58, 42 4.58

Mid. Frontal 26,7,43 3.47
Cingulate 17,22, 28 2.98

Abbreviations: Med. Frontal = Medial Frontal Gyrus; Mid. Frontal = Middle Frontal
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Figure 7.17: Functional Connectivity Maps for the Right Precuneus
b) AD Mean

a) Controls Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Precuneus -7, -64, 47 5.40
Precuneus 9, -65, 36 5.18

Brain Region | Coordinates | Z Stat
Precuneus 8, -54, 37 6.52
Precuneus -7,-64, 47 6.20

Mid. Frontal -25, 24, 33 4.95
Claustrum -27, 16, 16 3.46
Insula -33, 14, 16 2.87

Abbreviations: Mid. Frontal = Middle Frontal
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Brain Region | Coordinates | Z Stat
Precuneus -7, -64, 47 5.30
Precuneus 9, -65, 36 5.18




Table 7.7: Peak Regions of Functional Connectivity with the Left and Right Precuneus

Group Mean/ Left Precuneus Right Precuneus
Difference
Control Mean e Parietal: Precuneus e Frontal: Middle

e Occipital: Cuneus e Parietal: Precuneus

e Sub-lobar: Insula, Claustrum

AD Mean e Frontal: Middle, Medial e Parietal Lobe: Precuneus
e Limbic: Cingulate

e Parietal: Precuneus

DLB Mean e Frontal: Middle e Parietal: Precuneus
e Parietal: Precuneus

e Limbic Lobe: Cingulate Gyrus
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vii.  Primary Visual Cortex
Group Means:

For both the left and right primary visual cortex seeds, controls and DLB
subjects showed a similar pattern of functional connectivity involving a few brain
regions; namely cuneus, lingual gyrus and middle occipital regions (see Figures 7.18a
and 7.19a for controls and Figures 7.18c and 7.19c for DLB subjects). AD subjects
showed functional connectivity with more brain regions for both left and right seeds
compared to control and DLB subjects (Figures 7.18b and 7.19b). Table 7.8 summarises
the brain regions showing significant connectivity.

Group Differences:

There were no significant differences in functional connectivity between groups

in any brain regions.
Summary:
e Left primary visual cortex — No significant differences between groups

e Right primary visual cortex — No significant differences between groups

Summary of Main Findings

In summary, DLB subjects showed greater functional connectivity than controls
for the highest number of seed regions, 6 in total including left and right seeds; bilateral
caudate, left putamen, bilateral thalamus and right posterior cingulate cortex. The AD
group showed greater functional connectivity than controls with 4 seeds; right caudate,
left thalamus, left hippocampus and right posterior cingulate. AD subjects showed
greater connectivity than DLB subjects for the right posterior cingulate, and the DLB
group showed greater connectivity than the AD group for the bilateral putamen. No
brain regions showed greater connectivity in controls compared to AD or DLB subjects.
Tables 7.9 and 7.10 summarise these findings.
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Figure 7.18: Functional Connectivity Maps for the Left Primary Visual Cortex
b) AD Mean

a) Controls Mean

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Cuneus 10, -84, 13 5.88
Cuneus -9,-90, 6 5.87

Brain Region | Coordinates | Z Stat
Cuneus -5,-82, 18 6.26
Cuneus 12, -89, 7 5.67

Lingual Gyrus 17,-58, -1 5.56

Abbreviations: Mid. Temporal = Middle Temporal Gyrus; Sup. Temporal = Superior Temporal Gyrus

Brain Region | Coordinates | Z Stat
Cuneus -3,-85,7 5.66
Cuneus 8, -84, 13 5.56
Lingual 6,-71, -2 5.24

Sup. Temporal | -36,-42, 11 3.89

Insula -35, -35, 22 3.57

Mid. Temporal | -49,-33,0 3.47

Caudate Tail -33,-38, 6 3.45
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Figure 7.19: Functional Connectivity Maps for the Right Primary Visual Cortex
b) AD Mean

a) Controls Mean

Brain Region | Coordinates | Z Stat
Cuneus 10, -87, 7 5.88
Cuneus -11,-79,7 5.43

Abbreviations: Inf. Parietal; Inferior Parietal;
Mid. Occipital = Middle Occipital; Mid.
Temporal = Middle Temporal; Paracent. L =
Paracentral Lobule; Sup. Parietal = Superior
Parietal

¢) DLB Mean

Brain Region | Coordinates | Z Stat
Cuneus 8,-87,7 6.23
Cuneus -11, -85, 7 5.44

Mid. Occipital | -18, -87, 17 5.40
Lingual 12, -89, -4 4.85

Brain Region | Coordinates | Z Stat
Cuneus 13, -74, 8 5.38
Cuneus -7,-88,7 5.30
Lingual 2,-84,2 5.29
Lingual -3,-78, -3 5.01

Insula 30, -19, 25 3.95
Sub-gyral -22, -48, 53 3.70
Caudate Tail -31, -40, 11 3.64
Precuneus -17, -48, 54 3.60
Inf. Parietal -31, -45, 43 3.48
Paracent. L. 11, -34, 50 3.41
Sup. Parietal -22,-62, 47 3.32
Mid. Temporal | -49,-35,0 3.28
Paracent. L -2,-29, 56 3.02
Postcentral 35, -27, 46 2.96
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Table 7.8: Peak Regions of Functional Connectivity with the Left and Right Primary Visual Cortex

Group Mean/

Difference

Left Primary Visual Cortex

Right Primary Visual Cortex

Control Mean

Occipital: Cuneus, Lingual Gyrus

Occipital: Cuneus

AD Mean Occipital: Cuneus, Lingual Gyrus Frontal: Paracentral
Temporal: Superior, Middle, Caudate Tail Occipital Lobe: Cuneus, Lingual Gyrus
Sub-lobar: Insula Sub-lobar: Caudate Tail, Insula
Temporal: Middle
Parietal: Postcentral, Sub-Gyral, Precuneus, Inferior,
Superior
DLB Mean Occipital: Cuneus Occipital: Cuneus, Middle, Lingual Gyrus
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Table 7.9: Summary of the Differences between Groups in Functional Connectivity for Each Seed Region

Group Differences

Seed Con>AD AD > Con Con>DLB DLB > Con AD >DLB DLB>AD
Caudate Nucleus  Left 4
Right v v
Putamen Left v v
Right v
Thalamus Left v v
Right v
Hippocampus Left v
Right
Posterior Cingulate Left
Right v v v
Precuneus Left
Right
Primary Visual Left
Right
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Table 7.10: Summary of the Brain Regions Showing Significant Differences between Groups in Functional Connectivity for Each Seed Region

Seed Group Differences

Head of Caudate Nucleus
Left | DLB > Con: Parahippocampal Gyrus (L), Precuneus (L/R), Posterior Cingulate (R)
Right | AD > Con: Posterior Cingulate (L/R), Precuneus (L), Cuneus (R)
DLB > Con: Posterior Cingulate (L/R), Precuneus (L), Culmen of Vermis (R)

Putamen
Left | DLB > Con: Precentral Gyrus (L), Postcentral Gyrus (L) Inferior Parietal (L)
DLB > AD: Postcentral Gyrus (L) Inferior Parietal (L) Transverse Temporal (L)
Right | DLB >AD: Precentral Gyrus (L), Postcentral Gyrus (L), Inferior Parietal (L)
Thalamus

Left | AD > Con: Precentral and Postcentral Gyrus (R), Inferior Parietal (R)
DLB > Con: Precentral (L/R), Paracentral (R), Inferior Frontal (R), Cingulate (L/R), Insula (R)
Right | DLB > Con: Medial, Superior Frontal (R), Anterior Cingulate (R)
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Table 7.10 (Contd.): Summary of the Brain Regions Showing Significant Differences between Groups in Functional Connectivity for Each

Seed Region

Hippocampus
Left
Right

AD > Con: Inferior Parietal (R), Insula (R)
No significant differences

Posterior Cingulate Cortex
Left
Right

No significant differences

AD > Con: Caudate Head (L/R), Caudate Body (R)

DLB > Con: Cerebellar Tonsil (R), Culmen (R), Globus Pallidus (R), Anterior Cingulate (L)
AD > DLB: Caudate Body (L/R)

Precuneus
Left
Right

No significant differences

No significant differences

Primary Visual Cortex
Left
Right

No significant differences

No significant differences
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Neuropsychiatric Examinations

Clinical Assessment of Fluctuation Scale (CAFS) Score and Functional
Connectivity

The effects of fluctuating cognition on connectivity with the mediodorsal
nucleus of the thalamus were investigated in the DLB group. The thalamus has been
implicated as playing a major role in the maintenance of consciousness (Perry and
Perry, 2004), and at post-mortem increased nicotinic receptor binding in the
mediodorsal nucleus of the thalamus is shown in DLB subjects with disturbances of
consciousness than DLB without and control subjects (Pimlott et al., 2006). It was
therefore expected that DLB subjects with a high CAFS score, indicating greater
severity of fluctuating cognition, would have greater abnormalities in functional
connectivity with the thalamus.

The DLB group was split according to their CAFS score, which ranged from 0
to 16. The mean CAFS score across all subjects (6.7) was used as a cut-off and subjects
grouped as either low or high fluctuators (using the median value would have also
resulted in the same grouping). Eight subjects were classified as low fluctuators (scoring
0-6 on the CAFS) and 7 subjects were classified as high fluctuators (scoring 8-16 on the
CAFS).

There were no significant differences between low (Figure 7.20a for the left seed
and 7.21a for the right seed) and high (Figure 7.20b for the left seed and 7.21b for the
right seed) fluctuator groups in connectivity between the mediodorsal nucleus of the
thalamus and all brain regions, though different patterns of connectivity were visible in
the brain maps. For both the left and right seeds, the low fluctuating DLB subjects
showed connectivity with more brain regions than the high fluctuating group. For both
the left and right seeds, the high fluctuating DLB subjects showed a higher z statistic
score (z statistic = 4.99 and 5.06) for connectivity within the thalamus compared to low

fluctuating group (z statistic = 4.60 and 4.55).
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Figure 7.20: Functional Connectivity Maps for the Left Thalamus in DLB Subjects
Split by Fluctuation Score
a) Low Fluctuators

b) High Fluctuators

Brain Region | Coordinates | Z Stat Brain Region | Coordinates | Z Stat
Insula 40, 10, 17 4,51 Thalamus 6, -30, 2 4.99
Med. Frontal 21, 28, 24 4.38 Thalamus -1,-23,7 458
Cingulate 17,24, 28 4.21 Claustrum 30,9,6 4.53
Med.Frontal -12, 41, 30 4.19 Mid. Frontal 32,43, 4 3.86
Putamen 14,8, 0 4,74 Inf. Frontal 44, 38, 3 3.85
Thalamus -9,-19,8 4.60
Culmen -4, -33, -26 4.36 Abbreviations: A. Cingulate = Anterior
Insula -31,-27, 12 4.27 Cingulate Cortex; Inf. Frontal; Inferior Frontal;
Mid. Frontal -36, 19, 27 4.12 Med. Frontal = Medial Frontal; Mid. Frontal =
Mid. Frontal 36,4,43 | 3.83 Middle Frontal
Precentral 32,-9, 36 2.64

Figure 7.21: Functional Connectivity Maps for the Right Thalamus in DLB
Subjects Split by Fluctuation Score
a) Low Fluctuators

b) High Fluctuators

Brain Region | Coordinates | Z Stat Brain Region | Coordinates | Z Stat
Thalamus -5,-13,3 4.55 Thalamus 4,-21,8 5.06
Thalamus 8,-9, -2 3.95 Thalamus -12,-19, 8 4.83

Mid. Frontal 27,40, 19 3.83 Precentral 49,5, 11 4.10

Med. Frontal 8, 45, 25 3.79 Insula 40, 3,11 4.07

A. Cingulate 12, 27,18 3.49 Inf. Frontal 47,22, 13 3.87

Caudate Tail -36, -29, -4 3.43 Claustrum 29,12, 11 3.35

Med. Frontal -5, 35, 35 3.38




Unified Parkinson’s Disease Rating Scale (UPDRS) and Functional Connectivity

Functional connectivity with the putamen was investigated in the DLB group
based on their scores on the UPDRS. SPECT studies show dopaminergic loss in the
putamen in DLB and Parkinson’s disease compared to AD and controls (O'Brien et al.,
2004a; Walker et al., 2002); therefore it was thought that connectivity with the putamen
could be affected by severity of parkinsonian symptoms.

