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1.1.2 Aetiology and pathogenesis
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Table 1.1: Clinical criteria for the diagnosis ofprobable, possible and definite

Alzheimer’s disease
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The volume of the entorhinal cortex was measured by Juottonen et al. (1998). The
most prominent atrophy of the entorhinal cortex was seen in subjects with
Alzheimer’s disease with the apoE s4 allele. This difference was greatest for females,
and correlated with a memory decline. Schmidt et al. (1996) found no significant
differences in gross structural MRI measures which included sulcul and ventricular
enlargement, although apoE s4 allele subjects performed worse on
neuropsychological testing. Reiman et al. (1998) reported hippocampal volume loss in
apoE s4 subjects without Alzheimer’s disease that was associated with memory loss.
Donix et al. (2010) found that a family history of Alzheimer’s disease and apoE s4
allele status were associated with a thinner cortex in the entorhinal region, subiculum

and adjacent medial temporal lobe subfields.

A maternal family history of Alzheimer’s disease has been shown to be associated
with reduced glucose metabolism on positron emission tomography (Mosconi et al.,
2007) and with a more rapid metabolic decline in people with Alzheimer’s disease,
compared to control subjects (Mosconi et al., 2009). Reduced temporal lobe activity
was demonstrated using functional magnetic resonance imaging (fMR1) among apoE
e4 carriers with a family history of Alzheimer’s disease (Johnson et al., 2002; Trivedi
et al., 2006). Memory tasks were shown to produce increased activation of the

hippocampus in apoE s4 carriers relative to non-carriers (Bookheimer et al., 2000).

In mild cognitive impairment, neuroimaging can facilitate diagnosis and help to
identify those people who are at risk of developing Alzheimer’s disease (Jack et al.,
2005). MRI-based hippocampal volumetric studies can be used to distinguish

Alzheimer’s disease and mild cognitive impairment from healthy controls, with mild
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cognitive impairment demonstrating hippocampal volumes smaller than healthy
controls and larger than Alzheimer’s disease (Grundman et al., 2004; Pennanen et al,
2004).

Longitudinal MRI studies have shown that atrophy rates predict conversion of mild
cognitive impairment and normal cognitive function to Alzheimer’s disease. As the
severity of the hippocampal atrophy increases, the annual progression rate to
Alzheimer’s disease increases (Jack et al., 1999; Cardenas et al., 2003). Atrophy of
other limbic structures such as the entorhinal cortex and/or parahippocampal gyrus
(Convit et al., 1997; Xu et al., 2000; De Santi et al., 2001; Dickerson et al., 2001; Du
et al.,, 2001; Killiany et al., 2002), amygdala (Fischl et al., 2002) and cingulate cortex
(Killiany et al., 2000; Fox et al., 2001), may also be associated with mild cognitive

impairment,

Much attention has focused on volumetric MRI studies to investigate changes
occurring early in Alzheimer’s disease. Manual methods are typically Region of
Interest (ROI) studies which tend to focus on a few specific brain regions which are
well established as being affected in Alzheimer’s disease such as in the entorhinal
cortex or the hippocampus (Van Hoesen et al.,, 1995; De Leon et al,, 1997; Mori et
al., 1997; Krasuski et al, 1998; De Toledo-Morell et al., 2000). ROI methods are
often used when the investigators have apriori hypotheses and therefore, assessments
are confined to a limited set of brain regions. These methodologies are in concept
simple and are carried out for instance by manually tracing the structures or regions-
of-interest on conventional MRI or alternatively, via semi-automated technigques such

as stereology where a 3-D grid of fixed dimensions is placed on the entire brain and
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subsequently the volumes of structures of interest are calculated by the manual
marking of pixels falling within each 2-D slice of the structure of interest by a rater.
The volume of the structure of interest which corresponds to the total number of

marked pixels is then automatically calculated by computer software.

Automatic techniques have been developed to study more widespread brain volume
and thickness measures (Fischl et ah, 1999; Dale et al., 1999; Fischl & Dale, 2000).
Studies of cortical thickness have demonstrated thinning in distributed association
areas, suggesting that regional atrophy can be detected across widespread cortical
regions (Lerch et ah 2005; Du et ah 2007). Dickerson et al. (2009) demonstrated
abnormal cortical anatomy in Alzheimer’s disease which paralled known regional

vulnerability to Alzheimer’s disease neuropathology.

1.2.2 Proton Magnetic Resonance Spectroscopy "H-MRS)

Proton Magnetic Resonance Spectroscopy (‘H-MRS) is a non-invasive method to
investigate the concentrations of a number of brain metabolites including N-
acetylaspartate (NAA), myo-inositol (ml), choline (Cho) and creatine plus
phosphocreatine (Cr+PCr). 1H-MRS is unique among diagnostic imaging modalities
because the signals from several different metabolites are measured within a single
examination period. Each metabolite in turn is sensitive to a different aspect of in vivo

pathologic processes at the molecular or cellular level.
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N-acetyl aspartate (NAA) is the most abundant metabolite visible by *H-MRS in the
healthy human brain and is present almost exclusively in the nervous system (Birken
et al, 1989). NAA is hypothesized to be a marker of the number of viable neurons
(Meyerhoffetal., 1993), but also may reflect mitochondrial dysfunction (Bates et al.,
1996). NAA is reduced in both the cortical grey matter and in the white matter in
people with Alzheimer’s disease (Kantarci et al., 2007). The regional decrease in
cortical NAA level is in agreement with the regional neuropathological involvement

in Alzheimer’s disease (Kantarci et al., 2007).

Myo-inositol (ml) affects neuronal development and survival, cellular osmolarity,
membrane metabolism, signal transduction, protein C activation (Nishizuka, 1988)
and amyloid deposition (Larrieu et al., 2002). ml is increased in the grey matter of
people with Alzheimer’s disease. No significant ml changes have been confirmed in
white matter, but a moderate inverse association between frontal white matter ml

levels and global mental function have been recorded (Pametti etal., 1997).

Increased m| within temporal-parietal regions (Chantal et al., 2004) and reduced
NAA within hippocampal regions (Block et al., 2002; Kantarci et al., 2004) have been
reported in people with Alzheimer’s disease in the general population. The few
studies of older adults with mild cognitive impairment found that they also had
increased m! (Kantarci et al., 2000) and reduced NAA (Chantal et al., 2004) within

temporal regions.

Choline (Cho) is a marker of membrane synthesis and degradation and has been found

to be elevated in Alzheimer’s disease in some (Christiansen et al., 1993; Meyerhoff et
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al., 1994; MacKay et al, 1996; Lazeyras et al., 1998; Meyerhoff et al., 1994;
Pfefferbaum et al., 1999; Kantarci et al., 2004), but not all studies (Christiansen et al.,
1993; Miller et al., 1993; Moats et al., 1994: Ernest et al., 1997; Heun et al., 1997;
Pametti et al., 1997; Schuff et al., 1997; Rose et al., 1999; Krishnan et al., 2003).
Elevated Cho in Alzheimer’s disease has been attributed to increased membrane
turnover due to neurodegeneration (Kantarci et al., 2007). Increased Cho has also
been postulated to be the consequence of membrane phosphatidylcholine catabolism
in order to provide free choline for the chronically deficient acetylcholine production

in Alzheimer’s disease (Wurtman etal., 1985; Ernst et al., 1997).

Creatine plus phosphocreatine (Cr+PCr) reflects high energy phosphate metabolism
and has been reported in many studies to remain stable in Alzheimer’s disease (Moats
et al., 1994; Shonk et al., 1995 Ernst et al., 1997; Mohanakrishnan et al., 1997;
Pametti etal., 1997; Schuffetal., 1997, 1998; Pfefferbaum etal., 1999; Schuffet al.,
2002) and other neurodevelopmental disorders. Elevated Cr levels in Alzheimer’s

disease has however been reported (Huang et al., 2001; Petrovitch et al., 2001).

The NAA/mI ratio is the primary measure to distinguish individuals with Alzheimer’s
disease from healthy controls. This measure has been demonstrated with a sensitivity
0f 57-90% and a specificity of 73-95% in different cohorts, using different *H-MRS
acquisition parameters in different regions of the brain (Shonk et al., 1995; Ernest et
al., 1997; Petrovitch et al., 2001; Kantarci et al., 2002; Martinez-Bishal et al, 2004;
Fernandez et al., 2005; Zhu et al.,, 2006). The NAA/mI ratio in Alzheimer’s disease
significantly correlates with MMSE scores (Rose et al., 1999) and has heen shown to

significantly predict MMSE change 12 months later (Doraiswamy et al., 1998).
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The reductions in NAA levels and NAA/Cr ratios have predicted conversion from
amnestic mild cognitive impairment to Alzheimer’s disease (Braak & Braak, 1991;
Bates et al., 1996; Hugg et al, 1996; Brooks et al, 2000; Bendszus et al, 2002;
Modrego et al., 2005, 2006; Metastasio et al., 2006). ml has been reported to be
increased in the parietal lobes of people with amnestic mild cognitive impairment
(MacKay et al., 1996; Kantarci et al., 2000) and mild Alzheimer’s disease (Huang et
al., 2001), while NAA/Cr levels are either mildly decreased or normal compared with

healthy controls.

Magnetic resonance spectroscopy measurements of NAA/Cr and ml/Cr ratios
correlate with neuropsychological measures of cognitive function in people with
Alzheimer’s disease (Kwo-On-Yuen et al., 1994: Doraiswamy et al., 1998; Schuff et
al., 1998; Rose et al., 1999; Jessen et al., 2000; Huang et al, 2001; Kantarci et al.,
2002) and also in transgenic mouse models of Alzheimer’s disease (Majjanska et al.,
2005).

A reduction in NAA/Cr ratio and an increase in ml/Cr ratio have been shown to be
associated with higher Braak stage, higher neuritic plague score and greater likelihood
of Alzheimer’s disease (Kantarci et al., 2008). ml/Cr and NAA/Cr may be useful for
predicting prodromal Alzheimer’s disease in people with mild cognitive impairment,
and monitoring individuals with prodromal Alzheimer’s disease. Furthermore, in
people with Alzheimer’s disease, the NAA/m| ratio is decreased more in the parietal
lobe grey matter than in frontal grey matter, in agreement with the regional

distribution of the neurofibrillary pathology in Alzheimer’s disease (Zhu et al., 2006).



An inherent limitation of 'H-MRS is the lack of specificity of the observed changes
for any disease. In addition to neurodegenerative disorders, a reduction of NAA has
been reported in vascular (Wardlaw et al., 1998; Capizzano et al., 2000), metaholic
(Rajanayagam et al., 1997) and inflammatory diseases (De Stefano et al., 2001).
Several studies (Pioro, 1997, Block, 1998; Rose et al., 1999) have therefore
investigated those brain regions that specifically characterise the distribution of

neuronal damage in an individual disease.

1.3 Down’ssyndrome

Down’s syndrome is associated with trisomy of chromosome 21 and occurs in
approximately 1 per 1,000 live births. It is the most common genetic cause for
intellectual disability. Intellectual disability means a significantly reduced ability to
understand new or complex information and to learn and apply new skills (impaired
intelligence). This results in a reduced ability to cope independently (impaired social
functioning) and begins before adulthood, with a lasting effect on development
(World Health Organisation Website). People with Down’s syndrome encounter an
additional disease burden because they have a significantly increased risk for
developing Alzheimer’s disease in later life. The risk of developing Alzheimer’s
disease appears to be independent of living arrangement, degree of intellectual
disability and gender (Prasher et al., 1997); however other environmental factors in
combination with underlying genetic vulnerability may increase the risk (e.g.
smoking, cholesterol, head injury, parental age at the birth of the child and oestrogen

levels in females) (Fairer et al., 1997).
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In the general population, approximately 10% of 65 year olds and 40% of 80 year olds
develop symptoms of Alzheimer’s disease (Evans et al, 1989). In contrast, the
incidence of Alzheimer’s disease in people with Down’s syndrome is estimated to be
3-5 greater than that of the general population. Many studies have addressed the issue
of prevalence of Alzheimer’s disease in Down’s syndrome. The figures obtained vary
from 7-50% (Zigman et al, 1996) depending on the stringency of the criteria, the

measures used and the specific populations tested.

Visser et al. (1997) followed 307 institutionalised people aged 10-72 years with
Down’s syndrome and found that 18% (N=56) developed symptoms of Alzheimer’s
disease at an average age of 56 years. Tyrrell et al. (2001) found a prevalence rate of
13.3% for Alzheimer’s disease among a community-based population of 285 people

with Down’s syndrome.

At autopsy, the presence of Alzheimer-type neuritic plaques and neurofibrillary
tangles have been reported in the brains of 7.5% of people with Down’s syndrome as
early as the second decade of life, with a rise in prevalence to 80% of cases by the

fourth decade and 100% over 60 years of age (Mann, 1988).

A significant proportion of the increased genetic risk for Down’s syndrome
individuals to develop dementia is probably explained by having trisomy of genes
carried on chromosome 21 that are implicated in Alzheimer’s disease. Hence, it has
been hypothesised that the presence of an extra copy of the amyloid precursor protein
(APP) gene in Down’s syndrome individuals leads to increased formation of amyloid

plaques, neuronal death and clinical Alzheimer’s disease (Prasher et al, 1998; Folin
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etal., 2003). Similarly trisomy of the ml transporter protein (Beacher et al., 2005) is
associated with an increase in brain ml, a compound which affects neuronal
development and survival, cellular osmolarity, membrane metabolism, signal
transduction, protein C activation (Giesel et al., 2006) and amyloid deposition
(McLaurin et al., 1998). It has therefore been suggested that increased brain ml
concentration may be related to cognitive impairment in Down’s syndrome (Galdzicki
etal., 2001).

It has been previously reported (Beacher et al., 2005) that non-demented people with
Down’s syndrome have a significant increase in the concentration of ml as compared
to controls and that increased m1 is associated with reduced overall cognitive ability
(including memory). Furthermore, increased ml may predispose people with Down’s
syndrome to the later development of Alzheimer’s disease, possibly mediated by the

promotion of (3-amyloid plaques (Beacher et al., 2005).

These Down’s syndrome specific vulnerability factors may also combine with the
additional burden of having a lower cognitive reserve due to pre-existing intellectual
disability. The concept of brain reserve refers to the ability of the brain to tolerate the
pathology of age- and disease-related changes without obvious clinical evidence
(Katzman et al., 1988). The greater the reserve, the more severe pathological changes
are needed to cause clinical functional impairment (Katzman, 1988; Setem, 2002;
Stem, 2006). The cognitive reserve model suggests that the brain actively attempts to
cope with brain damage by using pre-existing cognitive processing approaches or by

enlisting compensatory ones (Setem, 2002).
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Greater cognitive reserve can arise through numerous mechanisms, but is generally
increased in people with higher overall intelligence and/or those able to more
efficiently/flexibly use brain networks (Melzer et al., 1997). Dementia risk has
repeatedly been reported to be much lower in high-reserve individuals, but much
higher in people with limited education and/or intellectual disability - a finding
replicated across more than 20 studies involving more than 29,000 individuals and
over a median follow-up period of greater than 7 years (McKhan et al., 1984). Hence,
it may be that dementia in people with Down’s syndrome is associated with less loss
of brain tissue than in the general population because they have less cognitive reserve
due perhaps to a ‘double hit” of prexisting intellectual disability combined with a
genetically determined increase in risk factors such as brain amyloid and ml

concentration.

There are two strategies that can be adopted in order to establish a decline in cognitive

functioning in Down’s syndrome (McQuillan et al., 2003):

* A retrospective strategy which involves making an estimation of the individual’s
previous level of functioning from records, past test results and informants. This
type of assessment can have poor reliability.

* A prospective strategy which involves assessing the individual using standardised
measures to gain a baseline level of functioning and then repeating assessments to
establish whether decline is occurring. This method is increasingly recommended

as the approach of choice for people with intellectual disabilities (Oliver, 1999).



Due to the higher risk of Alzheimer's disease in Down’s syndrome and the earlier
onset, it is advisable to regularly assess a person’s various skills, establishing a
baseline assessment so that it is possible to identify changes in ability sooner rather
than later. Good practice guidance from the Foundation for People with Learning
Disabilities (Turk et al., 2001) recommended that every service for people with
intellectual disabilities should conduct a baseline assessment of cognitive and
adaptive functioning before the age of 30 years. Burt & Aylward (2000) and
Nieuwenhuis-Mark (2009) recommended annual cognitive screening for people with
Down’s syndrome over the age of 35 years. Carr (2000) demonstrated stability in
intellectual ability and daily living skills for her cohort of people with Down’s
syndrome over the age period 21-30 years. This suggests that a baseline conducted in

the 20s would capture people post-maturity and prior to any cognitive decline.

Unless a baseline is established when the person is healthy, it is very difficult to
determine whether there has been a deterioration later in life. By the time an
individual is referred with concerns, considerable deterioration may have occurred
and an accurate account of premorbid function may be difficult to construct,
Furthermore, an accurate and extensive record of baseline skill and cognitive levels in
people with Down’s syndrome is crucial and regular comparison with baseline is key
to early diagnosis of dementia (Jethwa & Cassidy, 2010) and to enhance the
sensitivity and specificity of the subsequent Alzheimer’s disease diagnosis. However,
In many areas reactive assessment is provided for those with signs of deterioration,
with limited baselines and prospective screening such as that described by McBrien et

al. (2005) being provided to all young adults with Down’s syndrome.
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In order to assess cognitive functioning in the Down’s syndrome population, a wide
variety of tests have been used including the Cambridge Mental Disorders of the
Elderly Examination (CAMDEX) and the Cambridge Cognitive Examination
(CAMCOG) (Roth et al., 1999). The CAMCOG has been validated for use with
Down’s syndrome adults (Hon et al., 1999) and provides a measure of general
cognitive function, including measures of memory, orientation, language, attention,
praxis and executive function. The CAMCOG is appropriate for assessing cognitive
function in people with intellectual disability, unlike more standard tests of cognitive
function such as the Weschler Adult Intelligence Scales. The CAMCOG incorporates,
and is highly correlated with, the MMSE (Blessed et al., 1991).

CAMCOG scores are very effective in differentiating between demented and non-
demented individuals (Roth et al., 1999). Huppert et al. (1995) reported that the
CAMCOG total score, as well as each subscale score, differed significantly between
non-demented individuals and those with a diagnosis of mild dementia or minimal

dementia (Roth et al., 1999).



14 Neuroimaging of Down’s syndrome

1.4.1 Magnetic Resonance Imaging (MRI)

Invivo MRI studies have investigated age related brain atrophy in Down’s syndrome.
Progressive cerebral atrophy and an increase in third ventricle size are inconsistently
observed in older Down’s syndrome individuals and are consistently associated with
dementia (Schapiro et al, 1989; LeMay et al, 1990). It has been suggested that
significant atrophy only becomes apparent when the clinical features of dementia

have developed (Schapiro etal, 1989).

Volumetric neuroimaging studies of adults with Down’s syndrome (Lott & Lai, 1982;
Schapiro et al., 1989; Devinsky etal., 1990; LeMay & Alvarez, 1990; Pearlson et al.,
1990; Schapiro etal, 1992; Krasuski et al, 2002) have revealed smaller overall brain
volumes than would be expected from aging alone, with disproportionately smaller
volumes of the cerebellum, brainstem, frontal lobe, amygdala, posterior
parahippocampal gyrus and hippocampus. The amygdala and hippocampal volumes
have been shown to be positively correlated with memory measures (Krasuski et al.,
2002). Basal ganglia volumes however, have been reported to be normal in MRI
volumetric studies of adults with Down’s syndrome (Raz et al., 1995; Aylward et al,
1997). A commonly recognised feature of the brains of subjects with Down’s
syndrome is a narrow superior temporal gyrus (Burger et al, 1973; Becker et al,,
1986; Wisniewski et al., 1990).
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Volumetric MRI studies of individuals with Down’s syndrome that measured
hippocampal volume have reported significant decreases in volumes compared with
healthy controls (Jemigan et al., 1993; Kesslak et al., 1994; Raz et al.,, 1995), even
before any signs of cognitive impairment. Reduced hippocampal volume is not
however a feature of all subjects with an intellectual disability. In individuals with
fragile X syndrome (Reiss et al., 1994) and autism (Groen et al., 2010) for example,
hippocampal volume has been shown to be significantly increased compared to
healthy controls. Reductions in hippocampal volume in Down’s syndrome have been
reported to be significantly positively correlated with memory abilities in healthy

adults with Down’s syndrome (Krasuski et al., 2002).

In studies of non-demented individuals with Down’s syndrome which investigated the
relationship between hippocampal volume and age, no significant correlation (Raz et
al., 1995; Aylward et al., 1999) and a negative correlation (Kesslak et al., 1994) have
been reported. Hippocampal volume may remain stable up to the age of 50 years in
non-demented subjects with Down’s syndrome (Aylward et al., 1999). The reduction
in hippocampal volume after age 50 years might be associated with a conversion to

dementia.

Amygdala volumes in non-demented subjects with Down’s syndrome have also been
shown to remain constant during development (Aylward et al., 1999). The atrophy of
the amygdala in later life, as in the case of the hippocampus, has been suggested to

signify involvement in the dementia process (Aylward etal., 1999).
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Cross-section studies of non-demented Down’s syndrome subjects have shown
increased ventricular volume with age (lkeda & Arai, 2002; Kesslak etal., 1994). Age
related reductions of overall cerebral total and grey matter volumes have not however
been detectable before the onset of dementia (Schapiro et al.,, 1989, 1992; Kesslak et
al., 1994; Raz et al,, 1995). Volumetric studies with MRI have described decreased
total cortical grey matter volume with increasing age in Down’s syndrome subjects
only after the onset of dementia (Schapiro et al., 1989, 1992; Kesslak et al. 1994; Raz
etal., 1995).

Voxel based morphometry may be more sensitive than volumetric studies for
demonstrating reductions of neocortical grey matter in the predementia stage of
Down’s syndrome.White et al. (2003), Teipel et al. (2003) and Teipel et al. (2004)
demonstrated a reduction of grey matter with increasing age in neocortical association
areas in non-demented subjects with Down’s syndrome using MRI and voxel based
morphometry. In a study comparing subjects with Down’s syndrome to matched
normal controls using voxel-based morphometry to determine regional gray and white
matter volumes, the Down’s syndrome group showed less gray matter in the
cerebellum, anterior cingulate, frontal lobe and temporal lobe, including part of the
hippocampus. Increased gray matter compared to controls was also demonstrated in

the parahippocampal gyrus and in the inferior brainstem (White et al., 2003).

One post mortem study described reduced grey matter volume in posterior cortical
areas correlated with neurofibrillary tangle and neuritic plaque load in Down’s

syndrome subjects (de la Monte & Hedley-Whyte, 1990). These findings suggest that



regional grey matter reductions in Down’s syndrome subjects reflect reductions of

neuron density due to Alzheimer’s disease type pathological changes.

Five volumetric MRI studies compared whole brain anatomy in Down’s syndrome
individuals with and without dementia (Kesslak et al., 1994; Pearlson et al., 1998;
Aylward et al, 1999; Prasher et al., 2003; Beacher et al., 2009). These studies
reported that compared to non-demented Down’s syndrome controls, those with
dementia have a significant reduction in the volume of the medial temporal
lobe/hippocampus, in addition to a significant enlargement of the ventricular
cerebrospinal fluid (Kesslak et al., 1994; Pearlson et al., 1998; Beacher et al., 2009).

The study undertaken by Beacher et al. (2009) compared whole brain anatomy, as
measured by volumetric MRI in Down’s syndrome individuals with and without
dementia. Down’s syndrome individuals with dementia had significantly smaller
corrected volumes bilaterally of the hippocampus and caudate, and right amygdala
and putamen, in addition to a significantly larger corrected volume of the left
peripheral cerebrospinal fluid compared to Down’s syndrome individuals without
dementia. Down’s syndrome subjects with dementia had significantly lower scores on

most cognitive measures, compared to healthy Down’s syndrome individuals.

1.4.2 Magnetic Resonance Spectroscopy "H-MRS)

There have been few previous studies of subjects with Down’s syndrome using *H-

MRS. Most authors have conducted measurements of the respective metabolites in the



hippocampal region, in the basal ganglia, and in the parietal and occipital lobes. There
has been preliminary evidence that individuals with Down’s syndrome may have an
increase in brain mI concentration compared with controls (Shonk et al., 1995; Berry
etal., 1999; Huang et al., 1999).

The study undertaken by Beacher et al. (2005) found that hippocampal ml
concentration was significantly higher in people with Down’s syndrome compared to
controls. Furthermore, in people with Down’s syndrome, increased m| concentration

was significantly negatively correlated with overall cognitive ability.

In the study conducted by Huang et al. (1999), the concentrations of m| and choline-
containing compounds were shown to be significantly higher in the occipital and
parietal regions of adults with Down’s syndrome than in the comparison subjects.
Within the Down’s syndrome group, older subjects were shown to have higher ml
levels than younger subjects. Older subjects in both groups had lower NAA than the
respective younger subjects, although this old-young difference was not greater in the

Down’s syndrome group.

Murata et al. (1993) studied 18 people with Down’s syndrome between 20-46 years of
age, and aged matched healthy controls. In subjects with Down's syndrome, the ratios
of Cho/Cr and NAA/Cho were shown to be significantly increased in those people in
their 40s. They proposed that these changes were indicative of degeneration and/or

rapid synthesis of brain cell membrane.



Berry et al. (1999) showed a significant increase in the ml level in the basal ganglia
(striatum) in Down’s syndrome children compared to the control group. A study of 14
children with Down’s syndrome aged 7-17 years and 20 age-matched controls were
investigated by Smigielska-Kuzia & Sobaniec (2007) to assess metabolic changes in
the frontal lobes. The frontal lobes of the children with Down’s syndrome showed
reduced NAA/Cr, GIx/Cr, Cho/Cr and ml/Cr ratios. The differences between the
ratios of the first two markers to creatine were statistically significant. However, no
differences were found between GABA/Cr ratios in the two frontal lobes in subjects

with Down’s syndrome as compared to the control group.

1.5 Objectives and hypotheses

To my knowledge, no in vivo case-control study exists comparing the anatomy of
dementia in Down’s syndrome to people with Alzheimer’s disease in the general
population. Hence, it is unknown if the clinical symptoms of dementia in Down’s
syndrome are associated with similar anatomical differences from controls; for
example similar differences in brain and/or medial temporal atrophy, as in non-
Down’s syndrome populations. Hence, | compared the volumes of the hippocampus,
temporal lobes, lateral ventricles, whole brain volume, total cranial volume and
additional more global cortical volume and thickness measures in Down’s syndrome
subjects with and without dementia to each other and to three non-Down’s syndrome
groups. These included one group of individuals with Alzheimer’s disease and two
groups of controls (each age-matched for their respective Down’s syndrome and

general population Alzheimer’s disease cohorts).
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| also compared the volumes of the hippocampus, temporal lobes, lateral ventricles,

whole brain volume and total cranial volume in subjects with Alzheimer’s disease,

mild cognitive impairment and Alzheimer’s disease healthy controls, scanned at

baseline and re-scanned at 12 months.

| also examined metabolites in voxels of interest in the left and right hippocampi.

In this thesis, | tested the following hypotheses:

1.

Subjects with dementia have a significant reduction in the volume of the
hippocampus, temporal lobe and whole brain and an increase in the volume of the
lateral ventricles, compared to their non-demented controls.

There is a significant correlation between atrophy of the hippocampus and
temporal lobe, and cognitive decline.

Significant differences for more global volume and thickness measures exist
between demented and non-demented subjects, and enables the distinction of
subjects with Alzheimer’s disease from demented subjects with Down’s
syndrome.

In a longitudinal study, when compared to age matched healthy controls, subjects
with Alzheimer’s disease have a significant reduction in the volume of the
hippocampus and temporal lobe, and an increase in the volume of the lateral
ventricles at baseline and when re-scanned at 12 months. Subjects with mild
cognitive impairment have findings intermediate between those of Alzheimer’s
disease and age matched healthy controls.

Significant metabolite differences exist between demented and non-demented

subjects.
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Chapter 2

Methodology

2.1  Generaloverview

Psychiatric illnesses are characterised by alterations in thinking, mood or behaviour
(or some combination thereof), associated with significant distress and impaired
functioning over an extended period of time. The symptoms of psychiatric illness vary
from mild to severe, depending on the particular condition, the individual, the family
and the socio-economic environment. Psychiatric illnesses cause enormous human
suffering for individuals and their families and can impose major economic costs for
the population. The incomplete understanding of psychiatric illnesses contributes to
the stigma experienced by patients and influences the quality of service provision and

availability of effective treatments,

The precise cause of most psychiatric illnesses is unknown. There is therefore an
increasing need to research psychiatric disorders in order to enhance our overall
understanding of these conditions. The assessment of the brain pathophysiology
underlying psychiatric conditions constitutes a challenge and an opportunity for the
techniques of human neuroimaging because they are well-placed to unravel the

structural and functional correlates of psychiatric symptoms in the brain. Moreover,



they may reveal changes in information processing that precede the onset of the

clinical disorder and thus provide markers of risk or prognosis.

Neuroimaging is being used more frequently to assist with the detection and diagnosis
of psychiatric illness and to increase our understanding of the aetiology of these
conditions. Neuroimaging can be used to study brain development in healthy subjects
and in subjects with certain illnesses and to investigate disease progression and the

effects of medications or other treatments on the brain.

Magnetic resonance imaging (MRI1) and magnetic resonance spectroscopy (HI-MRS)
show significant promise in unravelling the aetiology of psychiatric disorders. These
methods, while enhancing our understanding of causation, can also help in the
potential identification of endophenotypes which are presently poorly described in
psychiatric disorders. Ultimately, it is hoped that advances in the identification of
such abnormalities may better assist in providing focused treatments in clinical

practice.

2.2 Overview of MRl methodology

MRI uses the magnetic properties of hydrogen and its interaction with both a large
external magnetic field and radio waves to produce highly detailed images of internal

anatomy.
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The hydrogen nucleus rotates upon itself in a ‘spin’ and because it is charged, it
produces a small magnetic field, behaving like a tiny magnet. In the absence of an
external magnetic field, the spin directions of all atoms are random and cancel each
other. When placed in an external magnetic field, the spins align with the external
field. By applying a rotating magnetic field in the direction orthogonal to the static
field, the spins can be pulled away from the z-axis with an angle alpha. The bulk
magnetisation vector rotates around z at the Larmor frequency (precess) which is
calculated by the product of the gyromagnetic ratio with the strength of the magnetic
field.

If a radiofrequency pulse is applied to the nucleus of an atom at the Larmor
frequency, the protons will alter their alignment such that they become aligned with
the orientation of the main magnetic field. In the case ofhydrogen nuclei, they absorb
radiofrequency energy and are said to be in a state of resonance (Filler, 2009). The
precession relaxes gradually, when the xy-component reduces in time, the z-
component increases. The xy component of the magnetisation vector produces a

voltage signal which is the MRI signal which is measured.

2.3 Image acquisition

Subjects were scanned using a 1.5 Tesla, GE NU/i Signa MR System at the Maudsley
Hospital in London. The GE Signa MR/i MR System is a short bore, high
performance, whole-body imaging system operating at 1.5 Tesla. The system can

image in any orthogonal or oblique plane (including single and double axis obliques),
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using awide variety of pulse sequences. A birdcage coil was used for RF transmission
and reception. A vacuum fixation device ensured that subjects were both comfortable
and restrained from movement during the scanning process. The whole brain was
imaged with a three-dimensional (3-D) inversion recovery prepared fast spoiled
gradient-recalled acquisition in the steady state (SPGR) T1-weighted dataset. These
Tl-weighted images were obtained in the axial plane with 1.5mm contiguous
sections, repetition time (TR) of 13.8 milliseconds, inversion time (TI) of 450
milliseconds, echo time (TE) of 2.8 milliseconds and flip angle of 20° with one data
average and a 256x256x124 matrix. Image contrast for all datasets was chosen with
the aid of optimising software (Simmons et al., 1996). Acquisition time was 6

minutes, 27 seconds.

2.4 Overview of MR 1 analytical methodology

Following post-processing, image analytical techniques may be applied to MRI
images that are usually based on manual or computerised methodology. Usually after
image acquisition and prior to image analysis, a set of further steps is required to
prepare the MR images for computerised analysis. These may include scalp, skull and
meningeal stripping, thereby leaving only the underlying brain intact for analysis.
Additionally, the brain may be rotated to align it with a particular plane, e.g. anterior
commisure-posterior commisure plane or the image brightness or contrast may be
adjusted. These parameters may be adjusted manually or automatically depending on

the image analysis protocol.
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In the current study, before it was possible to study the brain images, head tilt
adjustments were made to the MRI brain scans which had been processed and stored
on a CD. The purpose of the head tilt adjustments were to ensure that measures taken

from all the images were derived from a consistent angle and orientation.

The sagittal (left) view tilt correction was performed by aligning the bottom of the
anterior commissure and the bottom of the posterior commissure of the corpus

callosum (see Figure 2.1).

Figure 2.1; Tilt correction in a sagittal view using crosshair alignment along the
anterior commissure andposterior commissure ling



On completion of tilt adjustment in the sagittal plane, the alignment crosshair in the
coronal (frontal) view was aligned to run through the longitudinal (inter-hemispheric)

fissure, along the midline of the two hemispheres (see Figure 2.2).

Figure 2.2: Tilt correction in a coronal view using crosshair alignment along the
inter-hemisphericfissure



A final tilt was made for the axial view. The alignment crosshair was orientated to

run through the midline of the two hemispheres (Figure 2.3).

Figure 2.3 Tilt correction in an axial view using crosshair alignment along the
inter-hemisphericfissure



2.5 Magnetic resonance imaging volumetric analysis

2.5.1 Region ofinterest manual tracing

The reformatted SPGR data set was analysed using Measure Software (Barta et ah,
1997). Measure is an image processing and analysis software programme which runs
on Windows-based PC systems such as Windows 3.1 and Windows 95 operating
systems. Stereology or ‘proper sampling’ can be used to obtain unbiased volume
estimates by the application of the Cavalieri method, a mathematically unbiased
method for geometric property estimation (Gundersen & Jensen, 1987). The
programme currently allows for stereologically unbiased estimation of volume and
has been validated by studies with MRI phantoms and in vivo studies (Roberts et al.,
1994, 2000).

Volumetric analysis of hippocampi, temporal lobes, lateral ventricles, whole brain and
total cranial volumes were performed by means of manually tracing regions of interest
(Murphy et ah, 1992, 1993a, 1993h). Region of Interest (ROI) studies are often used
when the investigators have a priori hypotheses. Assessments are therefore confined
to a limited set of brain regions. These methodologies are in concept simple and are
carried out for instance by manually tracing the structures or regions-of-interest on
conventional MRI or alternatively via semi-automated techniques such as stereology
where a 3-D grid of fixed dimensions is placed on the entire brain and subsequently
the volumes of structures of interest are calculated by the manual marking of pixels

falling within each 2-D slice of the structure of interest by a rater. The volume of the



structure of interest which corresponds to the total number of marked pixels is then

automatically calculated by computer software.
ROJ tracing of the hippocampus is shown in Figure 2.4. The volume of each region

was calculated by multiplying the summed pixel cross sectional areas by slice

thickness.

Figure 2.4: Region ofinterest manual tracing ofthe hippocampus



The hippocampal boundaries which were used for evaluating the ROI were:

J Posterior boundary - the fornix.

. Lateral boundary - the temporal horn of the lateral ventricle.

. Inferior boundary - the white matter of the parahippocampal gyrus.
Superior boundary - the alveus.

. Mesial boundary - the mesial edge of the temporal lobe.

. Anterior boundary - the amygdala.

The temporal lobe boundaries which were used for evaluating the ROI were:

. Region 1 - everything frontal to the first slice in which the callosum connects
the hemispheres.

Region 2 - everything from the frontal-most corpus callosum to the last slice
frontal to the thalamus.

] Region 3 - everything from the beginning of the thalamus up to and including
the last slice (most posterior) in which the corpus callosum joins the
hemispheres.

J Region 4 - everything caudal to the last slice in which the corpus callosum

joins the hemispheres.

Cerebrospinal fluid, ventricles, cerebellum, and brain stem were excluded from

temporal lobe region of interest studies.

The lateral ventricle boundaries which were used for evaluating the ROI were:
J Anterior boundary - the lateral ventricles extend forward into the frontal lobe

as the interior horn.
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] Main body - stretches from the intra-ventricular foramen posteriorally to the
splenium of the corpus callosum.
J Posterior boundary - the posterior horn extending posteriorally into the

occipital lobe.

The area to be marked for the ROI evaluation of whole brain volume was the entire
brain excluding the ventricles, cerebrospinal fluid, cerebellum, dura matter and brain

stem.

Intra-rater reliabilities were determined for the brain regions of interest traced by the
operator (Dr Mullins) as part of this analysis. The rater (Dr Mullins) was blind to
subject status. Highly significant intra-rater reliabilities were obtained in all cases.

The intra-rater correlation co-efficient was r> 0.9 for all regions.

2.5.2 Subjects for volumetric analysis

In the current study, volumetric analysis was undertaken to compare subjects with
Down’s syndrome (DS) to those with Alzheimer’s disease (AD) in the general
population. Additional volumetric analysis was undertaken on MRI scans of subjects
with AD, mild cognitive impairment (MCI) and Alzheimer’s disease healthy controls

(AD HC) atbaseline and subjects who were re-scanned after 12 months.



2.6 Automated volume and thickness measurements

2.6.1 Surface-based stream

Cortical thickness measurements used a surface-based image processing pipeline
developed by Fischl and Dale (Fischl et al, 1999, Dale et al., 1999). Firstly, the T1
weighted MRI volume was registered with the Talairach atlas (Talairach & Toumoux,
1988). The Talairach atlas was originally conceived to provide a standardised
coordinate system for location of brain structures in stereotactic space and has been
widely used in neuro-clinical procedures (Fox, 1997; Letovsky et al., 1998; Lancaster
etal., 2000). Talairach normalisation consists of a linear transformation that converts
the brain into a grid of 1,056 cells. These volume cells can be considered to represent

homologous measuring units of volume or activity rates across subjects.

The high resolution T1 weighted images generated by an MR scanner are typically
corrupted by magnetic susceptibility artifacts and RF-field inhomogeneities, resulting
in variations in both intensity and contrast across the image. This is undesirable for
any segmentation procedure which utilises intensity information in order to classify
voxel data into different tissue types. The B1 bias field was estimated using variation
in the white matter intensity in Talairach space and a correction for the B1 bias field

was applied.

Automated skull stripping was performed on the intensity normalised data. This
procedure involves deforming a tessellated ellipsoidal template into the shape of the

inner surface of the skull (Dale et al., 1999). Following the automated removal of the
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skull (Segonne et al., 2004), voxels were classified as white matter or non-white
matter based on intensity and neighbour constraints. Cutting planes were chosen to
isolate the hemispheres from each other, as well as to remove the cerebellum and
brain stem. The location of the cutting planes was based on the expected Talairach
location of the corpus callosum and pons, aswell as several rule-based algorithms that
encode the white matter mass for that hemisphere. An initial surface between white
and grey matter for each hemisphere was generated and then refined. This white
matter/grey matter surface was then expanded to identify the surface between grey
matter and CSF (the pial surface). The distance between the white matter and the pial

provided the thickness at each location of the cortex (Fischl & Dale, 2000).

Finally, an automated method for parcellating the cortical surface into a series of
anatomical surface patches was applied (Fischl, 2004). Surface based labelling is

shown in Figure 2.5.



Figure 2.5: Surface hased labelling
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2.6.2 Volume-based stream

Morphometric changes associated with neurodegenerative disorders and normal aging
include varations in the volume or shape of subcortical regions, in addition to
alterations in the thickness, area and folding pattern of the cortex. While surface-
based analysis investigates cortical variability, volumetric analysis is requred to detect
changes in non-cortical structures. For surfaced-based labeling, the measured value is
the curvature in each of the principal directions at that vertex. For volume-hased

labeling, the measured value is the intensity at that voxel.

Volumes of anatomical structures were determined using a volume-based image
processing pipeline consisting of five stages (Fischl et al., 2002, 2004). Affine
registration was made to Talairach space designed to be insensitive to pathology and
to maximise the accuracy of the final segmentation. The accuracy of the registration
procedure can ultimately be assessed by examining the number of anatomical classes
that occur at each atlas location. Ideally, all voxels should have only one anatomical
class located at a particular atlas location. As the registration becomes less accurate,

the number of anatomical classes occuring within an atlas voxel increases.