DLB subjects were split based on their median UPDRS score; 7 subjects scored
< 16 and so were classified in the low group (less severe parkinsonian symptoms) and 8
subjects scored > 19 and so were allocated to the high UPDRS score group. No
significant differences in connectivity with the putamen were found between the low
and high UPDRS scoring DLB subjects. DLB subjects who had a low UPDRS score
showed connectivity with more brain regions for both the left and right seeds (Figures
7.22a and 7.23a) compared to subjects who had a high UPDRS score (Figures 7.22b and
7.23b), though this was not significant. DLB subjects who had a high UPDRS score
showed higher connectivity within the left and right putamen (as demonstrated by the
higher z statistic score of 4.61 and 4.73), compared to the low UPDRS score group (z
statistic score = 4.47 and 3.95).
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Figure 7.22: Functional Connectivity Maps for the Left Putamen in DLB Subjects
Split by UPDRS Score

a) Low UPDRS

b) High UPDRS

Coordinates

Region Z Stat Region Coordinates | Z Stat

Putamen -23,6, -1 4.47 Putamen 29,4,5 4.61
Claustrum -32, -4, -7 4.43 Putamen -25,6, -1 459
Cingulate -13, 10, 37 4.04 Thalamus 14, -4, 10 4.44
Putamen 25,14,1 4.03 Sup.Temp. -51,-5,3 3.85
Caudate Head 12,12,0 4.02 Postcentral -51, -24, 23 3.80
Caudate Head -10, 12, -6 3.90 Precentral -49,0,9 3.67
Insula -29,21,6 3.64 Insula -42,-1, 14 2.78

Inf. Frontal -42,9, 26 3.33

Sup. Frontal -7, 20, 49 3.33

Claustrum 36,-9,4 2.71

Figure 7.23: Functional Connectivity Maps for the Right Putamen in DLB
Subjects Split by UPDRS Score
a) Low UPDRS

b) High UPDRS

Region Coordinates | Z Stat Region Coordinates | Z Stat

Med. Frontal 16, 38, 24 4.14 Putamen 21,5, -6 4.73

Cingulate 15, 31, 29 4.06 Putamen -19,9, -6 4.54
Med. Frontal -9, 26, 44 4.02 A. Cingulate 3,28, 7 3.42
Sup. Frontal 27,33, 30 3.99

Putamen 18,14,0 3.95
Mid. Frontal 25,48, 9 3.64

Claustrum 28,10, 17 3.45

Precentral 47,2,5 3.43

Putamen -23,-1, -2 3.37

Claustrum -36, -5, 3 3.33
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7.6 Discussion

7.6.1 Main Study Findings

This resting-state fMRI study investigated functional connectivity in control,
AD and DLB subjects. The main findings of this study were abnormal functional
connectivity with a number of seed regions in AD and DLB subjects compared to the
control group. This abnormal pattern of connectivity in AD and DLB subjects was
demonstrated by increased, or greater, connectivity than in the control subjects.
Abnormal functional connectivity was most consistently seen in the DLB group with
seeds in the caudate (bilateral), putamen (left), thalamus (bilateral) and posterior
cingulate cortex (right) showing greater functional connectivity than in control subjects.
AD subjects also showed greater connectivity than controls with a number of seed
regions, namely the caudate (right), thalamus (left), hippocampus (left) and posterior
cingulate cortex (right). Between the dementia groups the AD subjects showed greater
connectivity than DLB subjects for the posterior cingulate cortex (right), and the DLB
group showed greater connectivity than the AD group for the putamen (bilateral). The
control group did not show greater connectivity than AD or DLB subjects with any seed
regions.

The brain regions which AD and DLB subjects showed greater connectivity with
than controls were consistent across both the dementia groups and included frontal
(precentral gyrus), limbic (posterior cingulate cortex) and parietal (precuneus, inferior
parietal and postcentral gyrus) regions. Between the dementia groups, the AD group
showed greater connectivity between the posterior cingulate (right) and the body of
caudate (bilateral) compared to DLB subjects. The DLB group showed greater
connectivity between the putamen and frontal (left precentral gyrus), temporal (left
transverse temporal gyrus) and parietal (left inferior parietal and postcentral gyrus)
regions compared to AD subjects. For two seed regions, the precuneus and the primary

visual cortex, there were no significant differences in connectivity between groups.
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7.6.2 Findings in Relation to Hypotheses

It was hypothesised that functional connectivity would be abnormal in DLB
subjects compared to AD and control subjects with seeds placed in the head of caudate
nucleus, putamen, thalamus, posterior cingulate cortex, precuneus and primary visual
cortex. It was also predicted that AD subjects’ connectivity with the hippocampus,
posterior cingulate cortex and precuneus would be abnormal compared to controls, and
connectivity with the hippocampus would also be more affected in AD than DLB
subjects. It was not certain whether abnormalities in the dementia groups would be
characterised by increased or decreased functional connectivity, as some studies have
reported that AD is characterised by increased connectivity whereas others have
reported decreased connectivity. Hypotheses were formed based on findings from
previous structural and functional studies showing abnormalities in these regions in
dementia (see Chapter 4).

I. Head of Caudate Nucleus

It was predicted that DLB subjects would show abnormal connectivity with the
caudate compared to control and AD subjects. This hypothesis was supported by
findings from previous studies showing abnormalities in the caudate nucleus in DLB.
Using SPECT, significantly reduced ligand binding (indicating dopamine transporter
loss) was shown in the caudate in DLB subjects compared to AD and control subjects
(O'Brien et al., 2004a), and diffusion tensor imaging has also shown abnormalities in
the caudate in DLB compared to controls (Bozzali et al., 2005). Therefore, it was
predicted that these abnormalities would affect the functional connectivity with this
region, though a volumetric study has reported no significant differences in caudate
volume between DLB, AD and controls (Almeida et al., 2003b).

The previous study in LLD, demonstrated increased/greater functional
connectivity with the head of caudate nucleus in LLD versus controls (Chapter 5). It has
been shown that depression is more common in DLB than AD subjects (Ballard et al.,
1999) and in support of this the DLB subjects in this study had significantly higher GDS
scores than the AD subjects, indicating greater depression severity. Therefore, it was
expected that the caudate, a basal ganglia structure involved in emotional regulation,
would be more affected in DLB than AD. However, when the DLB group was split
based on median GDS score (splitting subjects using the mean would have given the
same grouping), no significant differences between groups were noted for the left or

right head of caudate nucleus. Though, the lack of statistically significant differences
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between groups is highly likely to be due to the small group size of only 7 and 8
subjects per group.

The results from this study showed that DLB subjects’ connectivity was
abnormally increased compared to controls between the caudate (bilaterally) and brain
regions including the posterior cingulate cortex and precuneus (bilaterally). This is
similar to the findings in the LLD study, where increased caudate connectivity
(bilaterally) was also reported in LLD versus control subjects. Similar to the results for
the DLB subjects, the LLD subjects also showed greater connectivity with the
precuneus (and a number of other regions) compared to controls, and no regions of
greater connectivity in controls versus LLD (see Chapter 5). Connectivity with the right
head of caudate nucleus was more affected in AD than controls, as demonstrated by
increased connectivity, and similar to the results for the DLB subjects this was with the
posterior cingulate cortex and the precuneus (bilaterally). A significant difference in
functional connectivity with the caudate in AD compared to controls had not been
predicted, but in line with the hypothesis the caudate showed more regions of increased
connectivity in DLB versus controls than AD versus controls.

ii.  Putamen

Similar to the hypothesis for the caudate, it was predicted that DLB subjects
would show abnormal connectivity compared to control and AD subjects for the
putamen also. It was hypothesised that this would most likely be characterised by
decreased connectivity in DLB with the putamen, however, similar to the findings for
the caudate, connectivity was increased. DLB subjects showed greater connectivity with
the putamen compared to control (left only) and AD (bilaterally) subjects in similar
brain regions; frontal (precentral), parietal (inferior and postcentral) and temporal
(transverse) areas (all left hemisphere). Abnormally increased connectivity with the
putamen was specific to DLB, with no other groups showing significantly increased
connectivity.

Previous studies have reported abnormalities in the putamen in DLB. A
volumetric study showed significantly decreased putamen volumes in DLB compared to
AD and controls (Cousins et al., 2003). Diffusion tensor imaging has demonstrated
tissue organisation abnormalities in the putamen in DLB compared to controls (Bozzali
et al., 2005) and SPECT studies have shown significant dopamine transporter loss in the
putamen in DLB compared to AD and controls (O'Brien et al., 2004a). These studies
show clearly that the putamen is affected in DLB, and additionally the studies by

Cousins et al. (2003) and O’Brien et al. (2004) show that these abnormalities are
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specific to DLB and enable differentiation from AD (O'Brien et al., 2004a; Cousins et
al., 2003). This is supported also by the findings here, as abnormally increased
functional connectivity with the putamen was only reported in the DLB group.

The results from the investigation of the relationship between the UPDRS score
and putamen functional connectivity in DLB subjects (discussed further later) showed
no significant differences between DLB subjects when split on high or low UPDRS
score. Therefore the increased functional connectivity with the putamen in DLB
subjects cannot solely be explained by the greater severity of motor symptoms in this
disorder. Though as group sizes were small (7 or 8 subjects per group when splitting by
UPDRS), the effect of severity of motor symptoms on connectivity cannot be ruled out.

lii.  Thalamus

It was hypothesised that DLB subjects would show abnormal thalamic
connectivity. This hypothesis was supported by previous studies showing the role of the
thalamus in maintenance of consciousness (Perry and Perry, 2004) and increased
nicotinic receptor binding in the mediodorsal nucleus in DLB subjects with disturbances
of consciousness than DLB without and control subjects at post-mortem (Pimlott et al.,
2006).

Connectivity was found to be increased in DLB subjects compared to controls
between the thalamus (bilaterally) and a number of brain regions including frontal (e.g.
precentral gyrus) and limbic (cingulate) regions (mainly right hemisphere). AD subjects
also showed abnormal connectivity for the left thalamus compared to controls in frontal
(precentral gyrus) and parietal (inferior parietal and postcentral gyrus) regions (all right
hemisphere). The thalamus had not been predicted to be affected in AD, but previous
studies using voxel based morphometry have shown significant grey matter loss in the
thalamus in AD, and also greater loss compared to DLB (Burton et al., 2002). Similar to
the findings in this study for the caudate, connectivity was affected bilaterally in DLB
subjects and unilaterally in AD subjects. This supports the hypothesis for this seed
region in that functional connectivity abnormalities were greater in DLB than AD
subjects.

iv.  Hippocampus

With the hippocampus seed, it was predicted that AD subjects would show
abnormal connectivity compared to controls and DLB subjects. It was not certain
whether abnormal connectivity in AD subjects would be observed as increased or
decreased connectivity as previous studies have reported both functional connectivity

abnormalities in AD subjects. Increased connectivity was found in AD versus control
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subjects between the left hippocampus and inferior parietal and insular regions (right
hemisphere only) in this study. It might have been expected that hippocampal
connectivity would be more likely to be decreased in AD, as many studies have reported
that the hippocampus is affected early in the disease course of AD in terms of
neurofibrillary tangles and neuritic plagues and atrophy (Du et al., 2001; Killiany et al.,
2000; Jack et al., 1997; Jack et al., 1992). However, this finding is consistent with the
findings from this study for other seed regions, in that connectivity was increased with
seeds that were expected to be functioning abnormally in dementia compared to control
subjects. Similarly, others groups have also reported increased connectivity with the left
hippocampus in AD subjects compared to controls (Wang et al., 2006).