This next stage involved initial volumetric labelling. The Bl bias field was then
corrected using a different technique from that used in the surface-based stream. This
was followed by a high dimensional non-linear volumetric alignment to a Talairach
atlas in order to achieve point-to-point correspondence for all subjects. A final
segmentation step used subject-independent probabilistic atla to produce volume

segmentations of anatomical structures.
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In order to classify every point in space to a particular label for a given data set, it was
necessary to identify the segmentation that maximised the probability of input given
the prior probabilities from the training set. The probability of each class at each point
was computed. Each point was allocated to the class for which the probability was
greatest in order to achieve initial segmentation. The class probabilities were then re-
computed. Re-segmentation was undertaken on this new set of class probabilities.
This process was repeated until the segmentation was unaltered. The end result was a
label for each point in space and an understanding of the probability of seeing the

measured value at each voxel. Volume based labelling is shown in Figure 2.6.



Figure 2.6: Volume based labelling



2.7 Magnetic resonance spectroscopy

2.7.1 Magnetic resonance spectroscopy protocol

Magnetic resonance spectroscopy (LH-MRS) voxels of interest (6mL) were defined in
the left and right hippocampi. The anterior and posterior extents of the
hippocampal/amygdala complex were initially defined from localiser images and a
section of the axial 3-D inversion recovery prepared SPGR volume was then
reoriented into the coronal plane for visualisation of the hippocampus (Figure 2.7).
The anterior extent of the voxel was defined as the coronal slice where the amygdala
disappeared, with the posterior extent 20mm from this. The centre of the voxel was
denoted by the centre of the white matter tract in the superior/inferior and right/left
positions. A point resolved spectroscopy (PRESS) pulse sequence (TE 35msec, TR
1500msec, 256 data averages, 2048 points) with automated shimming and water
suppression was used to obtain spectra from each voxel with high signal to noise ratio

and clearly resolved NAA, ml, Cr+PCr and Cho peaks among other metabolites.



Figure 2.7: Axial TL weight MR illustrating the locations of the IH-MRS voxels in
the leftand right hippocampi
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Water suppression was carried out by a sequence of chemical shift selective (CHESS)
radio frequency (RF) pulses to excite and associated spoiling gradients to dephase
water before the localisation sequence. The flip angle of the last CHESS RF pulse
was automatically adjusted to minimise the residual water signal. A flip angle of
greater than 90° was used to allow for T1 relaxation between the last CHESS RF

pulse and the beginning of the localisation sequence.

2.7.2 Magnetic resonance spectroscopy data analysis

Differences in proportions of white and grey matter in the 1H-MRS voxels may
confound group differences in metabolite concentrations. Thus to ensure that
differences in tissue composition of the MRS voxels did not account for metabolic
differences between subject groups, the 3D inversion recovery prepared spoiled
GRASS dataset was segmented using statistical parametric mapping software (SPM,;
http://spm.ion.ucl.ac.uk) to determine the percentage of grey matter, white matter and
CSF within the MRS voxel. The position of the 1H-MRS voxels relative to the 3D

dataset was determined automatically using in-house software.

1H-MRS spectra were processed using LC-model on a Sun SPARC-10 workstation
(Sun Microsystems Inc., Mountain View, CA). LC-model uses a linear combination
of model spectra of metabolite solutions in vitro to analyse the major resonances of in
vivo spectra. In this case, a basis set of alanine, aspartate, creatine, gamma-
aminobutyric acid (GABA), glutamine, glutamate, glycerophosphocholine, ml,

lactate, NAA, N-acetyl-aspartylglutamate (NAAg), scyllo-inositol, and taurine,
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together with a baseline function were used for analysis. In addition, analysis was
corrected for the CSF component of the MRS voxel. As expected, many of the
metabolite peaks included in the LC-model did not reach statistical significance when
fitted. However, those for NAA, ml, Cr+PCr and Cho did reach statistical
significance for all spectra derived from the hippocampi and concentrations were

therefore derived from these metabolite peaks.

2.8 Statistical analysis

In order to control for the relationship of brain volume and head size, hippocampal
volumes were expressed as raw (uncorrected) volumes and when normalised, as a
percentage of traced total cranial volume (TCV). Statistical analyses were carried out
on both raw and corrected brain volumes. TCV is determined during childhood by the
volume of brain, meninges, and cerebrospinal fluid contained within it. The

normalisation to TCV provided the proportion of past hippocampal brain size.

For both MRI and 1H-MRS analyses, volumes and metabolite concentrations were

normally distributed. The variables were therefore analysed using univariate analysis.
For MRI analysis, age was significantly different between groups (F 157.556,

p<0.001), as was the gender distribution. Age, gender and TCV were added as

covariates in the analysis.
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For 1H-MRS analysis, between group comparisons of potential covariates including
age, education and voxel of interest proportion of grey and white matter were made
using univariate general linear models (GLM) with follow-up least squares difference
(LSD) testing. As expected, age was significantly different between groups (F 182.84,
p<0.001). The voxel of interest proportions of grey matter (F 6.977, p <0.001), white
matter (F 5.678, p <0.001) and CSF (F 6.831, p<0.001) were also all significantly
different. Therefore age, gender and a composite index of grey and white matter
proportions of the MRS voxel [VOI proportions of grey matter/(VOI proportions of
grey matter + VOI proportions of white matter)] were added as covariates in 1H-MRS

analyses. Analysis was corrected for the CSF component of the MRS voxel.

Follow-up pairwise comparisons among estimated marginal means adjusting for
covariates were conducted where appropriate. All significance tests used a p value of
0.05 for significance. Adjustments were made for multiple testing using the
bonferroni adjustment when appropriate which allows the p value to remain at 0.05

for all significance decisions.

2.9 Participants

A total of 192 adults with successful MRI brain scans were included in the MRI phase
of the study: 64 individuals with Down’s syndrome (DS) [19 subjects with Down’s
syndrome who had dementia (DS+) and 45 subjects with Down’s syndrome without
dementia (DS-)], and 128 adults without DS [43 younger healthy control (HC)
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subjects age-appropriate to the DS sample and 46 older people with Alzheimer’s

disease (AD), together with 39 HC subjects age-appropriate to the AD sample].

A total of 156 adults were included in the automated cortical volume and thickness
study: 44 individuals with DS (14 with DS+ and 30 with DS-) and 112 older adults
without DS (40 younger HC subjects age-appropriate to the DS sample; and 35 older
people with AD, together with 37 HC subjects age-appropriate to the AD sample).

A total of 148 adults with successful 1H-MRS were included in the 1H-MRS phase of
the study: 39 individuals with DS (19 with DS+ and 20 with DS-) and 109 older
adults without DS (24 younger HC subjects age-appropriate to the DS sample; and 46
people with AD, together with 39 HC subjects age-appropriate to the AD sample).

Individuals with genetically confirmed DS were recruited from community centres,
residential homes and speciality clinics in London, Birmingham, Plymouth and
Newcastle upon Tyne in the United Kingdom. DS status was assessed in all
participants by karyotyping. Cognitive status was measured using the Cambridge
Cognitive Examination (CAMCOG). The CAMCOG is part of the Cambridge
Examination of Mental Disorders of the Elderly (CAMDEX; Roth et al., 1988), which
apart from the CAMCOG, consists of a structured interview with the patient and an

informant, together with a physical examination.

The CAMCOG is one of the diagnostic instruments that are widely used in clinical
settings and in epidemiological research on dementia. It is a standardised instrument

used to measure the extent of dementia and to assess the level of cognitive
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impairment. The measure assesses orientation, language, memory, praxis, attention,
abstract thinking, perception and calculation. The CAMCOG was previously
validated for use in DS (Hon et al., 1999) and is appropriate for assessing cognitive
function in people with intellectual disability, unlike more standard tests of cognitive
function such the Wechsler Adult Intelligence Scales. The CAMCOG incorporates,
and is highly correlated with, the MMSE (Blessed et al., 1991).

The AD samples were part of a larger, national longitudinal study based at the
Institute of Psychiatry in London. Individuals from this study were diagnosed with
dementia using the 1CD-10 Research Diagnostic Criteria. Non-AD dementias were
excluded in keeping with the criteria of the National Institute of Neurological and
Communicative Disorders and Stroke [NINCDS] and the Alzheimer’s Disease and
Related Disorders Association [ADRDA] (McKhan et al., 1984).

According to the NINCDS-ADRDA criteria, a diagnosis of probable Alzheimer’s
disease is supported by a 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; a family history of similar
disorders and laboratory results consisting of a normal lumbar puncture, a normal
pattern or non-specific changes in EEG, and evidence of cerebral atrophy on CT with
progressive documentation by serial observation. A diagnosis of definite Alzheimer’s
disease according to the NINCDS-ADRDA criteria requires the clinical criteria for
probable Alzheimer’s disease in addition to histopathologic evidence obtained from a

biopsy or autopsy.
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Age appropriate-HC were recruited from general practice lists and the local
population. Absence of dementia was confirmed via screening with the CAMCOG

and the MMSE.

All participants underwent standard physical, neurological and psychiatric screening,
including routine clinical blood tests (e.g. renal, liver and thyroid function). In
addition, all participants underwent a clinical MRI to exclude other brain disorders,
including stroke or vascular dementia. Exclusion criteria included the presence of
detectable physical (e.g. history of birth trauma or head injury) or psychiatric
disorders (e.g. major depression or psychosis). None of the participants were taking
antipsychotic or antidepressant medication at the tune of the study. However, seven
DS+ (37%) and 25 AD (54%) participants were taking acetylcholinesterase (AChE)
inhibitors. It should be noted that there was a very high success rate in MR scanning
in the DS+ and AD groups, with less than 20% drop out/non-compliance across all

participants recruited with dementia.

The study was approved by the local and national ethics committees. After a complete
description of the study was provided to the participant and the identified carer,
written informed consent was obtained where possible. Where not possible, the

participant’s assent was obtained with formal consent provided by an identified carer.
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Chapter 3

Results

3.1 Magnetic resonance imaging to compare subjects with Down’s
syndrome and those with Alzheimer’s disease in the general

population (Table 3.1)

3.1.1 Raw (uncorrected) volumes

Age, gender and total cranial volume (TCV) were added as covariates in the analysis.
There was a significant main effect of group for the total hippocampal volume, left
and right hippocampus, total temporal lobes, left and right temporal lobes, total lateral
ventricles and the left and right lateral ventricles. There was a significant main effect

of group and gender for whole brain volume (WBV) and TCV.

Follow-up pairwise comparisons revealed that the total hippocampal volume in
addition to the left and right hippocampal volumes showed a significant reduction in
AD and DS+ compared to their healthy control groups. The total hippocampal volume
and the right hippocampal volume also had a significant reduction in DS+ compared
to non-demented subjects with DS-. Figure 3.1 shows the hippocampal volumes for
the Alzheimer’s disease (AD), Alzheimer’s disease healthy controls (AD HC),
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demented subjects with Down’s syndrome (DS+), non-demented subjects with

Down’s syndrome (DS-) and Down’s syndrome healthy control (DS HC) groups.

The total temporal lobe volume in addition to the left and right temporal lobe volumes
had a significant reduction in AD compared to its healthy control group. Figure 3.2
shows the temporal lobe volumes for the AD, AD HC, DS+, DS- and DS HC groups.

The total lateral ventricles in addition to the left and right lateral ventricles had a
significant increase in AD compared to its healthy control group. The right lateral
ventricle also had a significant increase in DS+ compared to its healthy control group.
Figure 3.3 shows the lateral ventricle volumes for the AD, AD HC, DS+, DS- and DS
HC groups.

Between DS+ and DS- and between AD and its healthy control group, there was a
significant reduction in the volume of the hippocampus and temporal lobe; and a

significant increase in the lateral ventricle volume.

Whole brain volume and total cranial volume had a significant reduction in DS+ and
DS- compared to its healthy control group. Figure 3.4 shows the whole brain volume
and Figure 3.5 shows the total cranial volume, for the AD, AD HC, DS+, DS- and DS
HC groups.

Within DS individuals, the reduction in the volume of the hippocampus between DS+
and DS- was similar to that within AD cases and controls from the general population

(respectively 19% and 17%). In contrast, within DS individuals, the reduction in the
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volume of the temporal lobe between DS+ and DS- was almost twice that within AD
cases and controls from the general population (respectively 14% and 8%). Within DS
individuals, the increase in volume of the lateral ventricles between DS+ and DS- was
less than that within AD cases and controls from the general population (respectively
36% and 43%).
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Significant pairwise comparisons: AD<AD HC; AO<DS HC; DS+<DS-;
DS+<AD HC; DS+<DS HC; DS-<DS HC *
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3.1.2 Volumes corrected for total cranial volume

Age, gender and TCV were added as covariates in the analysis. There was a
significant main effect of group for the hippocampus, temporal lobes and the lateral

ventricles. There was a significant main effect of gender for the temporal lobe.

Follow-up pairwise comparisons revealed that AD and DS+ were significantly
reduced compared to their respective healthy control groups and that DS+ was
significantly reduced compared to DS- for the total hippocampus, right hippocampus
and left hippocampus. Figure 3.6 shows the corrected hippocampal volumes for the
AD, AD HC, DS+, DS- and DS HC groups.

AD was significantly reduced compared to its healthy control group for the total
temporal lobe, right temporal lobe and left temporal lobe. Figure 3.7 shows the

corrected temporal lobe volumes for the AD, AD HC, DS+, DS- and DS HC groups.

AD was significantly increased compared to its healthy control group for the total
lateral ventricle, right lateral ventricle and left lateral ventricle. The right lateral
ventricle also had a significant increase of DS+ compared to its healthy control group.
Figure 3.8 shows the corrected total lateral ventricle volumes for the AD, AD HC,

DS+, DS- and DS HC groups.

Between DS+ and DS- and between AD and AD HC, there was a significant
reduction in hippocampal volume and temporal lobe; and a significant increase in

lateral ventricle volume.
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Within DS individuals, the reduction in the volume of the hippocampus between DS+
and DS- was less than half that within AD cases and controls from the general
population (respectively 7% and 15%). Similarly, the reduction in the volume of the
temporal lobe between DS+ and DS- was also less than half that within AD cases and
controls from the general population (respectively 2% and 5%). The increase in
volume of the lateral ventricles between DS+ and DS- was similar to that between AD
and AD HC (respectively 41% and 40%).
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3.1.3 Relationship of cognitive ability to brain anatomy

In the Alzheimer’s population, there was a positive correlation between MMSE and
the corrected hippocampal volume (r 0.311, p 0.01) and between MMSE and the
corrected temporal lobe volume (r 0.316, p 0.05). There was a negative correlation

between MMSE and the corrected lateral ventricle volume (r - 0.475, p 0.01).

The Down’s syndrome population showed a positive correlation between CAMCOG
and the corrected hippocampal volume (r 0.216, p 0.05) and between CAMCOG and
the corrected temporal lobe volume (r 0.435, p 0,01). There was a negative correlation

between MMSE and the corrected lateral ventricle volume (r- 0.462, p 0.01).
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Table 3.1: Magnetic resonance imaging to compare subjects with Down’s syndrome and those with Alzheimer’s disease in the general

population
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3.2 Automated volume and thickness measurements

3.2.1 Raw (uncorrected) volumes (Table 3.2)

There was a significant main effect of group for the left hippocampus and a
significant main effect of both group and gender for right hippocampus. Follow-up
comparisons revealed that both DS+ and AD had a significant reduction in left and
right hippocampal volume as compared to their respective non-demented control
groups. Within DS individuals, the reduction in volume of the left and right
hippocampus between DS+ and DS- (both -17%) was similar to that within AD cases

and controls from the general population (respectively -19% and -16%).

There was a significant main effect of group and gender for the left and right
amygdala. Follow-up comparisons revealed that both DS+ and AD had a significant
reduction in both left and right amygdala volume as compared to their respective non-
demented control groups. Within DS individuals, the reduction of the left and right
amygdala between DS+ and DS- (respectively -24% and -29%) was less than that
within AD cases and controls from the general population (respectively -18% and -
19%).

There was a significant effect of group and gender for both the left and right thalamus.
Follow-up comparisons revealed that DS+ had a significant reduction in both left and
right thalamus volume as compared to its respective non-demented control group. The

percentage reduction in left and right thalamus was greater for AD cases and controls
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from the general population (both -7%) compared to that between DS+ and DS-
(respectively -14% and -13%).

There was no significant main effect of group or gender for either the left or right

caudate. Follow-up comparisons did not reveal any significant findings.

There was a significant main effect of group and gender for both the left and right
pallidum. Follow-up comparisons did not reveal any significant findings for DS+ or

AD as compared to their respective non-demented control groups.

There were significant main effects of group and gender for both the left and right

putamen. Follow-up comparisons did not produce any significant findings.

There was a significant main effect of group and gender for the optic chiasm. Follow-
up comparisons revealed that AD had a significant increase in the optic chiasm
volume compared to its non-demented control group. AD experienced a +11%
volume increase in optic chiasm compared to its control group, while DS+ had a -6%

volume reduction compared to DS-.

There was a significant main effect of group and gender for the brain stem. Follow-up
comparisons revealed that DS+ had a significant reduction in brain stem volume when
compared to its non-demented control group. DS+ experienced a -8% volume
reduction in brain stem compared to DS-, while AD had a +2% volume increase

compared to its control group.
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There was a significant main effect of group and gender for both the left and right
cerebellar cortex. Follow-up comparisons revealed that DS+ had a significant
reduction in both left and right cerebellar cortex volume when compared to its non-
demented control group. The percentage reduction in left and right cerebellar cortex
volume was greater for DS+ compared to DS- (respectively -14% and -11%) than the

reduction between AD and its control group (respectively -0.5% and -0.4%).

There was a significant main effect of group for both the left and right cerebellar
white matter. Follow-up comparisons revealed that DS+ had a significant reduction in
both left and right cerebellar white matter when compared to its non-demented control
groups. DS+ experienced a greater volume reduction compared to DS- for both left
and right cerebellar white matter (respectively -10% and -5%). While AD experienced
a greater volume increase compared to its control group (respectively +10% and

+1%),

There was a significant main effect of group and gender for both the left and right
cerebral white matter. Follow-up comparisons revealed that DS+ had a significant
reduction in left and right cerebral white matter compared to its non-demented control
group. The reductions in the left and right cerebral white matter for DS+ compared to
DS- were -5% and -25% respectively; while the reductions of AD compared to its

control group were -6% and -0.1% respectively.

There was a significant main effect of group and gender for both the left and right
cerebral cortex. Follow-up comparisons revealed that DS+ and AD had a significant

reduction in left and right cerebral cortex compared to their respective non-demented
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control groups. The reductions in the left and right cerebral cortex volumes for DS+
compared to DS- (respectively -14% and -13%) were greater that of AD compared to

its healthy control group (both -7%).

There was a significant main effect of group for the left accumbens area and of both
group and gender for the right accumbens area. Follow-up comparisons revealed that
DS+ had a significant reduction in left accumbens area compared to its non-demented
control group and that both DS+ and AD had a significant reduction in the right
accumbens area compared to their comparison control groups. The reduction in the
left and right accumbens volume was greater for DS+ compared to DS- (respectively -
14% and -16%) than for AD compared to its control group (-6% and -9%).

There was a significant main effect of group and gender for both the left and right
ventral dorsal columns. Follow-up comparisons revealed that DS+ and had a
significant reduction in the left and right ventral dorsal columns compared to its non-
demented control group. The reduction in the volume of the left and right ventral
dorsal columns was -0.3% and -12% respectively when DS+ was compared to DS-.
When AD was compared to its control group, there was a -12% reduction in volume
for the left ventral dorsal column volume and a +0.3% increase for the right ventral

dorsal column volume.

There was a significant main effect of group and gender for the anterior corpus
callosum and the central corpus callosum. There was a significant main effect of
group for the posterior and mid-posterior corpus callosum and no significant main

effects for the mid-anterior corpus callosum. Follow-up comparisons revealed
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significant findings for the central corpus callosum, a reduction in DS+ when
compared to its non-demented control group. The anterior, central and mid-posterior
corpus callosum volumes produced greater reductions when AD was compared to its
control group (respectively -14%, -15% and -16% ), than when DS+ was compared to
DS- (respectively - 7%, -8% , -0.3% ). The posterior corpus callosum was reduced when
AD was compared to its control group (-14% ) and increased with DS+ was compared

to DS- (+3% ).

There was a significant main effect of group and gender for CSF. Follow-up

comparisons did notproduce any significant findings.

There was a significant main effect of group and gender for the third ventricle.
Follow-up comparisons revealed that AD had a significant increase in third ventricle
volume when compared to its non-demented control group. The increase in third
ventricle volume when AD was compared to its control group (+31%) was almost

double thatwhen DS+ was compared to DS- (+16% ).
There was a significant main effect of group for the fourth ventricle. Follow-up
comparisons did not produce any significant findings for DS+ or AD when compared

to theirrespective non-demented control groups.

There were no significant main effects of group or gender for the fifth ventricle.

Follow-up comparisons did notproduce any significant findings.

91



There was a significant main effect of group for both the left and right inferior lateral

ventricles. Follow-up comparisons revealed a significant increase in DS+ and AD

compared to their respective non-demented control groups for the left inferior lateral

ventricle and for AD compared to its non-demented control group for the rightinferior

lateral ventricle. The increase in left and right inferior lateral ventricle volume was

greaterwhen AD was compared to its control group (both +71% ) than when DS+ was

compared to DS- (respectively +54% and +55% ).

There was a significant main effect of group and gender for both the left and right

lateral ventricles. Follow-up comparisons revealed a significant increase in AD

volume of both left and right lateral ventricles compared to its non-demented control

group. The increases in left and right lateral ventricles was greater for AD compared

to its control group (respectively +78% and +39% ) than when DS+ was compared to

DS- (+28% and +32% ).

There was a significant main effect of group for both the left and right vessel. Follow -

up comparisons did not however produce any significant findings for DS+ or AD

when compared to their respective non-demented control groups for either the left or

right vessel.

There were no significant main effects of either group or gender for the non-white

m atter hyperdensities. Follow-up comparisons did not produce any significant

findings.
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There was a significant main effect of group for the white matter hyperdensities.
Follow-up comparisons revealed that AD had a significant increase in white matter
hyperdensities when compared to its non-demented control group. The increase in
w hite matter hyperdensities was more than four times greater for AD compared to its

control group (+48% ) than when DS+ was compared to DS- (+10% ).

3.2.2 Volumes corrected for total cranial volume (Table 3.2)

There was a significant main effect of group and gender for the normalised left and
right hippocampus. Follow-up comparisons revealed a significant reduction for AD
compared to its non-demented control group for the normalised left hippocampus and
for both AD and DS+ compared to their respective non-demented control groups for
the normalised right hippocampal volume. The volume reductions for the left and
right hippocampus were greater for AD compared to its control group (respectively -

20% and -22% ) than for DS+ compared to DS- (respectively -15% and -4%).

There was a significant main effect of group and gender for the normalised left and
right amygdala. Follow-up comparisons revealed a significant reduction for AD
compared to its non-demented control group for both the normalised left and right
amygdala compared to its respective non-demented control group. The volume
reductions for the left and right amygdala were greater for AD compared to its control
group (respectively -30% and -27% ) than for DS+ compared to DS- (respectively -9%

and -23% ).
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There was a significant main effect of group and gender for the normalised left and
right thalamus. Follow-up comparisons did not produce any significant findings for
AD or DS+ compared to their respective non-demented control groups for either the

normalised left orright thalamus.

There was a significant main effect of group and gender for the normalised left
caudate volume and a significant main effect of gender for the right caudate volume.
Follow-up comparisons did not produce any significant findings for either AD or DS+

compared to their respective non-demented control groups.

There was a significant main effect of group for the normalised left and right
pallidum. Follow-up comparisons did not produce any significant findings for either

AD orDS+ compared to theirhealthy control groups.

There was a significant main effect of group and gender for the normalised left and
right putamen. Follow-up comparisons for the normalised left putamen revealed a
significantly reduction for AD compared to its non-demented control group but no
significant findings for either AD or DS+ compared to their respective non-demented
control groups for the normalised right putamen. W ithin DS individuals, the reduction
in volume ofthe left and rightputamen between DS+ and DS- (respectively -13% and
-11% ) was similar to that within AD cases and controls from the general population

(both-10%).
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There was a significant main effectof group for the normalised optic chiasm. Follow -

up comparisons did not produce any significant findings for either AD or DS+

compared to theirnon-demented control groups.

There was a significant main effect ofgroup and gender for the norm alised brain stem

volume. Follow-up comparisons revealed that DS+ had a significant reduction in the

brain stem volume compared to its non-demented control group.

There was a significant main effect of group and gender for the normalised left and

right cerebellar cortex. Follow-up comparisons revealed that both the normalised left

and right cerebellar cortex had a significant reduction in DS+ compared to its non-

demented control group. DS+ had a greater reduction in the left and right normalised

cerebellar cortex compared to DS- (respectively -11% and -8% ) than AD compared to

its non-demented control group (both -5%).

There was a significant main effect of group and gender for the normalised left and

right cerebellar white matter. Follow-up comparisons revealed significant reductions

in DS+ compared to its non-demented control group for both the left and right

normalised cerebellar white matter volumes. W ithin DS individuals, the reduction in

volume ofthe left and right norm alised cerebellar white matter between DS+ and DS-

(respectively -6% and -3% ) was similar to that within AD cases and non-demented

controls from the generalpopulation (respectively -4% and -3% ).

There was a significant main effect of group and gender for the normalised left and

right cerebral cortex. Follow-up comparisons revealed that AD had a significant
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reduction compared to its non-demented control group for both the left and right
cerebral cortex. W ithin DS individuals, the reduction in volume ofthe left and right
normalised cerebral cortex volumes between DS+ and DS- (both -9% ) was similar to

that within AD cases and controls from the general population (respectively both -

11%).

There was a significant main effect of group and gender for the normalised left and
right cerebral white matter. Follow-up comparisons did not reveal any significant
findings for either AD or DS+ compared to their non-demented control groups for

either the left orright normalised cerebral white matter.

There was a significant main effect of both group and gender for the norm alised left
and right accumbens area. Follow-up comparisons revealed a significant reduction in
AD compared to its non-demented control group for the normalised right accumbens

area and no significant findings forthe normalised left accumbens area.

There was a significant main effect of group and gender for the normalised left and
right ventral dorsal columns. Follow-up comparisons did not produce any significant
findings for either AD or DS+ compared to their respective non-demented control
groups for either the left or rightnormalised ventral dorsal columns. The reduction in
the left and right norm alised ventral dorsal columns was greater for DS+ compared to
DS- (respectively -10% and -7% ) than within AD group compared to its non-

demented controls (both -4%).
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There was a significant main effect of group and gender for the norm alised anterior,
mid-anterior, central, posterior and mid-posterior corpus callosum. Follow-up
comparisons revealed that there was a significant increase in DS+ compared to its
non-demented control group for the normalised anterior and posterior corpus
callosum. The normalised anterior, mid-anterior, central, posterior and mid-posterior
corpus callosum volumes were reduced in AD compared to its non-demented control
group (respectively - 25%, -20%, -15%, -18% and -15%). DS+ compared to DS-
showed a reduction in the normalised anterior and central corpus callosum
(respectively -2% and -4% ) and an increase in the normalised mid-anterior, posterior

and mid-posterior corpus callosum (respectively +1%, +7% and +4%).

There was a significant main effect of group and gender for the normalised CSF.
Follow-up comparisons revealed a significant increase in DS+ compared to its non-
demented control group. The increase in the normalised CSF volume was greater for
AD compared to its non-demented controls (+9% ) than for DS+ compared to DS-

(+5% ).

There was a significant main effect of group and gender for the normalised third
ventricle volume. Follow-up comparisons revealed a significant increase in AD and
DS+ compared to their respective non-demented control groups. The increase in the
normalised third ventricle volume for AD compared to its non-demented controls was

more than twice thatfor DS+ compared to DS- (respectively +23% and -11% ).
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There was a significant main effect of group for the normalised fourth ventricle
volume. Follow-up comparisons did not produce any significant findings for AD or

DS+ compared to theirnon-demented control groups.

There was no significant main effect of group or gender for the normalised fifth

ventricle volume. Follow-up comparisons did notproduce any significant findings.

There was a significant main effect ofgender for the norm alised left and right inferior
lateral ventricle volumes. Follow-up comparisons revealed a significant increase in
both AD and DS+ compared to their respective non-demented control groups for both
the left and rightnorm alised inferior lateral ventricle volumes. The increase in the left
and rightnormalised inferior lateral ventricle was greater for AD compared to its non-
demented control group (respectively +67% and +63% ) than for DS+ compared to

DS- (respectively +50% and +57% ).

There was a significant main effect of group and gender for the normalised left and
right lateral ventricle volumes. Follow-up comparisons revealed significant increases
in AD and DS+ compared to their respective non-demented control groups for both
the left and right norm alised lateral ventricle volumes. The increase in normalised le ft
and right lateral ventricle was +41% and +36% respectively for AD compared to its

non-demented control group and +31% and +35% for DS+ compared to DS-.

There was a significant main effect of group for the normalised left and right vessel

volumes. Follow-up comparisons did not produce any significant findings for AD or
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DS+ compared to their non-demented control groups for either the left or right

normalised vessel volumes.

There were no significant main effects of group or gender for the normalised non-
w hite matter hyperdensities. Follow-up comparisons did not produce any significant

findings.

There was a significant main effect of group for the normalised white matter
hyperdensities. Follow-up comparisons revealed a significant increase in AD
compared to its non-demented control group. The increase in normalised white matter
hyperdensities was more than three times greater for AD compared to its non-
demented control group than for DS+ compared to DS- (respectively +45% and

+13% ).
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ight caudate*

Right ~ caudate
normalised by TCV
fA) TCV)*

eft pallidum**

Left  pallidum
normalised by TCV
% TCV) **

ight pallidum**

0.1£0.02

1.45£0.26

0.1£0.02

5.27£0.65
0.39£0.04

5.210.68
0.38+0.05

2982047
0.2240.03

2.98£3.35
0.22£0.03

1.24+0.25
0.09+0.01

1.23+0.27

0.1120.02

1.8+0.2

0.13+0.02

6.1£0.79
0.430.04

5.9620.77
0.04£0.05

3.28£0.47
0.23£0.03

3.35£0.47
0.23£0.03

1.410.24
0.120.01

141403

o.1ldto.oi

1.87:0.18

0.110.01

1.11+0.76
0.42+0.04

6.98+0.77
0.4120.04

3.49+0.44
0.2120.02

3.3510.71
0.21£0.02

1.56+0.19
0.09£0.01

1.560.24

0.07£0.02

1.3240.29

0.08+0.01

547054
0.3420.04

5.39+0.5
0.33+0.03

0

60.
0.0

3.2610.5
0.2£0.03

3.4240.63

0.21£0.03

1.28+0.2
0.07+0.01

1.24:0.21
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0.1£0.01

1.87:0.18

0.11+0.01

5.590.51
0.36£0.03

54910.5
0.36+0.03

3.250.66
0.21£0.04

3.35£0.71
0.21£0.04

1.26£0.17
0.08+0.01

1.210.15

—_

8.396
0.001)

18.309
(0.001)

28.266
(0.001)

14873

80'001)
790

(0.006)

15,975
0.001)

457
(0.048)
NS

3,798
(0.006)

2,795
(0.028)
NS

—

3782
(005
660
(0.035)

3.322

<0.001)

20.027)
(0.014)

6,163
(6.014)

8.876
(0.003)

4,544
50.0350)

8.2
(0.001)
4,53
50.0356)

9.4
(0.001)
NS
7.846
(0.006)
NS

11,550
(0.001)

16.465

0.001
o8

9.281

DS-KAD HC; DS-KDS HC
AD<DS+; AD<DS-:

AD<AD 'HC: "AD<DS HC;
DS+<DS-

AD<DS-: AD<AD HC:
AD<DS HC: DS-KDS-:
DSk AD HC: DS-KDS HC
AD<DS#+: AD<DS-:
AD<AD HC: AD<DS HC:
DS-KDS-; DS HC<DS-

DS-KAD: DS-KAD HC:
DS-KDS HC: DS-<DS HC
AD<DS-; DS-KDS-

DS-KAD; DS-KAD HC;
DS-KDS HC; DS-<DS HC
NS

NS
DS HC<DS-

NS
NS

DS-KAD; DS-KAD HC
DS-HC<DS-

DS-KAD; DS-KAD HC



Right  pallidum
normalised by TCV
(% TCV)**

Left putamen*

Left putamen
normalised by TCV
% TCV)*

ight putamen*

Right ~ putamen
normalised by TCV
%TCV)*
ptic chiasm™**

Optic chiasm
normalised by TCV
g/o TCV)**

rain stem*

Brain stem
normalised by TCV
{/o TCV)*

eft cerebellar
cortex*

Left cerebellar
cortex normalised
by TCV ( %TCV?
Right  cerebellar
cortex*

Right  cerebellar
cortex normalised

0.09£0.01

4.810.71
0.35£0.0

4.610.64
0.34+0.04

0.290.04
0.0216+0.003

14.78+1.77

1.08£0.01

36.09+5.83

2.62+0.31

31.29£5.75

2.711£0.29

0.1+0.01

5.55t0.69
0.4£0.06

5.44+0.68
0.38£0.05

0.31£0.04
0.022£0.003

16.112

1.11£0.13

42.08+4.92

2.95+0.39

41.7245.19

2.93+0.42

0.09£0.01

5.170.68
0.3420.04

5.5110.64
0.330.04

0.33£0.06
0.019+0.003

21.83+2.48

1.29£0.13

57.896.49

3.42+0.4

51.956.75

3.43£0.43

0.0820.01

4.3410.75
0.27£0.05

4.2+0.67
0.26£0.04

0.37+0.06
0.0230.004

19.69£2.18

1.1240.15

47.9545.18

2.97+0.32

48.32+5.33

2.9920.31

0.0820.01

4,630.59
0.3£0.03

4.39:0.72
0.2920.04

0.33+0.06
0.021+0.004

19.3£1.18

1.2610.12

48.18+5.4

3.13:0.28

48.5145.74

3.15+0.31

0.021)
496
0.009)

i

(<0.001)

2477
o)

3607
(<0.001)

4,861
(0001

(0.006)

41,729
(<0.001)

9,075
(<0.001)

55.010
(<0.001)

15,509
(<0.001)

46,682
(<0.001)

12.237
(<0.001)

LLo—

w

DS-HC<DS-

NS

AD<DS+: AD<DS-:
AD<AD HC; DS HC<DS-

NS
AD<DS-; DS-HC<DS-

AD HC<AD; DS+<AD
DS HC<DS-

DS-KAD; DS-KAD HC:
DS-KDS HC: DS-<AD:
DS<AD HC' DS- <DS HC
DS+<AD: DS-KAD
DS-KDS HC: DS- <DS HC

DS-KAD; DS-KAD HC;
DS-KDS HC; DS-<AD;
DS<AD HCS DS-<DS HC

DS-KAD; DS-KAD-HC:
DS-KDS HC; DS<AD HC;
DS<DSHC

DS-KAD: DS-KAD HC:
DS-KDS HC; DS-<AD:
DS-<AD HC: DS-<DS HC
DS-KAD: DS-KAD HC:
DS-KDS HC; DS-<DS HC



b(}/ TCV
&/oTCV ) *
eft cerebellar
white matter*

Left cerebellar
white matter
normalised by TCV
%TCV) *

ight  cerebellar
white matter*

Right  cerebellar
white matter
normalised by TCV
{/o TCV) *
eft cerebral
cortex*

Left cerebral cortex
normalised by TCV
%TCV) *
ight cerebral
cortex*
Right cerepral
cortex normalised
3/ TCV
(%TCV) *
Left cerebral white
matter* _
Left cerebral white
matter normallsed
RyTCV (%TCV) *
ight cerebral
white matter*
Right ~ cerebral

8.99:1.19

0.660.09

9.47:1.04

0.69:0.08

219.83£21.75

16.08+1.85

219.46+28.62

16.07£1.9

174.04£24.68

12.6fttl.34

175.32+21.98
12.81+1.34

10.01il.97

0.740.15

10.1£1.9

0.71£0.14

254.29+26.27

17.751.49

252.4928.62

17.61£1.51

191.78+25.99

13.34+1.26

193.12+24.42
13.46£1.31

15.8£2.11

0.9320.12

15.742.1

0.93:0.13

286.96+28.55

16.91+1.26

285.09+29.76

16.8£1.25

230.78+21.05

13.57£0.78

232.96+27.18
13.7+0.84

14.33+2.27

0.89£0.15

14.47£2.23

0.940.14

217.37+21.71
13.4841.43
215.39+22.3
13.35£1.39
195.66+27.08

12.06+1.22

198.71+27.39
12.25¢1.2
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14.26+1.79

0.93£0.13

14.28+2.06

0.93:0.14

233.63+22.26

15.17+0.98

231.85+22.21

15.06£1.11

196.61+18.86

12.770.98

198.91+19.36
12.92+0.96

46,344
(<0.001)

19413
(<0.001)

40,944
(<0.001)

16.166
(<0.001)

17.442
(<0.001)

11.885
(<0.001)

14,391
(1<0.001)
1315
(<0.001)

14,632

(<000
632

(0.037)

15,847
g<0.001)
859

17.204
(<0.001)

NS

15,725
(<0.001)

14.363
(<0.001)

18,725
(<0.001)

7.665

50.006
8.53

(<0.001)

17.570

S<0 001)
168

(0.043)

16,966
g<o.001)
31

DS-KAD: DS-KAD HC;
DS+<DS HC DS-<AD:
DS-<AD HC : DS-<DS HC
DS-KAD: DS-KAD HC:;
DS-KDS'HC; DS-<DS HC

DSk AD; DS-KAD HC;
DS-KDS HC: DS-<AD:
DS-<AD HC' DS-<DS HC
DS-KAD: DS-KAD HC:
DS-KDS HC; DS-<DS HC

AD<AD HC: DS#<AD:
DS-KAD HC; DS-KDS HC;

DS-<DS HC
AD<DS-; AD<AD HC;
DS-KDS; DS HC<DS-

AD<AD HC; DSk AD HC,

DS-KDS HC; DS-<DS HC

AD<DS+:; AD<DS-;
AD<AD HC; DS HC<DS-

DSKAD; DS-KAD HC;
DS-KDS HC; DS-<DS HC

NS

DS-KAD; DS-KAD HC;
DS-KDS HC; DS-<DS HC

AD<DS-; AD<DS HC



white  matter
normalised by TCV
%TCV) **

et~ accumbens
area*

Left  accumbens
area normalised by
TCV (%TCV) *
Right  accumbens
area*

Right  accumbens
area normalised by
TCV (% TCV)*
Left ventral dorsal
column*

Left ventral dorsal
column normalised
b(}/ TCV
&4) TCV) **

|<[;ht ventral dorsal
column*

le]ht ventral dorsal
column normalised
by TCV (% TCV)

Anterior  corpus
callosum**
Anterior  corpus
callosum
noormahseglk by TCV

M) TCV)”
id-anterior corpus
callosum*

Mid-anterior corpus
callosum

0.450.1
0.030.008

0.46+0.06
0.03£0.004

3.6:04
0.2620.02

3.66+0.53
0.27£0.02

0.8£0.25
0.059 £0.02

0.4£0.17
0.0297+0.01

0.52£0.11
0.036+0.007

0.55+0.08
0.04£0.005

411+0.37
0.29£0.03

4.17+0.48
0.2910.03

0.860.23
0.06+0.02

0.4240.15
0.0293+0.01

0.67+0.11
0.04£0.007

0.63+0.1
0.0420.004

4.63:0.49

0.27£0.02

4.69+0.43
0.2620.02

0.8£0.12
0.050.007

0.4210.08
0.03£0.005

0.49:0.11
0.0320.0006

0.48£0.09
0.02£0.005

3.84+0.41
0.24+0.03

3.81+043
0.24+0.03

0.56£0.15
0.0320.009

0.25£0.08
0.016+0.005

104

0.52+0.11
0.034+0.008

05301
0.03+0.005

3.85+0.39
0.2520.02

3.810.37
0.25£0.02

0.65£0.12
0.04£0.009

0.32£0.07
0.02+0.005

(0.005)
11.108
g<0.001)
(0.014)
11.402
g<0.001)
368
(<0.001)
12.588
5<0.001)

963
(0.001)

11,690
<0.001)

263
(0.013)
4,076
(10.0048

511
(<0.001)
NS

1.351
(<0.001)

(0.023)

DS-KAD HC; DS-KDS HC;
DS<DS HC

NS

AD<AD HC: D
DSHDS HC, D

AD<ADHC

wd

-KAD HC:
-<AD HC

wn

DSKAD: DS-KAD HC:
DS-KDS HC: DS-<DS HC
AD<DS-: DS HC<DS-

DS-KAD: DS-KAD HC;
DS+<DS HC; DS<DS HC
DS-HC<DS-

AD<DS-

AD<DS+; AD<DS-;
AD HC<DS+; AD HC<DS-;
DS HC<DS#; DS HC<DS-

NS
AD<DS+: AD<DS-:
DS HC<DS-



normalised by TCV
% TCV) **

entral  corpus
collosum
Central  corpus
callosum
normalised by TCV
%TCV) **
osterior  corpus
callosum**
Posterior  corpus
callosum
normalised by TCV
%TCV) *

id-posterior
corpus callosum**
Mid-posterior
corpus_ callosum
normalised by TCV
%TCV) **