It was predicted that there would be no significant difference in connectivity
between DLB and control subjects, and the findings from this study support this
hypothesis. A significant difference in connectivity with the hippocampus between AD
and DLB subjects was also predicted, as studies have shown the hippocampus is more
affected in AD than DLB (Barber et al., 2000), but no differences in hippocampus
functional connectivity were reported between the dementia groups in this study.

v.  Posterior Cingulate Cortex

Connectivity with the posterior cingulate cortex was hypothesised to be
abnormal in dementia subjects compared to controls. The results from this study showed
abnormally increased connectivity with the right posterior cingulate in DLB and AD
subjects compared to controls. A significant difference in connectivity between AD and
DLB subjects was also observed, with AD subjects showing greater connectivity
between the right posterior cingulate and the caudate body (bilaterally). It had been
hypothesised that the posterior cingulate would be more affected in DLB than AD
because of the greater attentional deficits characteristic of DLB (Ballard et al., 2001).
However, it seems that connectivity is more affected in AD than DLB as demonstrated
by the increased connectivity.

The posterior cingulate cortex is a key region of the default mode network
(Raichle et al., 2001). This network has been shown to be more active at rest and has
therefore been proposed to be involved in ongoing, or intrinsic, brain activity, for
example day dreaming (Raichle and Snyder, 2007; Raichle et al., 2001) (see Chapter 2).
The regions showing increased connectivity in AD and DLB compared to controls
included the caudate head and body and the globus pallidus. These are not regions
which have been shown to form part of the default mode network. Therefore it could be

that in dementia, subjects preferentially (aberrantly) connect and show greater activity
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with regions which are not part of the default mode network. This abnormal
connectivity in dementia could therefore compromise activity within the default mode
network regions, for example the medial prefrontal and lateral parietal cortices (Raichle
et al., 2001), and would mean the network may not be functioning as effectively in these
subjects.

The default mode network has been shown to play a role in episodic memory
processing (Greicius et al., 2004). Increased connectivity between a default mode
network region (posterior cingulate) and non-default mode network regions in dementia
compared to controls, and also in AD compared to DLB was reported in this study. This
finding of abnormal default mode network connectivity could be associated with
memory impairment, which is characteristic of AD, and could also explain why
memory structures (e.g. the medial temporal lobe) are more affected in AD than DLB
(Barber et al., 2000). Additionally, studies have localised amyloid beta plaques to
default mode network brain regions in early stage AD (Buckner et al., 2005), providing
further support to explain the prominent memory impairments characteristic of AD. The
default mode network is known to be involved in attending to environmental stimuli
(Gusnard et al., 2001; Raichle et al., 2001), therefore this could be associated with why
abnormalities are observed in the posterior cingulate in DLB compared to controls, as
attentional deficits are characteristic of DLB, and greater than in AD (Ballard et al.,
2001).

These findings in AD and DLB subjects of increased connectivity between the
posterior cingulate and brain regions that are not part of the default mode network
propose that the default mode network is functioning abnormally in dementia, with
greater abnormalities in AD compared to DLB. Previous studies have also reported that
this network is affected in AD (Zhang et al., 2009; Wang et al., 2006; Greicius et al.,
2004). Some studies have reported decreased connectivity (Greicius et al., 2004),
whereas others have reported both increased and decreased connectivity in AD (Zhang
et al., 2009; Wang et al., 2006). Similar to the findings in this study, a task-based study
also reported abnormalities in connectivity in the posterior cingulate in AD and DLB,
but no significant differences between AD and DLB subjects were shown (Sauer et al.,
2006). As will be discussed in greater detail later, it is difficult to directly compare
studies as methods of analysis have varied, Greicius et al. (2004) used independent
component analysis, and the AD subjects in the Wang et al. (2006) study were younger
and had a higher MMSE score than subjects in this study (Wang et al., 2006; Greicius et

al., 2004).
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vi.  Precuneus

For the precuneus it was predicted that both AD and DLB subjects would show
abnormal connectivity compared to control subjects, and additionally DLB subjects
would show abnormalities in connectivity compared to AD subjects. Similar to the
posterior cingulate, the precuneus has been shown to form part of the default mode
network (Raichle et al., 2001) and previous studies in AD have reported reduced
functional connectivity in this region (Zhang et al., 2009; He et al., 2007; Zang et al.,
2004). SPECT studies in DLB report decreased perfusion in the precuneus compared to
AD (Colloby et al., 2002), therefore it was expected that this might be reflected in the
functional connectivity with this region.

No significant differences between groups for connectivity with the precuneus
seed were found in this study. This finding highlights the specificity of the other seed
regions in showing differences in functional connectivity between dementia and control
subjects. Although SPECT studies report decreased perfusion in the precuneus in DLB
(Colloby et al., 2002), it is not certain whether perfusion deficits also affect functional
connectivity. Similar to the results reported here, task-based studies investigating
functional connectivity have reported abnormalities in the posterior cingulate in DLB
and AD, but the precuneus was not shown to be affected in AD or DLB (Sauer et al.,
2006).

vii.  Primary Visual Cortex

For the seed placed in the primary visual cortex, there were no significant
differences in functional connectivity between any of the groups. It was predicted that
connectivity would be normal in AD subjects as vision is not affected in this disorder.
However, in DLB, resting-state SPECT studies have reported decreased perfusion in
DLB compared to AD in the primary visual cortex (Colloby et al., 2002), associated
with the core feature of visual hallucinations in DLB (McKeith et al., 1996). Therefore,
it was thought that this abnormality in DLB subjects may be reflected in the functional
connectivity results for this seed region. However, it could be that in order for DLB
subjects to experience hallucinations their primary visual cortical system needs to be
intact, which would explain why no significant differences were found for this seed
region.

The results here showed that resting-state fMRI measures were able to report
significant differences in functional connectivity in brain regions that had been
hypothesised to be affected in dementia, but also showed no significant differences in

brain regions which had not been expected to be affected, for example the primary
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visual cortex in AD. The findings of no significant differences between groups provides
further support for the differences observed between dementia groups and controls

being of neuronal origin and not related to non-neuronal fluctuations or artefact.

Neuropsychiatric Measures

Within the DLB group, the relationship between scores on neuropsychiatric
measures and functional connectivity were investigated. DLB subjects with a higher
burden of neuropsychiatric features and cognitive impairments were hypothesised to
display greater abnormalities in functional connectivity. Scores for cognitive
fluctuations (clinical assessment of fluctuation scale [CAFS]) and severity of motor
features of Parkinson’s (unified Parkinson’s disease rating scale [UPDRS]) were used to
split the DLB group. No statistically significant differences between groups were
reported, but visibly differences in the functional connectivity maps did seem evident.

The DLB subjects who had a high score on the CAFS (to measure fluctuating
cognition) showed greater connectivity within the thalamus (bilaterally), as indicated by
a higher z statistic score, compared to the low fluctuating cognition group, though this
was not significant. The low fluctuating DLB subjects showed connectivity with more
brain regions than the high fluctuating DLB subjects, though this was also not
significant.

The thalamus has been implicated as playing a major role in the maintenance of
consciousness (Perry and Perry, 2004). The group showing high fluctuating cognition
was therefore expected to have greater abnormalities in functional connectivity than the
low fluctuating group. However, no significant differences in functional connectivity
between groups were found, but as the number of subjects in each group was low this
would have made it difficult for results to reach significance.

Functional connectivity results with the putamen based on UPDRS scores
showed similar results to the thalamus functional connectivity based on CAFS score.
DLB subjects who had a low score (i.e. less severe parkinsonian symptoms) appeared to
have connectivity with more brain regions compared to subjects who had a high
UPDRS score. It could be that connectivity between distinct brain regions is important
in preventing the development of parkinsonian symptoms in DLB, and due to the lack
of connectivity in the high UPDRS score group the putamen is overly active and so
shows a larger cluster of activity (as demonstrated by the higher z statistic score for the

putamen in this group).
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In support of this, a study by Wu et al. (2010) investigating functional
connectivity in Parkinson’s disease, showed that during the resting-state, subjects with
Parkinson’s disease show significantly decreased connectivity with the left putamen and
this decreased connectivity was thought to be associated with difficulty initiating
movements in this disorder (Wu et al., 2010). A study by Cousins et al. (2003) which
reported reduced putamen volume in DLB, also found no direct correlation between the
degree of volume loss and severity of parkinsonism (Cousins et al., 2003). The number
of DLB subjects in the Cousins et al. (2003) study (n=14) was similar to this study
(n=15).

In summary, although the connectivity maps appeared different between the
DLB groups split on neuropsychiatric measures no significant differences between
groups was reported. The lack of significant differences between groups is likely to be
due to the sample size of only 7 or 8 subjects per group being too low for significance to

be reached.

7.6.3 Findings in Relation to other Studies

Previous studies have reported some similar results to our findings. A study by
Zhang et al. (2009), also using a seed-based correlation approach, reported increased
functional connectivity in AD subjects compared to controls, which was also reported in
this study. Specifically, Zhang et al. (2009) reported increased connectivity between the
posterior cingulate and the left basal ganglia and similarly this study also showed
increased connectivity between the posterior cingulate (right) and left head of caudate
nucleus in AD compared to control subjects. However, Zhang et al. (2009) also reported
decreased connectivity in AD versus controls, for example between the posterior
cingulate and the precuneus. In contrast, in this present study, no regions of greater
connectivity were found in control versus AD subjects. The connectivity maps in AD
subjects for the left precuneus did appear to show less connectivity than controls,
though this was not significant. In contrast to this study, Zhang et al. (2009) used a tool
to overlay the whole posterior cingulate, whereas in this study seeds of 4 voxels were
manually placed in both the left and right regions. Zhang et al. (2009) also did not
include covariates of no interest (for example a global signal mask or white matter
seeds) to correct for non-neuronal fluctuations, as this study did. The AD and control

subjects were younger in the Zhang et al. (2009) study (72 and 71 years respectively),
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compared to this study (77 and 76 years respectively), and the AD subjects had a
slightly higher mean MMSE score (23.0 versus 21.1 in this study) (Zhang et al., 2009).

An early resting-state fMRI study by Li et al. (2002) reported significantly lower
connectivity within the hippocampus in AD compared to control subjects. Contrary to
the Li et al. (2002) study, this study showed increased connectivity between the left
hippocampus and right inferior parietal and insula regions in AD compared to controls,
and no regions of greater connectivity in controls compared to either of the dementia
groups. The study by Li et al. (2002) used a different method and analysis approach to
this study; therefore it is difficult to directly compare study findings. Li et al. (2002)
measured the correlation between pairs of voxels within the hippocampus only, whereas
in this study correlations between the hippocampus and all other brain regions were
investigated. Li et al. (2002) did not include pre-processing steps of temporal filtering,
for example, to remove non-neuronally related fluctuations, whereas the data in this
study was band-pass filtered. Also, subjects were younger in the Li et al. (2002) study
(controls mean age = 70 years and AD subjects mean age = 72 years) compared to this
study, and although MMSE scores were measured they were not considered a factor for
exclusion in the AD group, which could explain some of the differences reported (Li et
al., 2002).

Others have also reported similar findings to Li et al. (2002) of reduced
connectivity within/between the hippocampus and other brain regions. Wang et al.
(2006) showed reduced connectivity between the right hippocampus and several brain
regions, including limbic and temporal regions. However, similar to this study they also
reported increased connectivity in AD, specifically between the left hippocampus and
right dorsolateral prefrontal cortex. The Wang et al. (2006) study also used a seed-based
correlation analysis approach, but in contrast to this study they used the whole region,
whereas in this study 4 voxels were placed within the hippocampus. They also did not
include covariates of no interest to correct for spurious fluctuations, as were included in
this study. In comparison to the subjects in this study, the subjects in the Wang et al.
(2006) study were younger (mean age 70 years) and the AD subjects were less
cognitively impaired (MMSE score of 23.1 versus 21.1 in this study) (Wang et al.,
2006).

A study by Allen et al. (2007) showed that in control subjects the hippocampus
(bilaterally) had extensive connectivity between frontal, parietal, occipital and temporal
regions, whereas in AD a more restricted pattern was seen, and an absence of

connectivity with the frontal lobes (Allen et al., 2007). Similar to Allen et al. (2007) this
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study found a more restricted pattern of connectivity in the AD group compared to
controls for the right hippocampus. In this study, controls showed connectivity with
sub-lobar and occipital regions which were not present in the AD group, though this
was not found to be significant. Some of the methods used in the study reported here
and the Allen et al. (2007) study were similar as they investigated connectivity with left
and right hippocampi separately and placed seeds within the hippocampus, rather than
using the whole region. However, the seeds Allen et al. (2007) placed were larger and
the method of placing was different; 5 contiguous voxels, whereas in this study 4 voxels
were placed in a 2 by 2 arrangement. Additionally, in contrast to this study, Allen et al.
(2007) did not correct for global signal, and global signal correction has been shown to
decrease false correlations in the data (Allen et al., 2007).

Increases in functional connectivity in AD were also reported by Wang et al.
(2007) using an anatomic parcellation of the whole brain. In AD, they reported
increased connectivity in similar regions to where this study reported increased
connectivity in AD, namely the caudate, thalamus, hippocampus, precuneus, lingual and
postcentral gyrus. Though, in contrast to the study here, Wang et al. (2007) also
reported decreased connectivity in AD versus control subjects between prefrontal and
parietal lobes, however as whole lobe connectivity was not investigated in this study it
is difficult to compare their findings with this study. Additionally, Wang et al. (2007)
reported decreased connectivity with the posterior cingulate cortex, a region where this
study showed increased connectivity (Wang et al., 2007). The subjects in the Wang et
al. (2007) study were younger (mean age of 70 years), and the AD subjects had a higher
mean MMSE score (23.1). Wang et al. (2007) also averaged the time-series over all
brain voxels within a brain region, whereas in this study the mean time-series in the
seed region only was used, for example 4 voxels. Similar to the study reported here,
Wang et al. (2007) followed the pre-processing steps from the Fox et al. (2005) study
(Wang et al., 2007; Fox et al., 2005).

Comparable with the findings reported here, He et al. (2007) showed increased
connectivity in AD subjects in the cuneus, lingual and fusiform gyrus, which were all
regions where this study reported increased functional connectivity in AD compared to
control subjects. In contrast, He et al. (2007) reported decreased connectivity in the
posterior cingulate and precuneus in AD, which this study did not find (He et al., 2007).
The method of analysis used by He et al. (2007) was different to this study. He et al
(2007) used a model-free approach, regional homogeneity, which measures the time-

series of a specific voxel and correlates this with its nearest neighbours. Additionally,
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subjects were younger (mean age of 70 years) and AD subjects were less cognitively
impaired (mean MMSE score of 23.2) (He et al., 2007). Other groups have also reported
decreased posterior cingulate cortex connectivity in AD compared to controls (Gili et
al., 2010; Greicius et al., 2004). In contrast to this study, Gili et al. (2010) and Greicius
et al. (2004) both used model-free approaches of independent component analysis, the
subjects in the Gili et al. (2010) study were younger (controls mean age = 64 years and
AD subjects mean age = 72 years) and the Greicius et al. (2004) study was in subjects
with very mild or mild dementia (Gili et al., 2010; Greicius et al., 2004).

There have been no resting-state studies in DLB published to date. However, a
task-based study in DLB, AD and control subjects showed significantly greater activity
in the superior temporal sulcus in DLB compared to AD (Sauer et al., 2006). Consistent
with the Sauer et al. (2006) finding, this study also reported increased connectivity in
DLB compared to AD in temporal regions (between the left putamen seed and the left
transverse temporal gyrus). Sauer et al. (2006) reported that the default mode network
was more affected in DLB and AD compared to control subjects. Task-related
deactivations of a default mode network region, the posterior cingulate cortex, were
found to be significantly decreased in DLB and AD compared to controls (Sauer et al.,
2006). This could be linked with the finding in this study of increased connectivity with
the posterior cingulate in AD and DLB at rest, as mechanisms to suppress this resting-
state network when it is not required in the task state may be inhibited, therefore the
network remains abnormally increased in dementia. The mean age of subjects in the AD
and DLB groups in the Sauer et al. (2006) study was similar to this study (78 years),
though the control group was younger, mean age of 71 years, versus 76 years in this
study. The dementia subjects in this study were also more cognitively impaired
compared to the Sauer et al. (2006) study. In the Sauer et al. (2006) study, AD subjects
showed a mean MMSE score of 22.9 (versus 21.1 in this study) and DLB subjects a
mean MMSE score of 23.7 (versus 19.5 in this study) (Sauer et al., 2006).

It is difficult to directly compare findings between studies as there can be great
variation, as discussed above, in subject age, stage of dementia and the methods used to
analyse the data, for example. Some studies have used model-based approaches of seed-
based correlation analysis, whereas others have used model-free methods of
independent component analysis and additionally other model-free methods have also
been used in dementia studies, e.g. regional homogeneity. Even between studies using
the same methods, for example seed-based correlation analysis, there can be great

variation in methodology, i.e. some will filter out spurious fluctuations and include
187



covariates of no interest, whereas others will not include these additional pre-processing

steps.

7.6.4 Summary

This study, in general, reported abnormal functional connectivity with the seed
regions that had been predicted to be more affected in DLB and AD subjects compared
to controls. Abnormal connectivity was characterised by increased, or greater,
connectivity in the dementia subjects compared to controls. Similarly, other resting-
state fMRI studies have also reported increased connectivity in AD compared to
controls (Zhang et al., 2009; He et al., 2007; Wang et al., 2007; Wang et al., 2006). The
findings from this study support the compensatory recruitment hypothesis which has
previously been proposed by other studies (Zhang et al., 2009; Wang et al., 2007). Brain
regions which are not affected in dementia could be recruited to compensate for the
poor functioning of regions which are affected by the disorder, for example temporal
brain regions in AD subjects. Hence, when a seed is placed in a brain region which is
not affected in dementia increased connectivity is observed, as the circuits that this seed
forms connections with are increasing their activity to compensate for damage
elsewhere.

Another possibility may be that there is a loss of an inhibitory function in
dementia, needed to suppress certain brain regions. At rest, regions which are not
needed for normal brain functioning are active in dementia because of an abnormality in
inhibitory mechanisms, consequently there is no control over regions which are not
needed at the time. Therefore, increases in connectivity in dementia subjects compared
to healthy controls are observed.

Seeds placed in the precuneus and the primary visual cortex showed no
significant differences between groups in terms of connectivity. This highlights the
specificity of functional connectivity measures and the importance of seed region
selection, i.e. resting-state functional connectivity is not abnormal in all brain regions in
dementia. Additionally, the findings here emphasise the accuracy of functional
connectivity measures as regions which had been hypothesised to show no significant
differences between groups, for example the primary visual cortex (in AD versus
control subjects) and the hippocampus (in DLB versus control subjects) did not
demonstrate significant differences. Importantly, this study showed significant

differences between the dementia groups, which proposes that certain brain regions are
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more affected in AD than DLB, and in DLB than AD, which may aid in greater
understanding of the neurobiology of the 2 disorders.

7.6.5 Strengths and Limitations

Strengths of this study are that the AD and DLB groups were subject to full and
careful clinical and cognitive assessment and rigorous diagnosis by two independent
experienced clinicians (independent of the consultant making the initial clinical
diagnosis). Groups were well matched in terms of subject numbers, gender and age. The
model-based analysis method used in this study enabled the investigation of the
correlation of SLFs between seed regions and all other brain regions based on an a
priori hypothesis to select the seed region. In this study, the hypotheses were based on
findings from previous studies showing these regions to be functioning abnormally
and/or atrophied in DLB and/or AD compared to control subjects. In contrast, some
other studies in AD have only looked at correlations between specific seed regions, or
just one seed and the rest of the brain (generally the hippocampus or posterior cingulate
cortex in AD), or investigated connectivity within a seed region, thus potentially
missing important changes elsewhere in the brain. Other studies have used model-free
methods where no prior hypothesis is required and all connectivity can be searched for.
The seed regions investigated in this study were all placed manually by the author. This
has the advantage over automated methods as the seed placing is less likely to be
affected by differences in atrophy between subjects.

Resting-state studies benefit from simplicity of experimental design and no task
has to be practised or performed, which means they are advantageous in cognitively
impaired patient groups for whom it may be more difficult to adhere to a task.
Therefore, patient compliance and tolerance is generally high and subject head motion
is reduced.

Limitations of this study are that model-based techniques are biased by the
choice of seed region and so functional connectivities of interest can be missed if they
do not show connectivity with the seed. Model-free methods do not require predefined
seeds or a temporal model, though, the lack of specificity of model-free approaches
means that results can be hard to interpret. In this study, subjects’ images were
registered to a mean template (comprised from all study subjects functional data),
however, as atrophy has been shown to be significantly higher in dementia subjects

compared to controls (O'Brien et al., 2001), for future work it may be more accurate to
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have a mean brain template for each patient group. The number of subjects in each
group was relatively small in this study and this could have affected the differences seen
between groups, with larger numbers of subjects in each group more/greater significant
differences between groups may have been observed. However, other resting-state fMRI
studies have also had comparable numbers, for example the study by Zhang et al.
(2009) investigated 16 AD and 16 control subjects (Zhang et al., 2009), whereas others
have had fewer subjects, Li et al. (2002); 10 AD and 9 controls (Li et al., 2002), and
Gili et al. (2010); 11 AD and 10 controls (Gili et al., 2010).

Fluctuations unrelated to neuronal activity have been shown to influence resting-
state data, for example cardiac (Chang and Glover, 2009) and respiratory (Birn et al.,
2006; Wise et al., 2004) related signals. These fluctuations have been shown to correlate
in grey matter brain regions and as they are of non-neuronal origin they are not of
interest in functional connectivity analysis (see Chapter 6 for more detail). In this study,
it was aimed to correct for these spurious fluctuations by carrying out additional pre-
processing and regression steps which can be incorporated within the model-based
analysis. Resting-state is difficult to control, as between subjects it can vary greatly
depending on how active a subjects’ brain is at rest and what the subject is thinking at
the time of scanning. Additionally, as there is no definitive diagnosis for AD and DLB,
subject groups cannot be confirmed until autopsy; however subjects in this study met
consensus criteria guidelines for AD and DLB which have previously been shown to

have good sensitivity.

190



7.7 Conclusion

In conclusion, the main findings of this study were of significantly increased, or
greater, functional connectivity in AD and DLB compared to control subjects, with
greatest functional connectivity generally reported in the DLB group. DLB subjects
showed greater connectivity than controls with seed regions placed in the head of
caudate nucleus (bilateral), putamen (left), thalamus (bilateral) and posterior cingulate
cortex (right). AD subjects showed greater connectivity than controls for the caudate
(right), thalamus (left), hippocampus (left) and posterior cingulate (right). Control
subjects did not show greater connectivity with any seed region compared to AD or
DLB subjects. Significant differences between the AD and DLB groups in functional
connectivity were also found. Specifically, the AD group showed significantly greater
connectivity compared to DLB subjects with the posterior cingulate (right), and DLB
subjects showed greater connectivity with the putamen (bilateral). These findings may
aid in greater understanding of the neurobiology of AD and DLB, which could assist in
differentiation of the disorders that commonly show similar characteristics but require
different management. Further studies are needed to replicate these findings and
additionally to make the methodology more consistent between studies. Chapter 8 of
this thesis will discuss this in more detail.
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Chapter 8

Summary

8.1  Main Findings

This research used novel magnetic resonance imaging (MRI) approaches to
investigate functional connectivity between key brain regions affected by the two most
common psychiatric disorders in late-life; depression and dementia, specifically
Alzheimer’s disease (AD) and dementia with Lewy bodies (DLB). Using functional
MRI (fMRI), spontaneous low-frequency fluctuations (SLFs) in the blood oxygen level
dependent (BOLD) signal were measured whilst subjects rested in the scanner. BOLD
fMRI enables the measurement of neuronal activation through its coupling with the
haemodynamic response (cerebral blood flow, volume and metabolism rate of oxygen).
The mean BOLD signal time-series of SLFs in seed regions were cross-correlated with
all other brain voxels to measure functional connectivity. The seed regions used in this
research had previously been identified in neuroimaging studies as functioning
abnormally in depression and dementia. SLFs represent synchronisation of neuronal
activity; therefore differences between subjects reflect differences in the underlying
networks.