SF*

CSF normalised by
TCV (% TCV) **

3 ventricle*

i ventricle

normalised by TCV

S% TCV) *
thventricle**

4 ventricle
normalised by TCV
(% TCV) **

0.35:0.1
0.026+0.009

0.9620.22
0.071£0.02

0.3810.11
0.0280.01

1.71£0.51

0.125£0.03

1.3+0.49
0.09+0.03

1.630.43
0.1240.04

0.38£0.1
0.027+0.008

0.9320.26
0.066£0.02

0.382£0.09
0.027£0.007

1.73+0.43

0.119£0.02

1.09£0.38
0.0820.02

1.88+0.54
0.13£0.04

051013
0.0320.009

0.9+0.16
0.051+0.009

044101
0.026+0.006

1.7+04

0.1£0.02

0.95+0.32
0.060.02

1.91+0.48
0.11+0.03

0.28£0.07
0.017£0.005

0.7620.18
0.04710.01

0.27£0.06
0.017£0.004

2.12+0.5
0.131£0.02

2.15£0.7
0.130.04

2.23£0.55
0.1420.04
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0.33+0.08
0.02+0.006

0.880.14
0.057+0.01

0.32+0.07
0.02+0.006

1.84£0.3

0.119£0.002

1.48+0.54
0.1£0.03

1.98+0.54
0.13+0.03

4510
80.035)
9.361
(<0.001)

NS

14.454
(<0.001)

NS

18,887
(<0.001)

23313

(<000
586

(0.034)

35.186
S<0.001)
9.253
(<0.001)

AD<DS HC; AD HC<DS HC;
DS+<DS HC; DS~<DS HC

AD<DS-; AD<DS HC

AD<DSt; AD<DS-,
AD<DS HC

AD<DS+: AD<DS HC;
AD HC<DS+: AD HC <DS-:
DS HC<DS+: DS HC<DS-

AD<DS HC

AD<DS+: AD HC<DS+:
AD<DS-; AD<DS HC

NS

DS HC<DS+; DS HC<DS-

AD HC<AD: DS+<AD;
DS<AD; DS HC<AD

AD HC<AD: DS-<AD:
DS HC<AD: DS HC<DS+
DS-KAD; DS-KAD HC

DS HC<DS-



Sthventricle*
5th ventricle
normalised by TCV
{/0 TCV) *

eft inferior lateral
ventricle*

Left inferior lateral
ventricle
normalised by TCV
%TCV) *

ight inferior
|ateral ventricle*
Right inferior
lateral  ventricle
normalised by TCV
% TCV) **

eft lateral
ventricle*
Left lateral
ventricle
normalised by TCV
% TCV) **

ight lateral
ventricle**
Right lateral
ventricle
normalised by TCV
(% TCV) **
Left vessel **

Left vessel
normalised by TCV
%TCV) *
ight vessel**

0.003+0.005
0.0002+0.0003

1.14+0.77

0.08+0.05

0.95£0.91
0.070.06

16.7fttl.59
1.21+0.76

155141442
1.1+0.92

0.04£0.05
0.003£0.004

0.04£0.03

0.002£0.005

0.0001+0.0003

0.52£0.39

0.04£0.03

0.43+0.48
0.03£0.03

12.16£8.23
0.83+0.49

10.5546.69
0.72404

0.03+0.03
0.002£0.002

0.02£0.02

0.0020.004
0.0001+0.0002

0.1820.14

0.0li0.0l

0.240.16
0.01+0.01

1.45+4.85
0.4320.27

6.7614.43
0.39£0.26

0.060.03
0.0030.001

0.05£0.02

0.006+0.009
0.0004+0.0005

151£0.1

0.09£0.05

1.33£1.05
0.08+0.06

26.46+12.28
1.6+0.64

23.34£10.52
1.42+0.57

0.06+0.04
0.004+0.002

0.060.04
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0.004+0.006
0.0003+0.0004

0.4410.36

0.03£0.02

0.39+0.31
0.03£0.02

14.86+6.16
0.95£0.35

14144521
0.91+0.31

0.05£0.03
0.0030.002

0.05£0.03

NS
NS

NS
NS

AD HC<AD; AD HC<DS+

DS-<AD: DS

DS HC<AD; DS HC<DS+
AD HC<AD: AD HC<DS+:
B§ H[()3§AD DS HC<DS+;

AD HC<AD; AD HC<DS

AD HC<AD: AD HC<DS#:
DS HC<DS+

AD HC<AD; DS HC<AD
AD HC<AD; DS HC<AD;
DS HC<DS+

AD HC<AD; DS HC<AD
AD HC<AD; DS HC<AD;
DS HC<DS+

DS-<DS HC
NS

DS<AD; DS<DS HC



Right ~ vessel
normalised by TCV
}\‘% TCV) *
on-white  matter
hvperdensities*
Non-white  matter
hyperdensities
normalised by TCV
(% TCV) *
White ~  matter
hvE_erdensmes**
White  matter
hyperdensities
normalised by TCV
(% TCV) **

* p0.0OI;

0.003+0.003

0.06+0.06
0.004+0.001

3.31£141
0.2410.09

*+p <0.05

0.001i0.00!
0.04+0.05

0.003+0.003

2.98£1.19
0.21£0.07

0.0030.001
0.02+0.02

0.0000.001

2.46£0.59
0.14£0.03

Table 3.2: Automated cortical volume study analysis

0.004+0.002

0.0620.04
0.004+0.003

10.9948.78
0.67£0.53
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0.003+0.002

0.06£0.09

0.004+0.006

5.1216.28
0.37+0.41

(o0t
(0.029)
NS
NS

5,573

gco.om)
005

(0.001)

NS
NS

NS

NS
NS

NS

NS
NS

AD HC<AD: DS HC<AD;
DS-KAD; DS<AD

AD HC<AD; DS HC<AD;
DS-KAD



3.2.3 Thickness measures (Table 3.3)

There was a significant main effect of gender for the caudal anterior cingulate cortex.

Follow-up comparisons did notproduce any significantresults.

There was a significant main effect of group for the caudal middle frontal gyrus.
Follow-up comparisons revealed a significant reduction in the caudal middle frontal
gyrus thickness for AD compared to its non-demented control group. W ithin DS
individuals, the reduction in thickness between DS+ and DS- (both -6% ) was similar

to that within AD cases and controls from the general population (respectively -7% ).

There was a significant effect of gender for the corpus callosum. Follow-up

comparisons did notreveal any significantresults.

There was a significant main effect of group for the cuneus cortex. Follow-up
comparisons revealed that AD had a significantreduction in cuneus cortex thickness
compared to its non-demented control group. W ithin DS individuals, the reduction in
thickness between DS+ and DS- (both -7% ) was greater to that within AD cases and

controls from the generalpopulation (respectively -9% ).

There was a significant main effect of group for the entorhinal cortex. Follow-up
comparisons revealed that AD had a significant reduction in entorhinal cortex
thickness compared to its non-demented control group. The reduction in thickness
between AD and its non-demented control group (-15% ) was twice that between DS+

and DS- (-7%).
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There was a significant main effect of group for the frontal operculum. Follow-up
comparisons revealed that AD had a significant reduction in frontal operculum
thickness compared to its non-demented control group. The reduction in thickness
between AD and its non-demented control group (-8% ) was greater than that between

DS+ and DS- (-5% ).

There was no significant main effect of either group or gender for the frontal pole.

Follow-up comparisons did notproduce any significantresults.

There was a significant main effect of group for the fusiform gyrus. Follow-up
comparisons revealed that AD had a significantreduction in fusiform gyrus thickness
compared to its non-demented control group. The reduction in thickness between AD
and its non-demented control group (-10% ) was greater than that between DS+ and

DS- (-6%).

There was a significant main effect ofgroup for the inferior parietal cortex. Follow-up
comparisons revealed that AD had a significant reduction in inferior parental cortex
thickness compared to its non-demented control group. The reduction in thickness
between AD and its non-demented control group (-10%) was greater than that

between DS+ and DS- (-7% ).

There was a significant main effect of group for the inferior temporal gyrus. Follow-
up comparisons revealed that AD had a significant reduction in inferior temporal
gyrus thickness compared to its non-demented control group. The reduction in

109



thickness hetween AD and its non-demented control group (-6%) was greater than
that between DS+ and DS- (-4%).

There was a significant main effect of group for the isthmus of the cingulate cortex.
Follow-up comparisons revealed that AD had a significant reduction in thickness of
the isthmus ofthe cingulate cortex compared to its non-demented control group. The
reduction in thickness between AD and its non-demented control group (-14% ) was

twice thatbetween DS+ and DS- (-7% ).

There was a significant main effectofgroup for the lateral occipital cortex. Follow -up
comparisons revealed that AD had a significant reduction in lateral occipital cortex
thickness compared to its non-demented control group. The reduction in thickness
between AD and its non-demented control group (-7% ) was greater than thatbetween

DS+ and DS- (-5%).

There was a significant main effect of group for the lateral occipital frontal cortex.
Follow-up comparisons revealed that AD had a significant reduction in lateral
occipital frontal cortex thickness compared to its non-demented control group. The
reduction in thickness between AD and its non-demented control group (-8% ) was

greater than that between DS+ and DS- (-5%).

There was a significant main effect of group for the lingual gyrus. Follow-up
comparisons revealed that AD had a significant reduction and DS+ had a significant
increase in lateral occipital cortex thickness when compared to their respective non-
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demented control groups. The reduction in thickness between AD and its non-
demented control group (-7%) was more than twice that between DS+ and DS- (-3%).

There was a significant main effect of group for the middle orbital frontal gyrus.
Follow-up comparisons revealed that AD had a significant reduction, and DS+ had a
significant increase in middle orbital frontal thickness when compared to their
respective non-demented control groups. The reduction in thickness between AD and
its non-demented control group (-11% ) was more than three times that between DS+

and DS- (-3%).

There was a significantmain effectofgroup forthe middle temporal gyrus. Follow-up
comparisons revealed that AD had a significant reduction in middle temporal gyrus
thickness when compared to its respective non-demented control group. The reduction
in thickness between AD and its non-demented control group (-8% ) was twice than

thatbetween DS+ and DS- (-4% ).

There was a significant main effect of group and gender for the orbital operculum.
Follow-up comparisons revealed that AD had a significant reduction in orbital
operculum thickness when compared to its non-demented control group. The
reduction in thickness between AD and its non-demented control group (-11% ) was

almostfourtimes thatbetween DS+ and DS- (-3%).

There was a significant main effect of group and gender for the paracentral sulcus.
Follow-up comparisons revealed that AD had a significant reduction in paracentral
sulcus thickness when compared to its non-demented control group. The reduction in
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thickness between AD and its non-demented control group (-14%) was more than
twice that between DS+ and DS- (-6%).

There was a significant main effect of group for the parahippocampal gyrus. Follow -
up comparisons revealed that AD had a significant reduction in parahippocampal
gyrus thickness when compared to its non-demented control group. The reduction in
thickness between AD and its non-demented control group (-15% ) was more than

twice that between DS+ and DS- (-6% ).

There was a significant main effect of group for the pericalcarine cortex. Follow-up
comparisons revealed that AD had a significant reduction in pericalcarine cortical
thickness when compared to its non-demented control group. The reduction in
thickness between AD and its non-demented control group (-8% ) was greater than

thatbetween DS+ and DS- (-5%).

There was a significant main effect of group and gender for the postcentral gyrus.
Follow-up comparisons revealed that AD had a significant reduction in postcentral
gyrus thickness when compared to its non-demented control group. The reduction in
thickness between AD and its non-demented control group (-8% ) was similar to that

between DS+ and DS- (-7%).

There was a significant main effect of group for the posterior cingulate cortex.
Follow-up comparisons revealed that AD had a significant reduction in posterior
cingulate cortical thickness when compared to its non-demented control group. The



reduction in thickness between AD and its non-demented control group (-10%) was
greater than that between DS+ and DS- (-7%).

There was a significant main effect of group and gender for the precentral gyrus.
Follow-up comparisons revealed that AD had a significant reduction in precentral
gyrus thickness when compared to its non-demented control group. The reduction in
thickness between AD and its non-demented control group (-12% ) was six times

greaterthan thatbetween DS+ and DS- (-2% ).

There was a significant main effect of group for the precuneus gyrus. Follow-up
comparisons revealed that AD had a significant reduction in precuneus gyrus
thickness when compared to its non-demented control group. The reduction in
thickness between AD and its non-demented control group (-10% ) was greater than

thatbetween DS+ and DS- (-7% ).

There was a significant main effect of group for the rostral anterior cingulate cortex.

Follow-up comparisons did notreveal any significant findings.

There was a significant main effect of group for the rostral middle frontal gyrus.
Follow-up comparisons revealed that AD had a significantreduction in rostral middle
frontal gyrus thickness when compared to its non-demented control group. The
reduction in thickness between AD and its non-demented control group (-11% ) was

almostfourtimes greater than thatbetween DS+ and DS- (-3% ).

113



There was a significantmain effect of group and gender for the superior frontal gyrus.
Follow-up comparisons revealed that AD had a significant reduction in superior
frontal gyrus thickness when compared to its non-demented control group. The
reduction in thickness between AD and its non-demented control group (-9% ) was

more than twice thatbetween DS+ and DS- (-4% ).

There was a significant main effect of group and gender for the superior parietal
cortex. Follow-up comparisons revealed that AD had a significant reduction in
superior parietal cortical thickness when compared to its non-demented control group.
The reduction in thickness between AD and its non-demented control group (-9%)

was almosttwice thatbetween DS+ and DS- (-5% ).

There was a significant main effect of group for the superior temporal gyrus. Follow -
up comparisons revealed that AD had a significant reduction in superior temporal
gyrus thickness when compared to its non-demented control group. The reduction in
thickness between AD and its non-demented control group (-8% ) was greater than

that between DS+ and DS- (-5% ).

There was a significant main effect of group for the supramarginal gyrus. Follow-up
comparisons revealed that AD had a significant reduction in supramarginal gyrus
thickness compared to its non-demented control group. The reduction in thickness
between AD and its non-demented control group (-10% ) was similar to that between

DS+ and DS- (-9% ).
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There was no significant main effect of group or gender for the temporal pole.

Follow-up comparisons did notreveal any significantresults.

There was a significant main effect of group and gender for the transverse temporal
cortex. Follow-up comparisons revealed that AD had a significant reduction in
transverse temporal cortical thickness when compared to its non-demented control
group. The reduction in thickness between AD and its non-demented control group (-

11%) was almostthree times thatbetween DS+ and DS- (-4% ).

There was a significant main effect of group for the triangular part of the inferior
frontal gyrus. Follow-up comparisons revealed that AD had a significantreduction in
thickness ofthe triangularpart ofthe inferior frontal gyrus when compared to its non-
demented control group. The reduction in thickness between AD and its non-

demented control group (-8% ) was twice that between DS+ and DS- (-4% ).
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ﬁ\g HC<DS-: DS HC<DS-

AD<AD HC; AD<DS+:
AD<DS-

AD<AD HC; AD<DS+:
AD<DS-; AD<DS HC
AD<AD HC; AD<DS+:
AD<DS-; AD<DS HC

NS

AD<AD HC; AD<DS+:
AD<DS-; AD<DS HC
AD<DS+: AD<DS-:
AD<AD HC: AD<DS HC;
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Temporal pole*  3.540.38
Transverse 2.1410.21
temporal
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Triangular Part of 27120.22
inferior ~ frontal
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*p<0.001;

) <0.05

3462047
2.2310.28

2.81£0.22

3.6210.36
241022
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Table 3.3: Autom ated thickness study analysis
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3.2.4 Relationship of cognitive ability to brain anatomy

As expected, DS+ had the lowest scores on both the MM SE and CAMCOG compared
to the non-demented populations (p <0.001). The DS+ group also showed

significantly lower MM SE scores than the AD group (p <0.001).

In the Alzheimer’'s disease population there was a positive correlation between
M M SE and the following regions corrected for TCV: left and right hippocampus (r
0.397,p 0.001 and I'0.453, p <0.001 respectively), left and right amygdala (r0.476, p
<0.001 and I 0.524, p <0.001 respectively), left and right thalamus (r 0.309, p 0.009
and I' 0.260, p 0.03 respectively), left and right putamen (I’ 0.307,p 0.01 and I' 0.298,
p 0.012 respectively), left and right cerebellarcortex (I 0.311,p 0.009 and I 0.322 and
p 0.007 respectively), left and right cerebral cortex (I‘ 0.371, p 0.02 and I 0.387, p
0.001 respectively), anterior corpus callosum (r 0.266, p 0.026), mid-anterior corpus
callosum (I’ 0.304, p 0.01), central corpus callosum (r 0.303, p 0.011), posterior
corpus callosum (I’ 0.369, p 0.002) and mid-posterior corpus callosum (r 0.408, p

<0.001).

There was a negative correlation for the Alzheimer’s disease population between
M M SE and the following regions corrected for TCV: optic chiasm (r -0.299, p 0.012),
CSF (I‘ -0.262, p 0.029), third ventricle (r -0.265, p 0.027), left and right lateral
ventricles (r -0.317, p 0.08 and I -0.0267, p 0.025), and left and right inferior lateral

ventricles (I -0.0403, p 0.001 and I' -0.426, p <0.001 respectively).
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In the Down’'s syndrome population there was a positive correlation between
CAMCOG and the following regions corrected for TCV: left and right hippocampus
(r 0.328,p 0.007 and I 0.358, p 0.003 respectively), left and right thalamus (r 0.248, p
0.043 and ' 0.272, p 0.026 respectively), brainstem (r 0.633, p <0.001), left and right
cerebellar cortex (I’ 0.587, p <0.001 and ' 0.549, p <0.001 respectively), left and right
cerebellar white matter (I’ 0.63, p <0.001 and I 0.619, p <0.001 respectively), left and
right cerebral white matter (r 0.291, p 0.017 and I 0.279, p 0.022 respectively), left

accumbens (I’O.394, p 0.001) and central corpus callosum (I’0.293, p 0.016).

There was a negative correlation for the Down’s syndrome population between
CAMCOG and the following regions corrected for TCV: left caudate (r -0.253, p
0.039), third ventricle (I’ -0.548, p <0.001), post central corpus callosum (r -0.264, p
0.031), CSF (I’ -0.452, p <0.001), left and right inferior lateral ventricle (I’ -0.621, p
<0.001 and I -0.49, p <0.001 respectively), left and right ventricle (I’ -0.0554, p
<0.001 and I -0.0508, p <0.001 respectively), white matter hyperdensities (r-o.aoz, p

<0.001) and non-white matter hyperdensities (r -0.383, p 0.001).



3.3 Magnetic resonance imaging of subjects with Alzheimer’s
disease, mild cognitive impairment and Alzheimer’s disease
healthy controls, scanned at baseline and re-scanned at 12
months (Table 3.4)

3.3.1 Raw (uncorrected) volumes

There was a significant main effect of group at baseline (Ti) and follow-up (Ta for
the volume of the W BV, total hippocampus, left and right hippocampus, total
temporal lobe, left temporal lobe, total lateral ventricle and the left and right lateral
ventricle. There was a significant main effect of group atT lbutnot T2for the volume
ofthe right temporal lobe. There was a significant main effect of gender atT land 72
for the volume of WBV, TCV, total temporal lobes and the left and right temporal

lobe.

There was a significant reduction between Ti and T2for subjects with Alzheimer’s
disease, in total hippocampal volume (t 2.821, p 0.011) and total temporal lobe
volume (t2.281, p 0.034), and a significant increase in total lateral ventricle (t 3.870,

p 0.001).

Follow-up pairwise comparisons revealed thatthe volume ofthe total hippocampus in
addition to the left and right hippocampus showed a significant reduction in the AD
group compared to M CIl and AD HC at both Ti and T2 Figure 3.9 shows the

hippocampal volumes forthe AD, M C1l and AD HC atT land T2



The volume of the total temporal lobes in addition to left and right temporal lobe
showed a significant reduction in the AD group compared to AD HC at Ti. The
volume of the total temporal lobe and the left temporal lobe but not right temporal
lobe also showed a significant reduction in AD compared to AD HC at T2 A
significant reduction in the AD group compared to M CI| was shown for the total
temporal lobe at both Ti and T2 and for the right temporal lobe at Ti. Figure 3.10

shows the temporallobe volumes forthe AD, MCIl and AD HC atT land T2.