The main aims of this work were to determine neurobiological changes in late-
life depression (LLD), AD and DLB, in order to better understand brain dysfunction in
these disorders. In turn it is hoped that this will inform the development of early
diagnostic methods and more effective treatments to improve patient management. It is
difficult to distinguish between early stage AD and DLB, both requiring different
treatment strategies, and it was hoped this study would provide a differential diagnosis

in these cases.

Functional Connectivity in Late-Life Depression

In the first resting-state study reported here (Chapter 5); functional connectivity
between the head of caudate nucleus and all other brain regions was investigated in
subjects with LLD and controls. This study showed significant functional connectivity
between the head of caudate and frontal areas in controls, whereas in LLD, connectivity

was observed over a much wider area. Significantly greater functional connectivity in
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LLD compared to controls was demonstrated bilaterally with the head of caudate
nucleus and a number of brain regions; frontal, sub-lobar, limbic, parietal and temporal.
Conversely, no brain regions showed greater connectivity in controls than LLD.
Additionally, depression severity was found to correlate with increased functional
connectivity for the left caudate nucleus.

This study demonstrated that LLD is characterised by widespread functional
connectivity with a seed region in the head of caudate nucleus, whereas in controls
connectivity was frontally coordinated. These findings could be used to inform more
effective treatments in LLD which target specific brain regions where significantly
greater functional connectivity abnormalities are reported in LLD versus control
subjects. This study confirmed findings from previous structural studies showing
caudate abnormalities in LLD (Butters et al., 2009), which provides further support that

specific brain regions could be more affected in LLD than early-onset depression.

Pre-Processing Methodology

The next step was to apply the same methodology to a resting-state study
investigating functional connectivity in dementia subjects; however a pattern of global
synchronicity was observed in some subjects, not previously seen in the LLD study.
This global synchronicity is thought to be caused by spurious fluctuations, unrelated to
neuronal activity, for example physiological artefacts (respiratory and cardiac related).
Fluctuations from non-neuronal processes can introduce coherences in the data and
increase the connectivity observed, as they have been shown to be localised to grey
matter brain regions (Birn et al., 2006).

Over recent years, studies have reported methods to correct for spurious
fluctuations, in order for connectivity of neuronal origin only to be investigated. These
methods were investigated in detail (Chapter 6). Additional steps of pre-processing of
the functional data, for example filtering, and including covariates of no interest in the
regression analysis were shown to improve the accuracy of the data by removing
patterns of global synchronicity related to non-neuronal signals. A method was agreed
on (Fox et al., 2005) which was shown to filter out spurious fluctuations from the
dementia data and which has been applied in many other resting-state studies (in
younger and older subjects), and specifically in Alzheimer’s disease (Wang et al.,

2007), therefore the method was highly applicable to the data here.
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Functional Connectivity in Dementia

The second resting-state study investigated functional connectivity in AD, DLB
and control subjects (Chapter 7). Seed regions were placed in the head of caudate
nucleus, thalamus, putamen, hippocampus, posterior cingulate cortex, precuneus and
primary visual cortex. The approach used here involved additional pre-processing steps
to correct for non-neuronally related SLFs, informed by the work carried out in Chapter
6. This resting-state study demonstrated significantly increased connectivity in AD and
DLB subjects compared to controls with a number of seed regions; caudate, putamen
(DLB group only), thalamus, hippocampus (AD group only) and posterior cingulate
cortex. The AD group demonstrated greater functional connectivity than the DLB group
with the seed placed in the posterior cingulate cortex and the DLB group showed greater
functional connectivity than the AD group with the putamen. No brain regions showed
significantly greater connectivity in the control group compared to the AD or DLB
groups.

The findings from this study identified different patterns of connectivity
between dementia subjects and controls with a number of seed regions. Specific brain
regions which were more affected in AD compared to DLB were identified, and vice
versa. The posterior cingulate cortex, which forms part of the default mode network,
was more affected in AD compared to DLB and this network has been shown to be
involved in memory processing (Greicius et al., 2004), and therefore abnormalities here
may be associated with memory impairments in AD. The putamen was more affected in
DLB compared to AD and controls and this structure has previously been associated
with the motor features of parkinsonism (O'Brien et al., 2004a).

The results from this study may be used to differentiate between the disorders,
as opposed to clinical symptoms which can greatly overlap, and consequently could
inform therapeutic management of dementia by specific targeting of these brain regions.
No significant differences were found between groups for connectivity with the primary
visual cortex. This region was not expected to be functioning abnormally in AD, thus
highlighting the sensitivity of functional connectivity measures in reporting differences

between groups in brain regions which are functioning abnormally in dementia.
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8.2  Strengths and Limitations

Subject Groups

The control and patient groups in this study were well matched in terms of
subject numbers, age and gender and they had full and careful clinical and cognitive
assessments. Ideally, subject group size could have been larger; however the number of
subjects in each group matched, or was greater than, other recent BOLD fMRI studies.
The subjects in this study were not medication free and therefore we cannot rule out the
effect this may have on the functional connectivity results. However, the recruitment of
a depression or dementia cohort who were medication free would be very difficult.
Although there is no definitive diagnosis for AD and DLB, subjects in this study
matched diagnostic criteria which have previously been shown to have good sensitivity.
Resting-State fMRI

Resting-state fMRI measures are advantageous because the scanning time is
short and no task has to be practised or performed. This means that subject head motion
is reduced and compliance is generally high. Resting-state is therefore an ideal
application in older subjects and particularly cognitively impaired subjects who may
find it more difficult to carry out a task whilst in the scanner. Between subjects, resting-
state activity can vary depending on how active the subjects’ brain is at rest. However,
in comparison to task-based studies, where there can be a great difference within a
subject group on task performance, resting-state enables more accurate comparisons.
Also, resting-state studies enable stronger comparisons with other studies, as between
different task-based studies there can great variability in the experimental set-up of the
task, for example.
Analysis Methods

A model-based approach of seed-based correlation analysis was used to measure
functional connectivity in this study. This meant that we had a prior hypothesis on
which seed regions to investigate based on findings from previous neuroimaging
studies. In contrast, other studies apply model-free approaches with no prior hypothesis
which means any correlation can be searched for with no sound background knowledge
on which brain region to investigate (Sorg et al., 2007). The disadvantage of seed-based
correlation analysis is that the connectivity observed can be biased by the seed region
selected; however in the studies here, functional connectivity was investigated with all
brain voxels in order to reduce this bias. In this study, seed regions were placed

manually and by a single investigator. Other studies have used automated tools which
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overlay the whole brain region under investigation (Wang et al., 2007). Older subjects,
and dementia subjects in particular, are known to have greater brain atrophy (and
atrophy varies between subjects) (O'Brien et al., 2001), therefore automated methods of
region of interest placing can lead to inaccuracies and the seed region may overlap with
the cerebrospinal fluid. In this study, connectivity with the left and right seeds was
investigated separately. Other groups have investigated connectivity with bilateral
regions only (Zhang et al., 2009); however studies have reported differences in
functional connectivity with a left seed versus a right seed in the same brain region
(Wang et al., 2006). Therefore, investigating the region bilaterally could result in these
differences being missed.

For registration, and to enable group comparisons and anatomical localisation, a
standard space brain template was used which was the mean of all study subjects’
functional images. This was used to take into account the greater atrophy in older
subjects and patient groups, as a standard brain template is based on younger subjects
with less brain atrophy. For future work it may be more accurate to use group specific
templates which would take into account the greater atrophy in patient groups versus
controls.

Spurious fluctuations, unrelated to neuronal activity, were removed from the
dementia data by additional filtering steps and regression of seed regions. These
methods were found to improve the accuracy of the dementia data for the investigation
of connectivity between grey matter regions only. The methodology between studies
has been shown to vary greatly which makes it difficult to compare studies directly. In
the LLD study reported here, high-pass filtering was included in the analysis, but
regression for global or white matter signal was not carried out. Therefore, the effects of
additional pre-processing steps on this data are not known, though global synchronicity
had not been observed in these subjects. Some studies do not recommend global signal
correction, as it has been shown to introduce anti-correlations in the data (Murphy et al.,
2009). However, in this work, brain voxels which were showing a positive correlation
with the seed under investigation were only measured. It is clear that consistent
methodology for the analysis of resting-state data is required to enable studies to be
directly compared and in order to be certain that only BOLD signal fluctuations of
neuronal origin are investigated. Ideally, if cardiac and respiratory activity are
monitored at the time of scanning, these signals can then be subsequently regressed out

of the data using model-based approaches (Chang and Glover, 2009; Birn et al., 2008).
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8.3 Future Work

A key observation from this research has been the lack of consistent
methodology between resting-state studies. For example, between studies there can be
great variability in the filtering and regression steps, whether model-based or model-free
methods of analysis are used, and within model-based approaches if connectivity is
investigated between specific seeds or with the whole brain. Therefore, for future
research, greater consistency in the methodology is required to enable direct
comparisons between studies and the certainty that the connectivity being measured is
of neuronal origin only. The investigation of resting-state activity is a relatively recent
method of research, however as there has been a rapid increase in this research area over
the past few years, it seems clear that greater consistency in the methodological
approaches could soon be achieved.

For future research it would be interesting to perform longitudinal studies to
investigate the effects of atrophy on functional connectivity. The aim would be to
determine whether increased atrophy causes functional connectivity abnormalities, or
whether functional connectivity abnormalities actually precede atrophy and are
therefore a more useful early stage marker of dementia. It is not known whether
functional connectivity abnormalities in patient groups are directly linked with greater
brain atrophy in these regions. However, if this was the case it would probably be
expected that connectivity would be reduced due to volume decreases rather than
increased as is reported here. Further studies may help to inform whether neuroimaging
methods are a stronger measure of brain dysfunction rather than performance on
cognitive tests, as patients may develop a plasticity to perform well on these tests and so
scores may not truly reflect the underlying brain dysfunction.

In the LLD study, it was shown that mood state affected functional connectivity,
which supports the theory that structural changes are not the only explanation for
functional connectivity abnormalities. In future studies in depression it would be
important to take into account the mood state of individuals and ideally image subjects
when depressed and also when they have recovered to investigate which functional
connectivity differences are state related and which are trait related.

Of particular importance may be the investigation of functional connectivity in
subjects with mild dementia symptoms, i.e. mild cognitive impairment. This would
enable the investigation of potential functional connectivity abnormalities early in the

course of the disease, where treatment effects would be greater and also progression
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could be more easily monitored. The drawback of this approach would be that not all
mild cognitive impairment subjects go on to develop dementia (Ritchie et al., 2001).

It would be interesting to investigate other imaging measures of brain
connectivity on this data, for example diffusion tensor imaging. Areas identified as
functioning abnormally from this work could be used as start and end points in fibre
tractography analysis to investigate the functioning of white matter tracts in depression
and dementia. Diffusion tensor imaging also enables the investigation of the diffusion of
water by measuring the fractional anisotropy, which can be used to measure the
tendency of water to move in a single direction, and has previously been shown to be
decreased (i.e. showing there are barriers to the diffusion of water) in DLB (Firbank et
al., 2007). The main aims of this work would be to see if findings could be linked with

the functional connectivity abnormalities found in depression and dementia.

8.4 Conclusion

This study has demonstrated the feasibility of using resting BOLD to study
functional connectivity in depression and dementia and has demonstrated different
patterns of abnormalities in LLD, DLB and AD. Across the patient groups, abnormal
connectivity was characterised by increased, or greater, connectivity between seed
regions and the rest of the brain compared to control subjects. In both studies the control
group did not show significantly greater connectivity than any of the patient groups with

any seed regions.
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Appendix A

FSL Tool Methodology

Appendices

e FSLView: To place region of interest

BET brain extraction

SUSAMN noise reduction

F&5T Segmentation

FLIRT linear registration

FEAT FRREI analysis

MELODIC T4

FDOT diffusion

FOSSUM MRI simulator

FaLYiew

Mise | i | Help

1) Load FSLView

2) Click File — Open — Select file — Open fMRI
image file (already brain extracted)

3) Using movie mode the subjects’ scans were viewed
and commented on for motion and image quality.

4) Click File — Create mask — Create as 4D image
5) For the placing of the head of caudate nucleus seed:
The head of caudate was located in the axial view. The
magnification tool was used and the +/- tab to click
through the slices. Using the pen function 2x2 voxels
were placed on the most inferior slice where caudate
and putamen were separated by internal capsule.

6) The left seed was placed first and saved. The left
seed was then erased and the right seed drawn and
saved. Note: Radiological orientation, i.e. right side of
the screen is the left seed.

7) The rater was blinded to subject groups as the files

were re-numbered by a colleague.
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e Fslmeants: To extract the time-series

Use command line, change directory to the directory that contains the seed mask file.

Run fslmeants

Type: fsimeants —i <input file> -0 <output file> -m <mask file>

-i = functional scan (brain.nii.gz file), -o = plain text document, -m = left/right seed

Note: Extract time-series for left and right seed separately

e FEAT: First level fMRI analysis (model-based)

BET brain extraction

SUSAN noise reduction

FLIRT linear registration

|
|

FAST Segmentation | 1) Open terminal window and type ‘FSL’
|

CFERT PR anaye s S 2) Click on FEAT FMRI analysis

MELODIC ICTA

FODT diffusion

|
|
POSSUM MRI simulator |
|
|

FSLWiew
Misc | Ext | Help
FEAT - FMRI Expert Analysis Tool v5.92

Output directory | f=| \
Total volumes ID E Delete volumes IIJ =

TR(5) (3.0 3  High passﬂ|tercutofr(s)|1uu =

Go Save Load Exit Hep | utis |
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3) Select First-level analysis

/ and full analysis
First-level analysis — | Full analysis — |

4) Select 4D data (.nii.gz

Mo Data | pro-stats| stats | P"SHMW file) — total volumes will
Numberofinputs|1 ﬂ Select4Ddata|

change automatically, 128
for most of our data

6) Select output directory
(default will be 4D data
folder entered)

7) High pass filter cut-off —
increase to 125 s



EAT - FMRI Expert Analysis Tool v5.92

First-level analysis —-| Full analysis —-|

Misc | Data Pre-stats | Stats | Post-stats | Registration |

Motion correction:  MCFLIRT —-|

BO unwarping |

Slice timing correction:  Mone —-|

BET hrain extraction _J

Spatial smoothing FWHR (mm) |3 i‘
Intensity normalization g

Temporal filtering

MELODIC ICA data exploration ™

Perfusion subtraction | Highpass [~ Lowpass |

_ 8) Motion correction —on
9) BET brain extraction —
switch off as carried out
already
10) Highpass filter — on
11) MELODIC ICA data

Save Load Exit Help |

exploration — on
utils |

@ FEAT - FMRI Expert Analysis Tool v5.92

SEIE

First-level analysis —-| Full analysis —-|

Misc | Data| Prestats Stats | Post-stats | Registration |

I~ Use FILKM prewhitening

I &dd motion parameters to modeal

Model setup wizard |

Full madel setup |

12) FILM prewhitening —

on

-| 13) Full model setup (GLM
window opens)
Basic shape: Custom (1

entry per volume)

, Filename: Enter the time-

Exit

series (.txt file extracted

Util/

= General Linear Model =

EVs | Contrasts & F-tests |

Muriber of atiginal EVs |1 3
0]
EW name I

Basic shape: Custom (1 entry per volume) —-|

Filenarme | =]

cConvaolution:  Mone  — | /

I~ Add temporal derivative

I~ Apply temparal filtering

Views design Efficiency
—
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previously using fsimeants)
Note: enter left and right

seed time-series separately

14) Convolution: None
15) Click Done — model
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@ FEAT - FMRI Expert Analysis Tool v5.92 =13

First-level analysis —-| Full analysis —-|

Misc | Datal Pre-statsl Stats Post-stats | Registrationl

Pre-threshold masking] = 16) Default settings for

- Thresholding thresholds used (z statistic>2.3

Cluster _-| ZthreshuldlZ.S gn:|usterpthreshu|d|n_05 =
and p<0.05).
Contrast masking |

— Rendering

Use actual £ min/mas —-| Transparent blobs —-|

Go Save | Load | Exit | Help | Utilsl

First-level analysis —-| Full analysis —-|

17) Registration to the

Misc | Data| Pre-stats| Stats| Post-stats Registration | standard space EPI template

1 Initial structural image in SPM was carried out

1 Main structural image
Standard space

|Iusn’lncalfsmeHemplatestF'l.nii gl

Linear Mormal search — | 12 DOF —-|

18) Click ‘Go’
The above steps were

repeated for all subjects.

@ Save Load Exit Help | Litils |

Once all above analysis steps

Standard space were complete, registration
|fmnt-’storagefData.-’FEATaner_Subjeu:t_Speciﬂu:_TempIa gl

only was selected to register

Linear Mormal search — | 12 DOF —-|

all subjects’ scans to the

study specific template
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e Fslmaths: To create study specific template
1) One subject was registered to the SPM EPI template and then all subjects were

registered to this subject

2) Using fsimaths all registered images were averaged and the mean calculated

e FEAT: Higher-level fMRI analysis

FEAT - FMRI Expert Analysis Tool v5.92 =) 1) Enter FSL in terminal
et rose Sty - Postals — | window and click on FEAT
Misc Data | | stats| Poststats| | fMRI analysis. Select
Inputs are lower-level FEAT directaries —-| Higher-level analysis.
e o e R | SeteGl AT cesiortes | 2) Enter 33 inputs (for LLD
Output directary | =

study) and select FEAT
directories from lower level
analysis (load left FEAT
directories and run analysis,
load right FEAT directories

Select input data =) and run analysis).

1 = .
o | al Enter all control subjects
3 | | first then the patient group.
] S 3) Select output directory.
5| J&=

Paste | [0]:4 | ‘
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=) FEAT - FMRI Expert Analysis Tool v5.92 mEE

Higher-level analysis —-| Stats + Post-stats —-|

Misc | Datal Stats | Post-stats |

Mixed effects: FLAME 1 —-|

Maodel setup wizard |

Full model setup |

4) Select mixed effects:
FLAME 1

5) Model setup wizard —

select 2 groups unpaired,

Go | save | Load | Exit | Help | .
then number of subjects
Model setup wizard (& General Lizear Model |2 5% G_
_ =l(e)) in first group — 17
~ Single group average EVs ghirasts & F-testsl

<~ two groups, unpaired
I al
+ wa groups, paired A Mumher of EVs |1 i

Past G EV
Mumber of subjects in first group|1 g il roup

4

|

Process | Input 1 13 1 3
Input 2 13 o3
mputa 1 5 [0 2
Input 4 1 o
Input 5 13 o3
Wiew design Efficiency | Done |

= FEAT - FMRI Expert Anz
Higher-level analysis — | Stats + Post-stats — |
Misc | Data| | stats Poststats | | 6) Default settings for
Pre-thteshold masking | & thresholds used.

— Threshalding

Cluster —-| ZthresholdIZ.S §,'C|usterPthresho|u|u.05 =l
Contrast masking |

—Rendering

Background image  Mean highres —-|

Use actual Z minjmax — | Transparent blobs — |

7) ‘Go’ clicked at bottom of

screen
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Abstract

Objective: To investigate whether there are differences in brain connectivity in
late-life depression (LLD) and non-depressed subjects using the left and right heads of
caudate nuclei (hCN) as the seed regions. Design: Resting-state functional magnetic
resonance imaging (fMRI) data were collected using a 3 Tesla MRI System. Setting:
Subjects were recruited from primary or secondary care services in the Newcastle area.
Participants: Thirty-three subjects aged 65 and over; 16 who had a recent episode of
LLD and 17 non-depressed subjects. Measurements: Functional connectivity was
analysed by extracting the temporal signal variation from the left and right hCN and
cross-correlating with the rest of the brain. Results: Significant connectivity between
the hCN and frontal areas was observed in the non-depressed group, whereas in LLD
connectivity was seen over a much wider area. Regions showing significantly greater
connectivity (p<0.05) in LLD compared to the non-depressed group were frontal
(precentral, sub-gyral, middle frontal, paracentral lobule), sub-lobar (thalamus, insula),
limbic (cingulate), parietal (postcentral gyrus, precuneus, inferior parietal lobule,
supramarginal gyrus) and temporal (superior temporal gyrus). Conversely, no brain
regions showed greater connectivity in the non-depressed group than LLD. In both
groups the right hCN showed significantly greater connectivity than the left in
numerous brain regions, but connectivity for the left hCN did not exceed the right in
any brain regions. Conclusions: This resting-state study showed increased connectivity
in specific brain regions in LLD compared to the non-depressed group, which supports

the view that functional connectivity is altered in depression.
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Objective

Late-life depression (LLD) is a common psychiatric disorder in which the core
features of low mood are often associated with impairments in attention, memory and
executive function (Thomas et al., 2008; O'Brien et al., 2004b). This symptom profile is
consistent with the notion that LLD results from dysfunction in frontal, striatal and
limbic neural circuits that govern mood and cognition (Mayberg et al., 1999).
Communication between limbic structures and neocortical areas are critical in the
formation of complex behaviours and emotions, and studies of depressed subjects
suggest a disruption of these functions (Alexopoulos, 2002). Positron emission
tomography studies show decreased glucose utilisation in frontal regions, such as the
dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex (ACC), and
increased brain activity in limbic areas such as the amygdala, pallidostriatum and
medial thalamus (Mayberg et al., 1999; Drevets et al., 1997). More recently functional
magnetic resonance imaging (fMRI) studies have reported similar results of decreased
activity in DLPFC and in addition decreased connectivity between DLPFC and ACC in
LLD (Aizenstein et al., 2009). The subgenual prefrontal cortex has attracted particular
attention as metabolic increases in this area in depression (Drevets et al., 2002) correlate
positively with symptom severity and the magnitude of volume reduction on structural
images (Drevets et al., 1997).

LLD has been hypothesised to have a vascular basis in which cerebrovascular
disease and/or ischaemic brain changes disrupt the function of mood regulating systems
(Alexopoulos et al., 1997). Volume reductions in LLD have been demonstrated in
frontal (orbital and medial) and temporal lobes and parts of the limbic system including
the hippocampus, amygdala and parahippocampal area (Andreescu et al., 2008).
Magnetic resonance imaging (MRI) studies have also shown increases in deep white
matter hyperintensities (DWMH) in LLD, especially in frontal regions (Thomas et al.,
2002). These DWMHs in LLD are thought to have an ischaemic basis (Thomas et al.,
2002), and may arise from poor cerebral tissue perfusion associated with stroke,
myocardial infarction or hypertension that often precedes LLD (Alexopoulos et al.,
1997).