The volume ofthe total lateral ventricles in addition to left and right lateral ventricle
showed a significant increase in the AD group compared to AD HC atboth T land T2.
Figure 3.11 shows the lateral ventricle volumes for the AD, M CIl and AD HC at T]

and T 2.

The AD group had a significantreduction in W BV atTi and T2compared to M C 1 and

ADHC.

W ithin AD individuals between T] and T2,there was a 7% reduction in volume o fthe
hippocampus, a 3% reduction in the volume ofthe temporallobe and a 22% increase

in the volume o fthe lateral ventricle.

W ithin M C 1 individuals between T 1and T2, there was a 1% reduction in the volume
ofthe hippocampus, a 0.2% reduction in the volume ofthe temporal lobe and a 9%

increase in the volume o fthe lateral ventricles.



W ithin AD HC individuals between Tj and T2, there was a 4% reduction in the
volume ofthe hippocampus, a 5% reduction in the volume ofthe temporallobe and a

0.4% increase in the volume o fthe lateral ventricles.
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Significant pairwise comparisons for T1: AD<MCt*, AD<AD HC*; = [0l hippocanpdl volue
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Figure 3.9: Total hippocampalvolume at Tj and T2
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Figure 3.10: Totaltemporallobe volume at Tj and T2

* <0.001; Error bars represent SD
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Figure 3.11: Totallateral ventricle volume at T] and T2

*p <0.001; Error bars represent SD
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3.3.2 Volumes corrected for total cranial volume

There was a significant main effect of group at Ti and T2 for the volume o fthe total
hippocampus, left and right hippocampus, totaltemporal lobe, lefttemporallobe, total
lateral ventricles and the left and right lateral ventricles. There was a significant main
effect of group at Ti butnot T2 for the volume ofthe right temporal lobe. There was

no significant main effectofgender.

Follow-up pairwise comparisons revealed that there was a significantreduction in the
volume ofthe total hippocampus and the left and right hippocampus in the AD group
compared to M C1l and AD HC at both Ti and T2. Figure 3.12 shows the corrected

hippocampalvolumes for the AD, M CIland AD IIC atTi and T 2.

There was a significantreduction in the volume ofthe totaltemporallobe and the left
temporal lobe in the AD group compared to AD HC at both Ti and T2. The total
temporal lobe showed a significant reduction in the AD group compared to M C 1| at
both Ti and T2. The right temporal lobe showed a significantreduction in the volume
of AD group compared to AD HC at Ti but not T2. Figure 3.13 shows the corrected

temporallobe volumes forthe AD, MCIl and AD HC atTi and T 2.

There was a significant increase in the volume of the total lateral ventricles and the
left and right lateral ventricles in the AD group compared to AD HC atboth T, and
T2. There was also a significantincrease in the total lateral ventricles in the AD group

compared to M C 1| at T2and for the right lateral ventricles at both Ti and T2. Figure
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3.14 shows the corrected lateral ventricle volumes for the AD, M CIl and AD HC atT]j

and T2

W ithin AD individuals between Ti and TZthere was a 5% reduction in the volume of
the hippocampus, a 1% reduction in the volume of the temporal lobe and a 23%

increase in the volume ofthe lateral ventricles.

W ithin M C I individuals between Tj and TZthere was a 0.4% reduction in the volume

ofthe hippocampus and a 10% increase in the volume o fthe lateral ventricles.

W ithin AD HC individuals between Ti and T2, there was a 2% reduction in the
volume ofthe hippocampus, a 3% reduction in the volume ofthe temporallobes and a

0.4% increase in the volume o fthe lateral ventricles.

3.3.3 Relationship of cognitive ability to brain anatomy

There was a positive correlation between M M SE and the corrected hippocampal
volume atTi (I’ 0.287, p 0.002) and T2(r 0.328, p 0.011) and between MM SE and the
corrected temporal lobe volume at Ti (I‘ 0.325, p <0.001) and T2 (r 0.248, p 0.05).
There was a negative correlation between M M SE and the corrected lateral ventricle

volume atTi (r - 0.417, p <0.001) and T2 (r -0.532, p < 0.001).
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Figure 3.12: Totalhippocampalvolume correctedfor TCV at Ti and T2
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Figure 3.13: Totaltemporallobe volume correctedfor TCV atTjand T2
*1 <0.00L; Error bars represent SD
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Age (years)
Education (years)
Sex (F:M)

M MSE

W BV

TCV

Hippocampus

Hippocampal
volume normalised
by TCV (% TCV)
L e ft hippocampus
(m 1)
L e ft hippocampus
normalised by TCV
(% TCV)

Right

(m 1)

hippocampus

AD
(N for Ti=46)
(N for T2=20)

Mean * SD
76.59+5.3
11.13+£3.22
24:22
22.48+3.67
904.32+83.304

859.099+x74.529

1.293+109.274

1.27+106.358

.116+1.039

.756+x0.842

.396+0.07

o o »~» o

.374+0.056

.6246+0.515
.4545+0.4701
.203+x0.0354

o o NN

.193+0.029

2.481+x0.576

2.301+0.449

M C I
(N for Ti=28)
(N for T2=17)

Mean * SD
78.21+£5.3
10.46+2.4
17:11
26.39+x1.73

929.098+85.777

913.211+93.899

1.293+114.206

[y

.281+125.738

5.947+1.062
5.871+0.849
.461+0.078

o o

.459+0.06

.9837+0.6171

.0411+0.3851

o w N

.231+0.044
0.236+0.0239

2.963+0.487
2.856+0.499

AD HC
(N for T!=39)
(N for T2=23)

Mean = SD
75.87+£5.5
11.49+3

28:11
28.74+3.23
930.767+77.411

915.484+87.078

1.277+97.947

1.259+101.334

.192+0.854

.928+0.884

.486+0.063

o o u o

.472+0.066

.171+0.4564
.043+0.4966

o w w

.249+0.032

0.242+0.036

3.019+0.439
2.884+0.442
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AD<MCI**,

AD<MC I**,;

NS

NS
AD<MCI*
AD<MCI*
AD<MCI*
AD<MC I*
AD<MCI**;
AD<M
AD<MC I**;
AD<M
D<MCI*

AD<MC I**;

i AD<AD

AD<AD HC**

AD<AD HC**

 AD<AD HC*

HC**

 AD<AD HC*
; AD<AD HC**

AD<AD HC*

Cl*; AD<AD HC**

AD<AD HC*

Cl*; AD<AD HC**

y AD<AD HC*

AD<AD HC**



Right hippocampus

normalised by TCV

(% TCV)

Temporal lobes
(m1)

Temporal lobes

normalised by TCV
(% TCV)

L e ft
(m 1)

temporal lobe

Left temporal lobe
normalised by TCV
(% TCV)

Right temporal lobe

(m 1)

Right temporal lobe
normalised by TCV
(% TCV)
Lateral ventricles
(m 1)

Lateral ventricles
normalised by TCV

(% TCV)

0.192+0.04
0.181+0.033

101.772+15

98.81+13.725

7.861+x0.813
7.78+0.834

51.967+8.352

50.049+8.815

4.015+0.5125
3.939+0.584

49.803+9.136

48.762+7.231

3.846+0.571
3.843+x0.475

48.996+21.808
62.845+27.146
3.8£1.65
4.946+2.072

0.23+0.038
0.224+0.038

105.678+13.055

105.478+14.383

8.168+0.653
8.224+0.664

53.106+8.4

52.869+7.936

4.106+0.538

4.122+0.42

52.572+7.531

52.609+7.553

4.062+0.422
4.101+0.381

41.114+20.158
45.222+23.742
3.17+£1.498
3.511+1.771

0.237+0.034
0.23+0.035

110.566+14.21
105.386+14.548

8.65+0.8

8.356+0.798
56.735+9.609
54.387+8.873

4.43+0.581

4.31+0.499
53.825+7.21
50.999+7.896

4.219+0.512
4.048+0.527

27.723+12.273
27.24%+9.291
2.162+x0.891
2.171+x0.752
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15.448 (<0.001)
7.479 (0.001)

7.683 (0.001)

4.589 (0.015)

10.321 (0.001)
3.999 (0.024)

4.696(0.011)

4572 (0.015)

5.344 (0.006)
3.873 (0.027)

5.074 (0.008)

N S

5.182 (0.007)
NS

10.09(0.001)

10.952 (0.001)
11.334(0.001)
12.445 (<0.001)

N S
N S

23.314
(0..001)
11.904
(0.001)

NS

NS

10.627
(0.001)
13.344
(0.001)

NS

NS

19.04
(<0.001)
4.778
(0.033)
NS

NS

NS
N S
NS
NS

AD<MC1*; AD<AD HC*

ALKMC I**;

AD<MC1**;

ALKM C I**;

AD<MC I**,
AD<MC I**;

AD<AD HC

AD<AD HC

>

LXAD HC
AD<AD HC

AD<MC1**,

NS

AD<AD HC
NS

AD<AD HC**

AD<AD HC**

AD<AD HC**

A

D<AD HC*

AD<AD HC**

* %

* *

* *

* %

A

* %

AD HC<AD*

AD HC<AD*

AD HC<AD?®*

M CKAD **;

A

LXAD HC**

D HC<AD*



L eft lateral
ventricle (ml)

L eft lateral
ventricle
normalised by TCV
(% TCV)

Right lateral
ventricle (ml)

Right lateral
ventricle (m 1)

normalised by TVC
(% TCV)

* p<QQ0L;

t2
T,
t 2

** 00

22.684+10.748
29.315+12.388
1.761+0.822
2.313+x0.958

26.169+11.634
33.535+15.943
2.028+0.88
2.632+1.218

20.268+9.799
24.354+20.128
1.567+0.742
1.892+].515

21.365+11.757
23.89+14.825
1.641+£0.856
1.847+1.088

13.6+6.0659
14.219%+7.195
1.062+0.447
1.133+x0.573

14.112+6.698
13.935+5.263
1.1+0.484
1.11+0.419

7.82 (0.001)
5.026 (0.01)
8.588 (<0.001)
5.707 (0.006)

10.564 (<0.001)
9.277 (<0.001)
11.948 (<0.001)
10.574 (<0.001)

N S
N S
NS
NS

NS
NS
NS
NS

A D
AD
A D

I T T T

A D

AD H
AD H
M C X
M C K

C<AD?*
C<AD**
C<AD*
C<AD**

C<AD*
C<AD?*
AD**; AD HC<AD*
AD**;, AD HC<AD*

Table 3.4: Magnetic resonance imaging o fsubjects with Alzheimer’s disease, mild cognitive impairment and Alzheimer’'s disease healthy

controls, scanned at baseline (Tj) and re-scanned at12 months (T2
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34 Magnetic resonance spectroscopy (Table 3.5)

34.1 N-acetyl aspartate [NAA]

There was a significant main effectofgroup and gender.

Follow-up comparisons revealed that the AD group had a significant reduction in
[NAA] compared to the age appropriate AD HC group (p<0.001) but not when
compared to DS+ or younger DS HC groups. No other follow-up comparisons were
significant. Figure 3.15 shows the mean hippocampal [NAA] for AD, AD HC, DS+,

DS-and DS HC.

Percentage reductions in adjusted [N AA] levels were at -12% for the AD group when
compared to their age appropriate AD HC (adjusted for age and grey and w hite matter
proportions ofthe MRS voxel). For comparison purposes, there was a -11% reduction
in adjusted [N AA] levels for the DS+ group when compared to the age appropriate

DS HC.

AD had a -16% reduction in adjusted [NAA] when compared to DS-, in comparison

to a -8% reduction when DS+ was compared to DS-.
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Figure 3.15: Mean hippocampal[NAA]

*p <0.001; Error bars represent SD
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34.2 Myo-inositol [ml]

There was a significant main effectofgroup.

Follow-up comparisons revealed that the DS+ group had a significantly higher m|
concentration than the other groups (p<0.001). No other follow-up comparisons were
significant. Figure 3.16 shows the mean hippocampal [mI] forAD, AD HC, DS+, DS-

and DS HC.

Percentage increases were at 11% for DS+ compared to DS- and 18% for DS+
compared to the age appropriate DS HC (adjusted for age and grey/white matter

proportions ofthe MRS voxel).

Percentage increases in adjusted [m ] levels were at -17% for the AD group when
compared to the age appropriate AD HC (adjusted for age and grey and white m atter
proportions ofthe MRS voxel). For comparison purposes, there was an 18% increase

in adjusted [mI] levels for the DS+ group when compared to the age appropriate DS

AD had a -13% increase in adjusted [mI] when compared to DS-, in comparison to an

11% increase when DS+ was compared to DS-.
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Figure 3.16: Mean hippocampal[m I]

*p <0.001; Error bars represent SD
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3.4.3 Creatine and phosphocreatine [Cr+PCr]

There was no significant main effect of group or gender. No follow-up pairwise

comparisons were significant.

3.4.4 Choline [Cho]

There was no significant main effect of group or gender. No follow-up pairwise

comparisons were significant.

3.4.5 Relationship of cognitive ability to brain anatomy

W ithin the DS group, the relationship between overall cognitive ability (as measured
by total CAMCOG score) and brain m 1 concentration was investigated. There was a
significant negative correlation between mean ml concentration and overall cognitive

ability (r -0.463, p <0.001).
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Age (years)*

Education
(years)
Sex (M :F)
MMSE*

CAMCOG*™*

M RIV O I

proportions

W hite matter* *

Grey matter* *

CSF* *

M etabolite

concentrations

[NAAI]*

DS+
(N=19)

Mean * SD
51.52+7.889

10:9
9.32+4.46

33.72+19.769

0.194+0.099

0.614+0.084

0.184+0.086

7.255+x0.801

DS-
(N=20)

Mean = SD
38.07+12.236

31:14
13.88+5.556

52.98+21.475

0.196+0.053

0.67+0.039

0.112+0.043

7.901+0.858

DS HC
(N=24)

Mean = SD
33.75+11.374

29:14
15.23+2.528

114.83+x16.518

0.238+0.063

0.679+0.051

0.074+£0.033

8.14+0.747

AD
(N=46)

Mean £ SD
76.59+5.298

11.13+£3.215

22:24
22.48+3.674

0.195+0.067
0.615+0.082

0.178+x0.092

6.654+x0.611
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AD HC
(N=39)

Mean * SD
75.87+5.526

1.49+2.999

11:28
28.74+x3.234

0.247+0.053

0.656+0.05

0.105+0.032

7.591+0.765

F effect
ofgroup

(p value)

182.840
(<0.001)

N S

48.028
(<0.001)

100.768
(<0.001)

5.678
(<0.001)
6.977
(0.001)
6.831
(0.001)

6.633

F effect of
gender

(p value)

NS

N S

NS

NS

NS

NS

NS

4.224

Significant pairwise

comparisons

DS+<AD; DS-KAD HC;
DS-<AD; DS-<AD;

DS-<AD HC; DS HC<AD,;
DS HC<AD HC,; DS HC<DS+

N S

AD<AD HC; AD HC<DS HC,;
DS-KAD; DS-KAD HC;
DS+<DS HC; DSKDS -;
DS-<AD; DS-<AD HC,;

DS HC<AD

DSKDS HC; DS-<DS HC

AfXAD HC; DS+<DS HC

AD<AD HC; DS-KAD HC;
DSKDS HC

AD HC<AD; DS HC<DS+;
DS-<DS+

AD<AD HC



[m1] * 6.277+x0.903 5.592+1.266 5.142+0.663

[Cr+P Cr] 5.517+x0.725 6.08+0.803 6.043+x0.571

[Cho] 1.501+0.253 1.623+x0.264 1.651+0.182
* p<0.001; * *p <0.05

Table 3.5: Magnetic resonance spectroscopy study analysis

4.884+1.012

5.648+x0.799
1.392+£0.273

4.884+0.744

6.061+0.407
1.475+1.996

(<0.001)
5.854
(<0.001)
NS

NS

(0.043)
NS

NS
NS

AD<DS+;

NS
N S

AD HC<DS+



C hapter 4

Discussion

41 QOverview

Dementia is a clinical condition in which the subject experiences a loss of cognitive
function severe enough to interfere with their activities of daily living and social
relationships. The loss of cognitive abilities resulting from the damage to neurons in
certain areas ofthe brain is often accompanied by a deterioration in emotional control,
social behaviour and motivation. The effects ofthe damage to the brain intensify over

time and are disabling and terminal.

Alzheimer’'s disease is the most common form of dementia among older people,
accounting for more than half of all cases. Many conditions other than Alzheimer’s
disease can however cause dementia, including vascular dementia which accounts for
about 20% ofdementia cases (Perry et aI., 1990), while the remainder are accounted
for by a range of uncommon conditions including Pick’s disease and other frontal

dementias, Crutzfeldt Jacob disease, Parkinson’s disease and Huntington’s disease.

Alzheimer’s disease is a progressive condition in which the dementia symptoms

gradually worsen over a number ofyears. In its early stages, memory loss is mild. In
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late-stage Alzheimer’'s disease, subjects lose the ability to converse and to respond to
their environment. As with all forms of dementia, the rate of progression of the
disease in people living with Alzheim er’s disease varies from case to case. From the
onset of symptoms, the life span of a person living with Alzheimer’'s disease can
range anywhere from three to twenty or more years. The disease eventually leaves the

individual unable to care for themselves.

In Ireland, one ofthe main objectives of public policy for people with dementia is to
encourage and facilitate their continued living in their own homes for as long as is

possible and practicable (Report of the W orking Party on Services for the Elderly,

1998).
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4,2 Early detection of dementia

Primary healthcare staff should consider referring people who show signs of mild
cognitive impairment for an assessmentby a memory assessment service in order to
aid the early identification of dementia, because more than 50% ofpeople with mild
cognitive impairment subsequently develop dementia (NICE Clinical Guideline 42,
2006). Those undertaking health checks as part of health facilitation for people with
intellectual disabilities should be aware ofthe increased risk ofdementia in this group
(NICE Clinical Guideline 42, 2006). An important example ofindividuals in the latter

category are those suffering from Down’s syndrome.

A number of potential difficulties can arise when attempting to make a diagnosis of
dementia in subjects with Down’s syndrome. These difficulties include the lack of a
gold standard for such a diagnosis, increased level of co-morbidity and the
underdevelopment of social and cognitive skills which are relatively common in
subjects with Down’'s syndrome (Deb & Braganza, 1999). Furthermore, the
expression of Alzheimer’s disease in subjects with Down’s syndrome can differ when
these individuals are compared to the general population (Nieuwenhuis-Mark, 2009).
People with Down’s syndrome may not present their symptoms verbally because of
their impaired communication skills. In fact, carers might be more likely to highlight

a change than would the person with Down’'s syndrome.

Memory assessment services that identify people with mild cognitive impairment
(including those without memory impairment, which may be absent in the earlier

stages of non-Alzheimer’s dementias) should be offered follow-up to monitor the
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cognitive decline and other signs ofpossible dementia in order to plan care at an early

stage (NICE Clinical Guideline 42, 2006).

The diagnosis of Alzheimer’'s disease continues to be based almost exclusively on
clinical criteria, although neuroimaging is considered in many diagnostic algorithms.
Despite the prevalence of Alzheimer's disease, the current treatment options remain
limited for sufferers. There is therefore a great demand to enable timely detection and
monitoring of dementia in its earliest stages of the condition, particularly in
presymptomatic, genetically at-risk individuals, so that new putative treatment

strategies can be tested.
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4,3 Neuroimaging of dementia

Although screening neuropsychological tests are necessary to recognise and monitor
subjects at risk for developing dementia or those with possible existing dementia, no
definite accurate cognitive marker of early Alzheimer’s disease has been identified
(Chen et al., 2000). The measurement of tau protein and amyloid A(342 in
cerebrospinal fluid has some potential in the diagnosis of probable Alzheimer’s
disease. These investigations are however invasive in nature and have received only a
minor degree of attention (Boss, 2000). W hether used alone or in combination with
tests such as neuropsychological assessment (Laakso €t al., 2000), other approaches

such as neuroimaging should therefore be considered.

Johnson et al. (2006) used fM R | techniques to identify early biological markers o f
Alzheimer's disease. The study undertaken by Johnson €t al. (2006) involved m ulti-
racial middle aged subjects who were comprised ofthose who had atleast one parent
with Alzheimer’'s disease and those who had no family history of dementia. Those
subjects who did not have a family history of dementia demonstrated greater
hippocampal activity on fM Rl scans and had more localised brain stimulation than
those subjects who had one or more demented parents. Subjects unaware oftheir own
mental state, an early marker of dementia, showed less fM R 1 activity in the posterior
corpus callosum and prefrontal cortices than those with mental state awareness.