Cortico-cortical communication necessary for mood regulation involves
connections through basal ganglia (BG) nuclei. The caudate nucleus (CN), a BG
structure, is known to be involved in the control of motor, cognitive and emotional

processes. In late-life depression, smaller volumes have been reported for left, right and
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total CN, with reductions localised to the head of CN (hCN) and greater reduction
associated with increased severity of depression (Butters et al., 2009). Negative studies
have involved younger subjects (mean age 41 y) (Lacerda et al., 2003), and there is
evidence that the degree of volume loss in the CN is more marked in LLD than early-
onset depression (Greenwald et al., 1997), at least for the left CN. In LLD, those with
smaller total and right CN volumes have a greater volume of anterior WM lesions,
suggesting that the pathologies may be linked (Hannestad et al., 2006).

FMRI is widely used to investigate brain regions showing neural activity when
an experimental task is performed, but more recently it has been shown that in the
resting-state, i.e. when no task is performed in the scanner, spontaneous low-frequency
fluctuations (SLFs) in the blood oxygenation level dependent (BOLD) signal occur at
frequencies of <0.1Hz (Cordes et al., 2000; Lowe et al., 1998; Biswal et al., 1995).
SLFs are linked with anatomically and functionally plausible networks showing FC
between brain regions. These networks have been termed resting-state networks (RSNs)
(Cordes et al., 2000; Lowe et al., 1998; Biswal et al., 1995). One RSN which has
received great interest is the default mode network (DMN) which shows greater BOLD
signal at rest than during an experimental task (Raichle et al., 2001). The DMN includes
medial prefrontal, posterior cingulate, precuneus and lateral inferior parietal cortices and
has been shown to play a critical role in self-referential processing (Raichle et al.,
2001).

RSNs can be analysed using model-driven or data-driven techniques. Model-
driven analyses (seed region correlation) showed decreased correlations in SLFs
between cortical (ACC) and limbic regions (amygdala, pallidostriatum and medial
thalamus) in younger depressed subjects compared to controls at rest and during
exposure to neutral, positive, and negative pictures (Anand et al., 2005a). Data-driven
analyses (independent component analysis) showed increased FC in the subgenual
cingulate, thalamus, orbitofrontal cortex and precuneus in younger depressed subjects
compared to controls. Conversely, controls did not show significantly greater
connectivity than the depressed group in any brain regions. In addition, length of
depressive episode was found to correlate positively with FC in the subgenual cingulate
(Greicius et al., 2007). Another study analysed SLFs for regional coherence between
adjacent pixels (termed regional homogeneity or ReHo) and reported both increases and
decreases in ReHo in elderly subjects with depression compared to controls. The
putamen showed increased ReHo, the frontal and parietal lobes showed increased and

decreased ReHo, and the temporal lobe showed decreased ReHo. The subjects had been
208



in remission for more than six months suggesting brain network dysfunction may persist
despite clinical recovery (Yuan et al., 2008).

There is therefore evidence that alterations in connectivity may be implicated in
LLD, and so we aimed to examine connectivity in LLD using model-driven analysis of
resting-state fMRI data. We chose the hCN as the seed region because of its central role
in mood regulating circuits and the structural and functional abnormalities in this
structure previously described in studies of depression. Specifically, we hypothesised
that connectivity between the hCN and the rest of the brain would be abnormal in LLD
compared to age-matched non-depressed subjects. Since we hypothesised that
connectivity would be trait not state dependent, we included depressed subjects who had
largely recovered from their depressive episode.

Methods

Subjects & Assessment

The study involved 33 subjects aged 65 and over who were recruited from a
community population in the North East of England. Sixteen patients were recruited
from consecutive referrals to Newcastle and Gateshead Old Age Psychiatry Services
and met diagnostic criteria for Major Depression according to DSM-1V, as assessed
during a standardised interview by an experienced psychiatrist (JR). Seventeen similarly
aged non-depressed subjects were recruited by advertisement, none of whom had past or
present history of depression. All subjects were cognitively intact, had no history or
clinical evidence of dementia and all scored 24 or more on the Mini Mental State
Examination (MMSE) (Roth et al., 1986). Exclusion criteria were comorbid or previous
drug or alcohol misuse; previous head injury; previous history of epilepsy; Ml in the
previous three months; a carotid bruit on physical examination; contraindication to
MRI.

Patients were assessed using a standardised interview and received a structured
physical examination. Current depression severity was rated using the Montgomery-
Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg, 1979). The study
received ethics committee approval and all subjects gave verbal and written consent.
Imaging

Subjects were scanned on a 3 Tesla Philips Intera Achieva MRI System using an
8 channel head coil, and anatomical 3D T1-weighted and resting-state fMRI scans were

acquired. FMRI scans were collected using a gradient-echo echo-planar imaging (GE-
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EPI) sequence with timing and parameters informed by previous work in detection of
RSNs (De Luca et al., 2006): 25 axial slices, in-plane resolution = 2 x 2 mm, slice
thickness = 6 mm (contiguous), repetition time [TR] = 3000 ms; echo time [TE] = 40
ms; field of view [FOV] = 260 x 150 x 260 mm, with 128 volumes collected over 6.65

minutes.

Placing of the Region of Interest

FMRIB Software Library (FSL) (www.fmrib.ox.ac.uk/fsl) tools were used for
analysis. A region of interest (ROI) of two by two pixels was defined in the hCN in the
axial view on one slice of the functional image of each subject. The pixels were placed
in the mid-region of the CN, and on the most inferior slice where the CN and putamen
are separated by the internal capsule, similar to guidelines used in previous studies
(Beyer et al., 2004). ROIs were placed in each hemisphere by a sole investigator blinded
to the identity and diagnosis of each scan and guided by a standard brain atlas for
reference (DeArmond et al., 1989).

Model-driven Analysis

FMRI data pre-processing steps of motion correction (Jenkinson et al., 2002),
brain extraction (Smith, 2002), spatial smoothing (5 mm full width at half maximum)
and high-pass temporal filtering (cut-off = 125 s) (Smith et al., 2004b) were performed
using FMRI Expert Analysis Tool (FEAT) (version 5.92). The mean BOLD signal time-
series was extracted from each ROI and used as the model response function in general
linear modelling (GLM) analysis (Woolrich et al., 2001), effectively cross-correlating
SLFs in the hCN with signal variations in all other brain areas.

Group Analysis

To perform group analysis all images were registered into standard space
(Wellcome Trust Centre for Neuroimaging, 2005) using a 12 degrees of freedom affine
transformation (Jenkinson et al., 2002). To take into account the age of subjects in this
study a standard space template was created by calculating the mean of all subjects’
functional images, and this template was then used for registration (Figure 1).

A two-sample (non-depressed and LLD groups) unpaired t-test was carried out
to investigate group differences (FMRIB’s Local Analysis of Mixed Effects (FLAME)
(Woolrich et al., 2004). Z (Gaussianised T/F) statistic images were corrected for
multiple comparisons using cluster thresholding pixels determined by z>2.3 and a
corrected cluster significance threshold of p<0.05 (Worsley, 2001). Connectivity

differences between the right and left hemisphere ROIs were also investigated using a
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two-sample paired t-test (left and right ROI) for each group, with z and p thresholds as
previous (Figure 1).
Localisation of Clusters

The peak connectivity cluster coordinates from the FEAT analysis are in
Montreal Neurological Index (MNI) space, so coordinates were converted to Talairach
space (Talairach and Tournoux, 1988) using GingerALE (Lancaster et al., 2007) and
entered into Talairach Client which assigns Talairach labels (hemisphere, lobe, gyrus,
tissue and cell type) (Lancaster et al., 2000).
Brain Volume Data

Anatomical T1 images were segmented into grey matter, white matter and
cerebrospinal fluid (CSF) using SPM5 (Wellcome Trust Centre for Neuroimaging,
2005), and total intracranial volume (T1V) was calculated from the sum of the three
components. EPI images were also analysed volumetrically using the FSL package
SIENAX which calculates brain, grey and white matter, peripheral grey and ventricular
CSF volumes (Smith, 2002).

Results

Demographics

Table 1 shows the clinical characteristics of the subjects. Groups were
comparable for gender (x* = 0.76, df = 1), age, MMSE score and total brain volume
normalised to TIV [(brain volume/total intracranial volume)*1000]. Additionally, no
significant differences were found between groups in white, grey, peripheral grey matter
and ventricular CSF. Mean MADRS score for LLD subjects was 7.1 (+4.8), indicating
that most had recovered from their episode of depression by the time of scanning. Mean
age at onset of depression was 47.4 (+18.5) years and the number of previous episodes
of depression was 2.5(x2.1). At the time of the study, 12 subjects were taking
antidepressants (citalopram, mirtazapine, trazodone, venlafaxine, paroxetine and
lofepramine), 2 subjects were taking antipsychotics (flupenthixol and prochlorperazine),
benzodiazepines (zopliclone, temazepam) and antiepileptic medication (carbamazepine
and sodium valproate).
Functional Connectivity

Areas of significant connectivity with the hCN in non-depressed were
predominately frontal (Figure 2) whereas in the LLD group connectivity was over a

much wider area (Figure 2). Brain regions showing significantly greater connectivity
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(p<0.05) in LLD compared to non-depressed for both left and right hCN were frontal
(precentral, sub-gyral, middle frontal and paracentral lobule), sub-lobar (thalamus and
insula), limbic (cingulate), parietal (postcentral gyrus, precuneus, inferior parietal lobule
and supramarginal gyrus) and temporal (superior temporal gyrus). In LLD the brain
regions with the most peak connectivity clusters for the left hCN were the thalamus
(bilateral), precuneus (bilateral) and precentral gyrus (left), whereas for the right hCN it
was the cingulate (bilateral) and the precentral gyrus (left) (Figure 2 and Table 2). There
were no brain regions of significantly greater connectivity with either hCN in non-
depressed compared to LLD subjects (Figure 2).

In non-depressed and LLD a number of regions showed significantly greater
connectivity for the right hCN compared to the left, whereas no regions showed
significantly greater connectivity for the left hCN compared to right. In non-depressed,
peak areas were mainly in frontal and to a lesser extent sub-lobar areas, whereas in LLD

it was sub-lobar, followed by limbic and temporal regions.

Conclusions

This resting-state fMRI study has shown increased connectivity in specific brain
regions in LLD compared to non-depressed subjects, revealed by the increased spatial
synchrony in SLFs. These results support the view that FC in mood regulating circuits is
abnormal in depression (Drevets et al., 2002; Mayberg et al., 1999; Drevets et al.,

1997). Our finding of increased FC between the hCN and the cingulate and precuneus in
LLD compared to non-depressed subjects supports the theory that the DMN may be
functioning abnormally in depression. Greicius et al. also showed increased
connectivity in depression, and similarly found no areas of significantly greater
connectivity in non-depressed than depressed (Greicius et al., 2007). Yuan et al. showed
increased ReHo in LLD in similar regions to where we found increased FC with the
CN, for example putamen (left) and postcentral gyrus (left). However, they also showed
decreases in ReHo in depression, specifically the postcentral gyrus (right), a region
where we showed increased FC (Yuan et al., 2008). The mean age of depression
subjects in both of these studies was younger (39y and 67y respectively) than in our
study (mean 76y) and the analysis methods different, so directly comparing the studies
is difficult.

We showed greater connectivity with the right hCN compared to the left in non-

depressed and depressed subjects. Similarly, rightward asymmetry has been shown in an
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elderly comparison group in the hippocampus, but not in Alzheimer’s disease (AD)
(Wang et al., 2006).

The reasons why non-depressed subjects had a frontal predominance of
connectivity whereas LLD subjects had a more diffuse pattern are not clear. We think it
unlikely that differences in connectivity could be due to greater atrophy in LLD, as
atrophy in AD, for example, is characterised by decreased FC, specifically within the
DMN (Wang et al., 2006; Greicius et al., 2004). In addition, we found no significant
difference between brain volumes in non-depressed and LLD, in particular in
ventricular CSF which is of key importance due to the position of our ROI. We are
confident with our ROI placing, and specifically chose a ROI size that we were certain
would fit comfortably within the hCN borders and so be unaffected by brain atrophy.

Another possibility is that microvascular damage, which can alter neurovascular
coupling and consequently affect the BOLD response, could be increased in LLD
(D'Esposito et al., 2003), but if this was the case we would expect a delay, or a decrease
in the BOLD response, and thus reduced connectivity.

The widely distributed FC seen in LLD may represent a departure from frontally
coordinated suppression of brain activity, seen in the non-depressed group, which is
necessary for normal rest. We show increased FC between the hCN and a number of
brain regions in LLD which supports the theory of an abnormality at the circuit level
rather than in a localised brain region. This finding could be caused by white matter
abnormalities disrupting the normal connectivity pattern. We show increases in FC
between the hCN, which controls motor, cognitive and emotional processes, and medial
prefrontal regions, implicated in self referential and emotional processing. This pattern
of FC could reflect increased emotional processing in depression and be responsible for
the core symptom of abnormally low mood. Specifically we show increased FC in the
cingulate and precuneus, which are key regions of the DMN, critical in self-referential
processing. These disruptions could be aetiologically important in depression.

There has been much discussion as to the whether SLFs are of neuronal origin,
as using slow sampling rates, as in this study (TR = 3000 ms), noise from the cardiac
and respiratory cycles can alias into the low-frequency ranges at which resting-state FC
is investigated (Lowe et al., 1998). However, studies using a high sampling rate to
prevent aliasing of this activity have shown that RSNs are distinct processes, which
supports the theory that they are of neuronal origin (Cordes et al., 2001). Further

support comes from the correlation seen between BOLD signal and cortical electrical
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activity (Goldman et al., 2002) and the changes that occur in RSNs in neurological
disease (Greicius et al., 2004).

Strengths and Limitations

In our study, groups were well matched for subject number, gender and age and
our analysis method enabled the investigation of time-series correlation between the
hCN and all other brain regions based on an a priori hypothesis. This is in contrast to
other studies which have only looked at correlations between a few specific regions in
depression. Resting-state studies benefit from simplicity of experimental design, no task
has to be practised, so patient compliance and tolerance is high and head motion is
reduced. However, model-based techniques are biased by the choice of seed voxel,
whereas data-driven techniques do not require predefined ROIs or a temporal model,
but their lack of specificity means that results can be hard to interpret and it can be
difficult to quantify the statistical significance of the spatial maps. Resting-state is
difficult to control, as it is highly dependent on the subjects’ definition of rest and even
within subjects scans can vary greatly.

Further limitations include the effects of psychoactive medications in the LLD
group, some of which are known to modulate the BOLD response to task performance
and which may have an effect on connectivity (Anand et al., 2007). Our results of
within group analysis showed no significant difference in connectivity between subjects
taking medication and those not, however as group sizes were small and uneven we
cannot draw too strong a conclusion from these results. The ideal study would have all
depressed subjects in an unmedicated state but the associated practical and ethical issues
would be great.

In conclusion, we report that resting-state FC is abnormal in LLD compared to
non-depressed subjects. Further studies need to determine the time-series of
development of changes in connectivity, the relationship with clinical and cognitive
symptoms, treatment effects, and whether there is a link between connectivity and

structural changes.
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Figure/Table Legends

Figure 1: Overview of FEAT Analysis Steps

BET = Brain Extraction Tool, EPI = Echo Planar Imaging, FEAT = FMRI Expert
Analysis Tool, FILM = FMRIB’s Improved Linear Model, FLAME = FMRIB’s Local
Analysis of Mixed Effects, GLM = General Linear Modelling, MCFLIRT = Motion
Correction FMRIB’s Linear Image Registration Tool, ROIs = Region of Interests.

Figure 2: Maps Showing Regions of Significant Connectivity with Head of Caudate
Nucleus in Late-Life Depression and Non-depressed Subjects

Brain regions showing significant connectivity to the left and right head of caudate
nucleus in non-depressed, depressed, non-depressed greater than depressed, depressed
greater than non-depressed. Images are registered to standard (MNI) space. Threshold
levels are shown at the top of the figure. Voxels with a z score of 2.3 (p<0.05) were
considered to show significant connectivity. Slices are z = 33, 35, 37, 39, 49, 51, 53, 55.
Note radiological orientation, i.e. left hemisphere in the image is right hemisphere in the

brain.

Table 1: Demographic and Neuropsychological Data of Subjects

Values expressed as mean * standard deviation.

Degrees of freedom: Chi-square test =1, Independent samples t-test = 31.

MADRS = Montgomery-Asberg Depression Rating Scale; MMSE = Mini-Mental State
Examination; NA = not applicable.

8The P value was calculated using Chi-square test

®The P values were calculated using the Independent samples t-test.

Table 2: Brain Regions Showing Greater Connectivity in Late-Life Depression

compared to Non-depressed Subjects
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Figure 2
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Table 1

Subject characteristics Controls Depressed P value
Sex (M:F) 11:6 8:8 0.38°
Age (Yrs) 75.7 (7.6) 76.4 (7.2) 0.76°
MMSE 28.8 (1.2) 28.0 (1.8) 0.17°
Brain Volume normalised to TIV 0.79 0.79 (0.05) 0.85°
(0.05)
MADRS NA 7.1 (4.8)
Age at onset of Depression (Yrs) NA 47.4 (18.5)
Number of previous episodes of NA 2.5(2.1)

depression

®The P value was calculated using Chi-Square Test
®The P values were calculated using the Independent-Samples T Test.
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Table 2

Left Head of Caudate Nucleus as Seed region

Brain Region Talairach Z-

Lobe Gyrus Side | Coordinates (mm) | Statistic

(Brodmann’s Area/Cell type) X y z
Frontal Precentral (4) L -6 -27 50 3.44
Sub-Gyral (4) R 16  -27 56 3.15
Paracentral lobule (5) L -7 -40 48 3.28
Paracentral lobule (5) R 18 -40 50 3.01
Sub-lobar  Thalamus R 6 -34 5 3.83
Thalamus L -11 -34 8 2.92
Limbic Cingulate (31) R 14 -44 42 3.19
Parietal Postcentral (3) L 24 -29 52 3.48
Precuneus (7) R 6 -36 43 3.39
Precuneus (7) L -7 -48 51 3.09
Right Head of Caudate Nucleus as Seed region

Brain Region Talairach Z-

Lobe Gyrus Side | Coordinates (mm) | Statistic

(Brodmann’s Area/Cell type) X y z

Frontal Precentral (6) L -43 -6 24 3.19
Middle Frontal (6) L -37 -7 41 3.19
Paracentral lobule (5) L -7 -40 48 3.48
Sub-lobar  Insula (13) R 37 -39 23 3.79
Limbic Cingulate (31) R 12 -20 36 3.87
L -7 -41 30 3.87
Parietal Postcentral (2) 31 -32 38 3.56
Inferior parietal lobule (4) R 50 -36 30 3.21
Supramarginal gyrus (40) R 46 -39 32 3.08
Temporal  Superior temporal gyrus(13) R 44 -43 22 3.09
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Appendix C: Table of Dementia Study Subjects and the Medications Subjects were taking. Subjects showing Global Synchronicity are in

Italics.

Subject ID | Medications

001 Dicloflex, Quinine

002 Ibuprofen, Vitamin C, Folic Acid, Cod Liver Qil, Garlic
003 Donepezil, ISMN, Aspirin, Simvastatin, Senna, Dilzem
004 Galantamine, Bendrofluazide, Lisinopril

005 Donepezil, Vitamin B12 Injections-3 monthly

006 Donepezil

007 Galantamine, Atenolol, Aspirin, Lisinopril, Simvastatin, Metformin, Omeprazole, Insulin, Bendroflumethiazide

008 Glucosamine

009 Warfarin, Enalapril

010 Galantamine, Atenolol, Asprin, Nicorandil, ISMN, Mirtazapine, Lansoprazole, GTN
011 Donepezil, Venlafaxine, Trazodone

012 Asprin, Irbesartan, Paracetamol, Tolterodine, Isphaghula, Paracetamol

013 Galantamine, Lansoprazole, Metroclopramide

014 Metformin

015 Thyroxine, Lisinopril, Amlodipine, Simvastatin, Aspirin, Senna, Fybogel
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016

Donepezil, Citalopram, Propranolol, Paracetamol

017 Propranolol, Prothiaden, Nitrazepam, Bendrofluazide, Cimetidine

018 Warfarin, Bendroflumethiazide

019 Duloxetine, Bendroflumethiazide, Simvastatin, Perindopril Tert-Butylamine, Dorzolamide Hydrochloride, Eye drops, Glucosomine

020 Donepezil, Mirtazapine, Alendronic

021 Donepezil, Glucosamine, Aspirin, Digoxin, Lansoprazole, Bisoprolol, Simvastatin, Perindopril, Nicorandil, GTN spray, Paracetamol

022 Amlodipine, ISMN, Simvastatin, Prostap injection, Warfarin, Aranesp, Captopril

023 Galantamine, Aspirin, Digoxin, Furosemide, Paracetamol

024 Donepezil, Lisinopril, Simvastatin, Quinine sulphate, Paracetamol, Hydrooxyzine, Bendroflumethiazide, Florazepam

025 Donepezil

026 Donepezil, Adcal D3, Alendronic Acid, Aspirin, Folic Acid, Mirtazapine, Ropinirole, Simvastatin, Hydroxocobalamin injection

027 Lisinopril, Simvastatin, Naproxen, Lansoprazole, Bendroflumethiazide

028 Donepezil

029 Co-Careldopa, Ramipril, Bendroflumethiazide, Galantamine, B12 injections

030 Paracetamol, Ibuprofen, Ramipril, Oxybutynin, Omeprazole, Thiamine, Galantamine, Mirtazapine, Alendronic acid, inhalers,
Prednisolone

031 Olmesartan medoxomil, Allopurinol, Aspirin, Co-Careldopa, Simvastatin

032 Co-Codamol, Sinemet, Domperidone, Donepezil

033 Adalat, Perindopril, Atenolol, Bendroflumethiazide, Simvastatin, Aspirin
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034 Rivastigmine, Domperidone, Madopar, Citalopram, Quetiapine, Zopiclone, Levothyroxine, Flucortisone, Calcichew D3

035 Galantamine, Omeprazole, Alendronic acid, Adcal D3, Allopurinol, Amlodipine, Aspirin, Clonazepam, Prednisolone, Simvastatin,
Sertraline, Colchicine, Ventolin

036

037 Perindopril

038 Sinemet, Paracetamol

039 Simvastatin

042 Co-Codamol

043 Omeprazole, Isosorbide Mononitrate, Aspirin, Paroxetine, Sinemet Plus, Simvastatin tabs, Bisoprolol Fumarate, Nicorandil, Co-
Beneldopa 12.5/50

044 Loperamide, Lansoprazole, Bendroflumethiazide, Lisinopril, Atenolol, Aspirin E/C, Paracetamol, Epaderm ointment

045 Nefopam Hydrocloride, Aspirin, Quinine Sulphate, Peptac Liquid, Sinemet, Citalopram, Calogen Emulsion

046 Midodrine, Paracetamol, Aspirin, Fludrocortisone, Galantamine

047 Aspirin, Alendronic Acid, Lansoprazole, Isosorbide Mononitrate, Calcichew D3 Forte, Donepezil, Digoxin, Furosemide, Paracetamol,
Senna, GTN Spray, Lorazepam

049 Atenolol, Oxybutynin, Dispersible Aspirin, Lansoprazole, Quinine Sulphate, Simvastatin, Donepezil

050 Sinemet Plus, Bendroflumethiazide, Amlodipine, Doxazosin Mesylate, Dispersible Aspirin
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