Significant differences were not detected among subjects ofdifferent ethnicity.

Sophisticated imaging techniques are required to characterise the complex dynamic

neuro-anatomical changes that occur over time in health and disease. W ith the advent
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ofpotential therapies for the treatment of degenerative dementias, imaging strategies
need to enable early diagnosis and facilitate monitoring of disease progression in

treatment trials.

In vivo brain structural imaging has an established role in the evaluation and
monitoring ofneuro-anatomical changes in Alzheimer's disease, acting as a surrogate
marker for the underlying histopathological changes and, by inference, disease

progression.

Structural imaging based on magnetic resonance is an integral part of the clinical
assessment o f patients with suspected Alzheimer’'s dementia. Prospective data on the
natural history ofthe change in structural markers from preclinical to overt stages of
Alzheim er disease are radically changing how the disease is conceptualised and w ill

influence its future diagnosis and treatment.

W hen assessing a demented subject, structural neuroimaging is the most powerful
investigation for excluding other pathologies such as tumour, hydrocephalus and
m ultiple vascular lesions (Scheltens €t al., 1999; Frisoni et al., 2001) and is
recommended practice (Knopman et al., 2001). Magnetic resonance imaging is the
preferred modality to assist with the early diagnosis of dementia and to detect
subcortical vascular changes, although computed tomography scanning could be used

(NICE Clinical Guideline 42, 2006).

Neuroimaging studies using magnetic resonance imaging have shown that the brain

experiences atrophy with increasing age. This age-related atrophy ofthe grey matter
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is associated with an increase in ventricle size (Albert €t al., 1984; Jemigan et al.,
1991; Coffey et aI., 1992). It is less clear whether the white matter compartment
declines globally with age, although it has been suggested that cerebral white matter
volume appears to remain relatively stable until age 70 years, after which the decline

is rapid (Jemigan etal., 2001).

Although Alzheimer’s disease is not the only cause of atrophy ofthe medial temporal
lobe (Jobst et aI., 1992), it is likely to be the commonest cause of such atrophy in the
elderly population. Screening for such atrophy could therefore be used to estimate the
prevalence of Alzheimer’'s disease in different populations. Neuroimaging has
dram atically changed our ability to accurately diagnose dementia. New neuroimaging
methods facilitate the diagnosis of most of the neurodegenerative conditions after
symptom onset and show promise for diagnosis even in very early or presym ptom atic

phases ofsome diseases.

M agnetic resonance volumetry can distinguish Alzheimer’s disease subjects from
controls with a sensitivity and specificity of 80% across studies (M inati et al., 2009).
The volume of the hippocampus has been reported to be reduced by approximately
10% in early Alzheimer’'s disease, by 20-30% in mild Alzheimer’'s disease and by
more than 30% in moderate Alzheimer’s disease (M inati etal., 2009). Volum etry also
reveals differences in the annual rate of hippocampal atrophy of between 2-6% for
subjects with Alzheimer’'s disease, compared to less than 2% for controls, and in the
rate of entorhinal atrophy of approximately 8% in subjects with Alzheimer’'s disease
(Lehericy etal., 2007). Serial neuroimaging may serve to predict which subjects with

m ild cognitive impairment will convertto Alzheimer’s disease (Petersen etal., 2005).
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Class Il evidence has been replicated to support volum etric analyses ofthe entorhinal

cortex and hippocampus to identify those subjects with mild cognitive impairment

who are most likely to progress to Alzheimer’s disease within several years (Killiany

etal., 2002; Rusinek etal.,, 2003; Jack etal., 2005).

Structural neuroimaging has also shown promise in monitoring the progression of

Alzheimer’'s disease in clinical trials, especially if the morphometry is combined with

neuropsychological testing (Zakzanis, 1998; Frisoni et al., 2003; cardenas et al.,

2003; Zamrini et aI., 2004). Neuroimaging may therefore serve as a valuable

instrument to monitor the effectiveness of therapies which are designed to slow or

arrest the neurodegenerative process ofdementia.
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4.4 Magnetic resonance imaging to compare subjects with Down’s
syndrome and those with Alzheimer’s disease in the general
population

4.4.1 Down’s syndrome

Subjects with Down’'s syndrome are at an increased risk for dementia, thought to be
ofthe Alzheimer’'s disease type (WisniewsKki et al., 1985; Oliver & Holland, 1986;
Lott & Head, 2001). The Down’s syndrome model of Alzheimer’s disease is useful
for research because middle aged individuals can be identified prior to any clinical
signs of dementia and studied longitudinally with an increased probability of
conversion. The highest prevalence of dementia in a study of 506 individuals with
Down’'s syndrome aged 45-77 years was shown to be 32.1% in the 55-59 year age
group, 17.7% in the 50-54 year group and 8.9% in 45-49 year olds (Coppus €t aI.,

2006).

The hippocampal volumes in demented subjects with Down’'s syndrome in this study
were disproportionably smaller when compared to age-matched healthy controls. This
is in agreement with previous neuropathological (Wisniewski et al., 1985) and
neuroimaging studies of subjects with Down’'s syndrome (Jemigan €t al., 1993;
Kesslak etal., 1994; Raz etal.,, 1995; Pearlson etal., 1998; Alyward etal.,, 1999) and
anumberofmagnetic resonance studies ofAlzheimer’'s disease subjects in the general
population (Double etal.,, 1996; Karas etal.,, 2003; Pennanen etal.,, 2004). Reduced
hippocampal volume is not a feature of all people with an intellectual disability. In

subjects with fragile X syndrome (Hessl et al., 2004) and autism (Schumann et al.,
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2004) for example, corrected hippocampal volume is reported to be significantly
increased compared to healthy controls. Reduced hippocampal volume in the brains of
subjects with Down’'s syndrome does not appearto simply reflectanon-specific effect

ofanintellectual disability.

rRaz et al (1995) examined neuroanatomic abnormalities in adults with Down’'s
syndrome and revealed that Down’'s syndrome subjects had substantially smaller
hippocampal formations compared to sex-matched healthy control subjects, a finding
that was corroborated by others (Pinter €t al., 2001; Krasuski etal.,, 2002; Teipel et
al., 2003). In a study examining both demented and non-demented Down’s syndrome
subjects, all Down’s syndrome subjects revealed significantly smaller hippocampi
than controls (Aylward etal., 1999). Non-demented Down’'s syndrome adults have an
age-related decrease of hippocampus volume, which is not reported in age-matched

healthy comparison subjects (Teipel etal.,, 2003).

Post-mortem studies have reported that adults with Down’'s syndrome have prominent
neuropathology in the medial temporal lobe structures in the early stages of
Alzheimer's disease (Ball etal., 1986; Mann & Esiri, 1989; Hofetal, 1995; Hyman
et al., 1995). In the current study, the volumetric findings in subjects with Down’s
syndrome were consistent with an Alzheimer’s disease pattern of atrophy, with a
reduction in the volume ofthe hippocampus. This result supports the finding that the
hippocampus is one of the brain regions most severely affected by amyloid plaques
and neurofibrillary plaques in Down’'s syndrome (H off et al., 1995). These results
suggestthat areduction in hippocampal volume may provide auseful tool to assistthe

diagnosis of dementia in subjects with Down’'s dementia, as has been proposed for
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subjects with Alzheimer's disease in the general population (Laakso €t al., 1995;

Yamagushi etal., 2002).

4.4.2 Alzheimer’s disease in the general population

The results ofthis study showed that the volume ofthe temporal lobe was reduced in
subjects with Alzheimer’s disease in the general population compared to age-matched
healthy controls. This finding is consistent with those ofprevious magnetic resonance
imaging volum etric studies (Kesslack et al.,, 1991; Pearison etal., 1992; Jack et al.,
1992; Erkinjuntti etal.,, 1993; cuenod etal., 1993; Killiany etal., 1993; convit etal,
1993; Lehericy et al, 1994). Jack et al. (2002) found smaller antemortem
hippocampal volumes in Alzheimer’s disease compared to non-demented subjects.
The findings of the study by Jack et al. (2002) identified that atrophy of the
hippocampus was not specific to Alzheim er’s disease, occurring also in other forms of
dementia. This finding was previously stated by Laakso etal. (1995) and Riekkinen et
al. (1998). Gosche etal. (2002) found post-mortem hippocampal volume on magnetic
resonance imaging was a better predictor of Alzheim er’s disease neuropathology than

clinical diagnosis or measures ofcognition.

The medial temporal lobe plays an important role in the storage of new inform ation
(Squire & Zola-Morgan, 1991; Rombouts et al., 1997). Atrophy of the medial
temporal lobe may therefore explain why memory dysfunction is an early symptom o f
Alzheimer’'s disease (Storandt & Hill, 1989; Peterson et al., 1994). Consistent with

this, subjects with memory impairmentwho do not meetthe criteria for dementia have
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an increased risk of subsequent Alzheimer’'s disease (Flicker etal., 1991; Linn etal.,
1995; Tierney et al, 1996; Bowen et al, 1997). In the same way, atrophy of the
hippocampus increases the risk for subsequent Alzheimer’'s disease in elderly non-
demented individuals (de Leon etal.,, 1993; Kave et al., 1997) and in asymptom atic

individuals atrisk for autosomal dominant Alzheimer’s disease (Fox etal., 1996).

Barkhof et al (2007) reported high medial temporal lobe atrophy scores (greater
hippocampal atrophy) to be associated with significant Alzheimer’'s disease
pathology. Burton et al. (2007) found medial temporal lobe atrophy to be a highly
accurate diagnostic marker for autopsy confirmed Alzheimer’'s disease (sensitivity
91% and a specificity of94% ) using receiver operator curve analysis, compared with
lewy body dementia and vascular cognitive impairment. Medial temporal lobe
atrophy on magnetic resonance imaging has a robust discriminatory power for
distinguishing Alzheimer’s disease from dementia with lewy bodies and vascular

cognitive impairmentin pathologically confirmed cases (Burton etal., 2009).

The first volumetric magnetic resonance imaging study of Alzheimer’'s disease
published in 1988 (Seab etal., 1988) described a 40% reduction in the volume o f the
hippocampus of subjects with Alzheimer's disease compared to healthy controls.
Subsequent studies have similarly reported atrophy of the hippocampal and
parahippocampal formation in Alzheimer's disease, ranging from 20-52% (Mega €t
al., 2000) and already present at the first stages of Alzheimer's disease (Fox &
Rossor, 1999b; Celsis, 2000). The results of the current study showed that within
Down’'s syndrome individuals, the reduction in the volume of the hippocampus

between demented subjects and non-demented subjects was similar to that within
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Alzheim er’'s disease cases and controls from the general population (respectively 19%

and 17%)

The results ofneuroimaging which demonstrates atrophy ofthe hippocampus has the
potential to provide useful diagnostic inform ation which could be used to distinguish
subjects with probable Alzheim er’s disease from healthy elderly subjects (Scheltens,

1999).

The current study in pathologically confirmed cases provides further support to the
already established body of literature that shows atrophy of the hippocampus and
temporal lobe to be significant factors which distinguishes subjects with Alzheimer’s

disease from healthy controls.

The Alzheimer's disease process preferentially affects large neocortical cells with
corticocortical connections (Brun & Englund etal., 1981; Pearson etal., 1985; Lewis
et al., 1987). Death of these large cells and the subsequent axonal degeneration and
loss of cerebral white matter that ensues (De la Monte, 1989) may be the
pathophysiological explanation for increases in ventricular volume related to the

Alzheimer’s disease process in these individuals.
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443 Subjects with Down’s syndrome and those with Alzheimer’s
disease in the general population

This study compared for the first time, differences in brain anatomy associated with a
diagnosis of Alzheimer’s disease in the general population and dementia in Down’s
syndrome. The results showed that demented individuals, as compared to their
respective non-demented counterparts, had a reduction in the volume of whole brain,
temporal lobe and hippocampus; in addition to an elevation in lateral ventricle

volume.

The initial findings were however potentially confounded by significant between-
group differences in brain size, age and gender. To overcome the potential confounder
of brain size, all volumes were corrected for total cranial volume. Age was
significantly different between groups. This is a confounder because age-related
reductions in hippocampal volume in non-demented subjects with Down’s syndrome
have been reported in previous volumetric magnetic resonance imaging studies of
brain aging (Murphy et al., 1993b; Kesslak et al., 1994). However, this was expected
as it is very difficult to ‘age-match’ equivalent older populations of Down’s syndrome
and non-Down’s syndrome individuals. While ideally all study groups would be
equivalent in age, including Alzheimer’s disease and demented subjects with Down’s
syndrome, life expectancy estimates suggest that only 14% of the Down’s syndrome
population (demented or otherwise) reach the age of 68 years (Coppus et al., 2006),
while the age of onset for non-familial Alzheimer’s disease in the general population
is 65 years and over. Therefore obtaining 70-85 year old age-matched Down’s
syndrome samples for comparison to Alzheimer’s disease in the general population is



almost impossible. Nevertheless, age differences were corrected in the analyses in this
study. Age, gender and total cranial volume were used as covariates in the analyses.

Following normalisation and correction for confounders, it was found that both the
Alzheimer’s disease group in the general population and demented subjects with
Down’s syndrome had a significant reduction in hippocampal volume when compared
to their comparison control groups. The Alzheimer’s disease group also showed a
significant reduction in temporal lobe volume and a significant increase in lateral
ventricle volume compared to its age-matched control group. Hypothesis 1 which
stated that subjects with dementia have a significant reduction in the volume of the
hippocampus, temporal lobe and whole brain and an increase in the volume of the
lateral ventricles compared to their non-demented controls, was therefore proven in

this study.

This phase of the research was a cross-sectional study and clinical rather than post-
mortem criteria were used to identify subjects with Alzheimer’s disease and demented
subjects with Down’s syndrome. Hence, it is not possible to be certain that all of the
cases of dementia under investigation had Alzheimer’s disease, as this can only he
definitively addressed at autopsy. Nevertheless, all the demented individuals from
both groups (Down’s syndrome and Alzheimer’s disease in the general population)
were diagnosed using standardised instruments and individuals with detectable
cerebrovascular disease were excluded. Therefore the group differences found in
brain anatomy between demented Down’s syndrome individuals and those in the
general population most probably reflect Alzheimer’s disease-type neuropathology.
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Although amyloid plagues and neurofibrillary tangles are reliable semi-quantitative
markers for the presence of Alzheimer’s disease pathology, there is no compelling
evidence that they, by themselves, cause dementia (Mann et al., 1990). Factors such
as education, adult-life occupational work complexity, in addition to late life social
network and leisure activities may contribute to the cognitive reserve and necessitate
more severe pathological changes to produce functional clinical impairment (Stem,
2006). These factors may therefore significantly reduce the risk of dementia, or delay
the manifestations of dementia Symptoms by using cognitive processing or
compensatory approaches that enable these individuals to cope better with brain
damage. The most positive findings have been recorded for complex leisure activities
which involve a physical, mental and social component (Karp et al., 2006).

A higher level of cognitive functioning has been shown to be associated with fewer
cases of dementia in people with Down’s syndrome, and the level of cognitive
functioning appears to be associated with environmental factors such as level of
education and employment (Temple et al., 2001).

4.4.4 Relationship of cognitive ability to brain anatomy

The results of this study showed that atrophy of the hippocampus and temporal lobe
were correlated with cognitive decline. In the Alzheimer’s disease population, there
was a positive correlation between MMSE and the corrected hippocampal volume and
between MMSE and the corrected temporal lobe volume. The correlation between

155



MMSE and volume reduction in these critical areas suggests that the function of the
hippocampus and temporal lobe is compromised when the volume is reduced. One
may speculate that severe medial temporal lobe atrophy is associated with faster
cognitive decline. This is line with the finding that a small volume of the
hippocampus at baseline (Golomb et ah, 1996) is associated with a decrease in
cognitive scores during follow-up. Hypothesis 2 which stated that there is a
significant correlation between atrophy of the hippocampus and temporal lobe, and
cognitive decline, was therefore proven in this study.

Some previous studies have shown that performance on the MMSE was directly
correlated with hippocampal volume (Laasko et ah, 1995). These findings confirm
fundamental differences in the patterns of volume loss in aging and Alzheimer’s
disease, and support hippocampal and temporal lobe degeneration as a hasis for

cognitive decline in Alzheimer’s disease.

Although bilateral lesions restricted to the hippocampi produce memory impairment
in animals (Squire & Zola-Morgan, 1991; Alvarez et ah, 1995) and in humans (Zola-
Morgan et al, 1986), the deficits may be considered to be more extensive. Damage to
the hippocampus may be an indispensable condition for the occurrence of memory
deficits in subjects with Alzheimer’s disease. The damage to the amygdala proper, its
surrounding cortices and the subiculum, exacerbates further the memory impairment

following the initial damage to the hippocampus (Mori etal., 1997).
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45  Automated volume and thickness measurements

451 Qverview

Much attention has focused on volumetric MRI studies to investigate changes
occurring early in Alzheimer’s disease. Manual methods are typically Region of
Interest (ROI) studies which tend to focus on a few specific brain regions which are
well established as being affected in Alzheimer’s disease such as in the entorhinal
cortex or the hippocampus (Van Hoesen et ah, 1995; De Leon et ah, 1997, Mori et
ah, 1997; Krasuski et ah, 1998; De Toledo-Morell et ah, 2000). ROI studies are often
used when the investigators have a priori hypotheses and therefore, assessments are
confined to a limited set of brain regions. These methodologies are in concept simple
and are carried out for instance by manually tracing the structures or regions-of-
interest on conventional MRI or alternatively, via semi-automated techniques such as
stereology where a 3-D grid of fixed dimensions is placed on the entire brain and
subsequently the volumes of structures of interest are calculated by the manual
marking of pixels falling within each 2-D slice of the structure of interest by a rater.
The volume of the structure of interest which corresponds to the total number of

marked pixels is then automatically calculated by computer software.

Automatic techniques have been developed to study more widespread brain volume
and thickness measures (Fischl et ah, 1999; Dale et al., 1999; Fischl & Dale, 2000).
Studies of cortical thickness have demonstrated thinning in distributed association
areas, suggesting that regional atrophy can be detected across widespread cortical
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regions (Lerch et al. 2005; Du et al. 2007). Dickerson et al. (2009) demonstrated
abnormal cortical anatomy in Alzheimer’s disease, which paralleled known regional
vulnerability to Alzheimer’s disease neuropathology.

45.2 Automated volume measures

This study compared for the first time, global differences in brain volumes and
thickness measures associated with a diagnosis of Alzheimer’s disease in the general
population and Down’s syndrome. Previous magnetic resonance imaging studies of
dementia have tended to focus on the limbic system (Callen et al. 2001). These
studies were limited to either Alzheimer’s disease in the general population or to

Down’s syndrome.

Most of the uncorrected brain volumes were significantly smaller in subjects with
Alzheimer’s disease and demented subjects with Down’s syndrome compared to their
respective non-demented controls. However, these initial findings were potentially
confounded by significant between-group differences in brain size, age and gender.
To overcome the potential confounder of brain size, all volumes were normalised to
total cranial volume. The normalisation to total cranial volume represented the
premorbid brain size. Age was significantly different between groups. There were
also more female Alzheimer’s disease subjects and aged-matched healthy controls;
and more male non-demented subjects with Down’s syndrome and Down’s syndrome
aged-matched healthy controls, than expected by chance. Age and gender were

therefore added as covariates in the analyses.



Clinical rather than post-mortem criteria were used to identify subjects with
Alzheimer’s disease and demented subjects with Down’s syndrome. Demented
individuals from both groups were recruited using standardised instruments. Subjects
with detectable physical health difficulties were excluded. Therefore the group
differences found in brain anatomy most probably reflect the Alzheimer’s disease-
type neuropathology rather than other types of neuropathology.

The hippocampus and amygdala volumes were reduced in subjects with Alzheimer’s
disease and demented subjects with Down’s syndrome compared to their respective
non-demented controls. This finding is consistent with previous reports that the
hippocampus and amygdala are affected in dementia (Kesslak et al., 1994; Double et
al., 1996; Prasher et al., 1998; Pearlson et al., 1998; Aylward et al., 1999; Pennanen
et al., 2004). In the Alzheimer’s disease group, both the left and right normalised
amygdala volumes were similarly reduced by approximately 30% compared to their
non-demented controls. This is consistent with previous studies which have reported
between 14-44% reduction (Cuenod et al., 1993; Laakso et al., 1995; Witwell et al.,
2005).

Normalised anterior, mid-anterior, central, posterior and mid-posterior corpus
callosum volumes were reduced in Alzheimer’s disease compared to its non-demented
control group. Corpus callosum atrophy has been suggested as a marker for neuronal
loss in Alzheimer’s disease. Several MRI studies have reported corpus callosum
atrophy in Alzheimer’s disease that was correlated with PET and EEG measures of
neocortical dysfunction (Yamauchi et al., 1993; Janowsky et al., 1996; Teipel et al,
1998, 1999; Hampel et al., 1998, 2002).
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The normalised volume of the left putamen was significantly reduced in the
Alzheimer’s disease group compared to its non-demented control group. The putamen
has been previously correlated with Alzheimer’s disease since amyloid deposits are
present early in the disease process (Braak & Braak, 1990).

Progressive cerebral atrophy and an increase in third ventricle size observed in older
Down’s syndrome subjects have heen associated with demented subjects with Down’s
syndrome (Schapiro et al., 1989; Le May & Alvarez, 1990) and Alzheimer’s disease
in the general population (Silbert et al., 2003). The third ventricle enlargement in
Alzheimer’s disease and in demented subjects with Down’s syndrome, compared to
their respective non-demented control groups, may reflect cellular neuropathological
changes associated with the early and inevitable development of plagues and tangles
and possibly the onset of dementia. The lateral and inferior lateral ventricle volumes
were also increased in Alzheimer’s disease and in demented subjects with Down’s

syndrome compared to their respective non-demented controls.

This study showed that compared to demented subjects with Down’s syndrome,
subjects with Alzheimer’s disease had significantly reduced corrected volumes of the
amygdala, left putamen, right cerebral cortex and corpus callosum (anterior, mid-
anterior, posterior components and mid-posterior components), and significantly
greater corrected volumes of the brain stem, cerebellar cortex and cerebellar white
matter. These differences between demented subjects with Down’s syndrome and
subjects with Alzheimer’s disease may serve as discriminating factors between these

conditions.
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453 Automated thickness measures

Techniques which incorporate automated surface reconstruction, transformation and
high-resolution inter-subject alignment procedures have been developed to enable the
measurement of cortical thickness (Fischl et al., 1999; Dale et al., 1999; Fischl &
Dale, 2000). When subjects with Alzheimer’s disease and demented subjects with
Down’s syndrome were compared to their age-matched healthy controls, a significant
reduction for Alzheimer’s disease subjects was found in the caudal middle frontal
gyrus, cuneus cortex, entorhinal cortex, frontal operculum, fusiform gyrus, inferior
parietal cortex, inferior temporal gyrus, isthmus of cingulate cortex, lateral occipital
cortex, lingual gyrus, medial orbital frontal gyrus, middle temporal gyrus, orbital
operculum, paracentral sulcus, parahippocampal gyrus, pericalcarine cortex,
postcentral gyrus, posterior cingulate cortex, precentral gyrus, precuneus cortex,
rostral middle frontal gyrus, superior frontal gyrus, superior frontal gyrus, superior
pariental cortex, superior temporal gyrus and supramarginal gyrus. In contrast,
demented subjects with Down’s syndrome showed increased thickness of the lingual
gyrus and medial orbital frontal gyrus, when compared to age-matched healthy
controls. The differences between the findings for Alzheimer’s disease and Down’s
syndrome and their respective control groups signified variations in brain pathology
between the forms of dementia in both of these conditions.

The results of this study showed a reduction in thickness measures in multiple areas of
the brain in subjects with Alzheimer’s disease compared to its non-demented control
group. The characteristic pattern of cortical thinning in Alzheimer’s disease in this

study replicates previous findings (Lerch et al., 2005; Du et al., 2007) and is
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consistent with the pattern of tissue loss reported by histopathological and volumetric
MRI studies (Braak & Braak, 1995, 1998; Baron et al., 2001).

The greatest reductions in Alzheimer’s disease compared to its non-demented control
group were detected for the entorhinal cortex, parahippocampal gyrus and the isthmus
of cingulate cortex. Cortical thickness analysis may serve as a surrogate marker for
the neuronal loss that accompanies the histopathological changes in the cortex which
occur in Alzheimer’s disease and in demented subjects with Down’s syndrome.

This is the first study to my knowledge which compared thickness measures in
Alzheimer’s disease with those in Down’s syndrome. This study showed that
compared to demented subjects with Down’s syndrome, subjects with Alzheimer’s
disease had significantly reduced thickness of the caudal middle frontal gyrus, cuneus
cortex, frontal operculum, fusiform gyrus, inferior parietal cortex, isthmus of
cingulate cortex, lateral occipital cortex, lateral occipital frontal cortex, lingual gyrus,
medial orbital frontal gyrus, orbital operculum, parahippocampal gyrus and
pericalcarine cortex. The reduced thickness measures in Alzheimer’s disease relative
to Down’s syndrome may signify that Alzheimer’s disease is a more severe form of

dementia than is found in subjects with Down’s syndrome.

Hypothesis 3 which stated that significant differences for more global volume and
thickness measures exist between demented and non-demented subjects, and enables
the distinction of subjects with Alzheimer’s disease from demented subjects with

Down’s syndrome, was therefore proven in this study.
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46 Magnetic resonance imaging of subjects with Alzheimer’s
disease, mild cognitive impairment and Alzheimer’s disease
healthy controls, scanned at baseline and re-scanned at 12
months

Since it is impossible to accurately predict which subjects will eventually develop
Alzheimer’s disease, longitudinal data on a sample of the population could be
collected in order to undertake analysis of the initial characteristics of those
individuals who eventually convert to dementia. A study of such nature would require
a large number of subjects in order to have a sample of a sufficient size of converters
for valid statistical analysis. Furthermore, such a large scale study involving
neuroimaging would be cumbersome and expensive to implement. It therefore
appears more appropriate to recruit at-risk subjects who are at a higher risk of

developing Alzheimer’s disease.

Longitudinal studies of Alzheimer’s disease offer some distinct advantages over
cross-sectional studies, not only because dynamic changes can be monitored, but also
because subjects can be used as their own controls. In this way, subtle pathological
changes within individuals are not masked by wide physiological variability. A clear
distinction has heen reported between the rates of atrophy in subjects with
Alzheimer’s disease compared to controls (Fox et al., 1996, 1997, 1999a, 2000, 2001;
Scahill et al., 2002). Importantly, quantifiable rates of atrophy have been reported in
presymptomatic patients at risk for Alzheimer's disease.
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The results of this study showed that there was significantly greater hippocampal and
temporal lobe atrophy in the Alzheimer’s disease group than in those with mild
cognitive impairment, and in the Alzheimer’s disease group compared to the age-
matched healthy controls at both Ti and T2 The volume of the lateral ventricles was
greater in subjects with Alzheimer’s disease than in age-matched healthy controls at
both Ti and T2

The mean hippocampal and temporal lobe volumes were reduced at T2 compared to
Tj. These results suggest the progression of typical Alzheimer’s disease brain
pathology. The volumes of the hippocampus and temporal lobes of subjects with mild
cognitive impairment were shown to be smaller than normal controls and greater than
subjects with Alzheimer’s disease. Hypothesis 4 which stated, in a longitudinal study,
when compared to age matched healthy controls, subjects with Alzheimer’s disease
have a significant reduction in the volume of the hippocampus and temporal lobe, and
an increase in the volume of the lateral ventricles at baseline and when re-scanned at
12 months, and subjects with mild cognitive impairment have findings intermediate
between those of Alzheimer’s disease and age matched healthy controls, was
therefore proven in this study.

Serial magnetic resonance imaging studies have demonstrated that atrophy rates
predict the conversion of mild cognitive impairment and normal cognitive function to
Alzheimer’s disease (Yavus et al., 2007). Detecting hippocampal atrophy by
neuroimaging in mild cognitive impairment may help in differential diagnosis, but as

it is not a specific finding, the main contribution of magnetic resonance imaging is in
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the identification of the high risk groups who are at an increased risk for progression
to Alzheimer’s disease (Jack et al., 2005).

Both progressive cognitive decline, assessed from serial neuropsychometric
assessments, and the rate of cerebral atrophy calculated from serially acquired
volumetric MRI scans (Fox et al., 1996; Smith & Jobst, 1996; Jack et al., 2003), have
been proposed and utilised as biomarkers of disease progression. Previous cross-
sectional studies in Alzheimer’s disease have demonstrated relationships between
cognitive deficits and cortical atrophy at post-mortem (Mouton et al., 1998) and with
MRI measures of whole brain (Murphy et al., 1993h) and hippocampal volume (Jack
etal., 1997).

There was a positive correlation between MMSE and both hippocampus and temporal
lobe volumes corrected for total cranial volume. In previous longitudinal studies, the
rate of progression of hippocampal atrophy in serial magnetic resonance and the
progression of dementia was found to be correlated (Jack et al., 2004). The findings
of this study show that as the severity of cognitive decling increases, the severity of
hippocampal atrophy increases as well. As a result, it can be stated that hippocampal
volumetry may be helpful in assisting the diagnosis and the grading of cognitive

impairment.

165



4.7 Magnetic resonance spectroscopy

The hippocampal concentration of N-acetyl aspartate [NAA] was significantly
reduced in subjects with Alzheimer’s disease compared to age appropriate healthy
controls.  Myo-inositol [ml] was significantly increased in subjects with Down’s
syndrome compared to those with Alzheimer’s disease and Alzheimer’s disease
healthy controls. Myo-inositol concentration was significantly negatively correlated
with overall cognitive ability, as measured by the CAMCOG total score.

It has been reported that glia contain elevated concentrations of ml. Loss of neurons
with subsequent gliosis could hypothetically cause the increase in ml observed in
demented subjects with Down’s syndrome. Elevation of ml has also been reported in
frontotemporal dementia. This suggests that an elevation of ml is not specific for
dementia but rather a marker for gliosis (Shonk et al., 1995; Ernst et ah, 1997). It has
also been suggested that alterations in cellular detoxification pathways and in the
inositol triphosphate intracellular second messenger cycle may account for increases
In this metabolite (Valenzuela & Sachdev, 2001).

Myo-inositol may result in a loss of neuronal functioning and eventual neuronal death
since ml influences neuronal development, survival, osmolarity and membrane
survival. In addition, ml is a precursor for key phospholipids involved in calcium
concentrations in the brain and so may indirectly effect Ca2+homeostasis (Yao et ah,
2000); a process already implicated in the neurotoxic cascade of Alzheimer’s disease
(Emilsson et ah, 2006) and Down’s syndrome (Schuchmann et ah, 1998). m| may
initiate a cascade of secondary changes at different levels of the signal transduction
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process and gene expression in the central nervous system. There are therefore a
number of potential mechanisms in which increased ml concentration may be causally
linked to neuronal dysfunction, ml may thus independently increase the risk for
dementia. It is however possible that there is a ‘double hit” of reduced cognitive
reserve with supra-added Down’s syndrome specific risk factors (e.g. ml and trisomy
of the APP gene) which act as a ‘tipping point” into dementia in this vulnerable
population.

In addition to the suggestion that ml is a marker of gliosis in dementia, one study
reported that the concentration of phosphatidylinositol was significantly lower in
Alzheimer’s disease (Stokes & Hawthorne, 1987). These findings were not however
replicated in another study (Nitsch et al., 1992). Defects in postsynaptic intracellular
signal transduction have been reported in Alzheimer’s disease (Young et al., 1998). It
IS possible that these coexist with abnormalities in intracellular systems for inositol

homeostasis.

Huang et al. (1999) reported that brain ml concentration in adults with Down’s
syndrome without dementia significantly increased with age. They suggested that this
increase reflected a pre-dementia phase in which the neuropathological features of

Alzheimer’s disease were accumulating but preceded the loss of neurons.
The possibility that increased ml concentration in the Down’s syndrome brain may be

associated with a greater degree of intellectual disability and/or later Alzheimer’s

disease suggests that trials are required to determine whether a reduction in brain ml
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concentration enhances the overall cognitive outcome in subjects with Down’s

syndrome.

The percentage reduction in NAA seen in Alzheimer’s disease compared to age
matched healthy controls was comparable to that in subjects with Down’s syndrome
compared to age matched healthy controls but slightly less than double that of
subjects with Down’s syndrome compared to non-demented subjects with Down’s
syndrome. The percentage increase in ml in demented subjects with Down’s
syndrome when compared to Alzheimer’s disease and Alzheimer’s disease healthy
controls was double that seen in demented subjects with Down’s syndrome compared
to non-demented subjects with Down’s syndrome. Therefore significant reductions in
NAA in Alzheimer’s disease combined with significant elevations in ml in demented
subjects with Down’s syndrome suggests that the biological associates of dementia in
Alzheimer’s disease and demented subjects with Down’s syndrome are different from

that of the general population,

N-acetyl aspartate is found in neurons, neuroglial precursor cells and immature
oligodendrocytes. NAA is considered to he a neuronal density marker and is involved
in several biochemical processes, e.g. lipid synthesis, aspartate metabolism and
osmotic cell regulation. There is evidence to suggest that NAA is involved in
myelination. Disturbances in the level of NAA have been detected in such conditions
as multiple sclerosis, amyotrophic lateral sclerosis, epilepsy, neurodegenerative
diseases and brain ischaemia (Cendes etal., 1997, Demougeot et al., 2004).
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The reduction in NAA in Alzheimer’s disease could be a marker of decreased
cognitive functioning in Alzheimer’s disease, reflective of a progressive loss of
neuronal activity and may indicate a neurodegenerative process. Relative to healthy
controls, a reduced concentration of NAA has been found in the medial temporal lobe
(21% difference) and in the cortex of the parietal lobe (13% difference) of individuals
with Alzheimer’s disease as well as a smaller hippocampus (29% difference), without
significant differences between both sides (Schuff et al., 2002).

Hypothesis 5 which stated that significant metabolite differences exist between
demented and non-demented subjects was proven in this study by means of the
differences which were reported in NAA and ml levels.

No significant pairwise comparisons were found for choline, which is considered to
be a marker of degradation products of myelin. The role of choline in the
development of dementia is not completely clear and there are differing opinions
regarding its level in subjects with cognitive impairment. Some researchers, including
Du etal. (2001), Kantarci et al. (2002) and Chantal et al. (2002) have reported an age-
progressive increase in the level of choline compounds with increased concentrations
in Alzheimer’s disease. Other researchers have reported reduced levels of choline
compounds in Alzheimer’s disease and in demented subjects with Down’s syndrome
such as Shonk et al. (1995), Berry et al. (1999), Huang et al. (1999), Beacher et al.
(2005) and Smigielska-Kuzia & Sobaniec (2007). The changeability of choline
concentrations suggests that the differing results may reflect hoth brain aging itself

and the ongoing degenerative disease (Smigielska-Kuzia, 2007).
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There was no evidence in this study that subjects with Down’s syndrome without
dementia had differences from age-matched controls in the number of viable neurons
or mitochondrial function as measured by NAA concentration. There was also no
evidence that subjects with Down’s syndrome without dementia had differences in
neuronal development and survival, cellular osmolarity, membrane metabolism,
signal transduction, protein C activation or amyloid deposition, as measured by ml

concentration.

No differences were identified in this study between subjects with Down’s syndrome
without dementia and age-matched controls for choline, a marker of membrane
synthesis and degradation, or for creatine plus phosphocreatine which reflects high
energy phosphate metabolism. Itis possible that subjects with Down’s syndrome have
differences in neuronal integrity that were not detected in this study, the results of
which suggest that the largest detectable contribution to cognitive impairment from
the metaholites measured using 'H-MRS, is derived from increased ml concentration.

Concentrations of certain amino acids have been shown to be significantly reduced in
the brains of people with Alzheimer’s disease but not in Down’s syndrome, despite
the presence of Alzheimer’s disease-like neuropathological hallmarks (Seidl et al,
2001). In contrast to Alzheimer’s disease, a tendency towards lower GABA,
glutamate and aspartate levels in the caudate nucleus of Down’s syndrome has been
reported (Seidl et al., 2001). A significant reduction of glutamate has been described
in the hippocampus (Reynolds & Warner, 1988) and the parahippocampal gyrus in
subjects with Down’s syndrome. The clinical relevance of these changes is
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emphasised because glutamatergic dysfunction is a strong correlate of cognitive

decline in dementia.

GABAergic deficits have been identified in cortical areas of Alzheimer’s disease
subjects, which are not or only to a much lower degree present in Down’s syndrome
despite an abundance of Alzheimer’s disease-like neuropathology (Seidl et al., 2001).
These findings may be relevant to understanding the different pathogenesis of
cognitive and non-cognitive (behavioural) features in Down’s syndrome and

Alzheimer’s disease.

48  Future work

The natural evolution of structural brain changes and their relationship with non-
structural markers should be further studied at the asymptomatic stage preceding mild
cognitive impairment. Investigating the most accurate combination of markers for
early diagnosis and progression of dementia should provide valuable additional
information on the contributions to cognitive impairment of genetic and/or
neurodevelopmental change. Furthermore, extensive evaluation of such markers
should facilitate effective tracking of dementia and serve as an outcome measure in

clinical trials.

Neuroimaging of cerebrospinal fluid markers of amyloid deposition and glucose

metabolism should he further evaluated when integrated with an automated
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assessment of structural markers for optimal diagnosis and monitoring of dementia,

such as the rates of brain atrophy.

It is important to fully validate the generalisability of structural magnetic resonance
imaging as a biomarker in clinically based cohorts in which the presence of multiple
pathologies and disorders is a norm rather than an exception.

Structural imaging changes lie at the crossroads between the molecular pathology of
Alzheimer’s disease and the clinical and cognitive decline that follow from that
pathology. Structural imaging is well placed to contribute to improved early diagnosis
of Alzheimer’s disease and to the search for effective treatments to slow or prevent
this devastating disease. Future therapeutic approaches in the treatment of individuals
with Alzheimer’s disease should consider in vivo measurements of cholinesterase
function by means of neuroimaging and developing preventive strategies for the
condition; including Ap immunisations and inhibitors of p- and y-secretase.

Due to the fact that magnetic resonance imaging scanners are widely available and
magnetic resonance spectroscopy enables a non-invasive detection of changes in brain
structure and metabolism, there is an increasing interest in the use of magnetic
resonance  spectroscopy to monitor treatment effect in clinical trials of
neurodegenerative disease (Loos, 2010). Magnetic resonance spectroscopy is not
currently recommended for routine evaluation of dementia as the superiority to
clinical criteria has not been demonstrated (Knopman et al., 2001). There is therefore
an important missing factor in the available literature on the efficacy of magnetic
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resonance spectroscopy in clinical decision making and therapeutic choice. This area
should be further explored and evaluated.

Magnetic resonance scanners operating at magnetic-field strengths higher than 15 T
are increasingly being used because they provide higher sensitivity and spatial
resolution, with 3 T (128 MHz) scanners becoming commonplace and scanners
operating at 7 T (300 MHz) and above, appearing in research environments. The
introduction of such scanners should improve spectral resolution and enhance the
available diagnostic information on dementia by means of more accurate
quantification of magnetic resonance spectroscopy metabolites such as glutamine and
glutamate. Magnetic resonance spectroscopy is a promising investigational technique
In ageing and dementia at this time. The potential clinical application of magnetic
resonance spectroscopy in ageing and dementia, however, is growing with technical

advances in the field.

A strength of this study was the large sample size of subjects with Alzheimer’s
disease and Down’s syndrome, in which the dementia was diagnosed by means of
standardised instruments. Furthermore, the author was blind to subject status for
volumetric brain regions of interest which were traced as part of the analysis. A
limitation of the study was the difference in age between subjects with Alzheimer’s
disease and Down’s syndrome. While ideally all study groups would be equivalent in
age, including Alzheimer’s disease and Down’s syndrome, life expectancy estimates
suggest that only 14% of the Down’s syndrome population (demented or otherwise)
reach the age of 68 years (Coppus et al., 2006), while the age of onset for non-familial
Alzheimer’s disease in the general population is 65 years and over. Therefore
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obtaining 70-85 year old age-matched Down’s syndrome samples for comparison to
Alzheimer’s disease in the general population is almost impossible. Furthermore,
clinical rather than post-mortem criteria were used to identify subjects with
Alzheimer’s disease and demented subjects with Down’s syndrome. Flence, it is not
possible to be certain that all cases of had Alzheimer’s disease, as this can only be
definitively addressed at autopsy. Nevertheless, all the demented individuals from
both groups (Alzheimer’s disease and Down’s syndrome) were diagnosed using
standardised instruments and individuals with detectable cerebrovascular disease were
excluded. Therefore the group differences found in brain anatomy between demented
Down’s syndrome individuals and those in the general population most probably
reflect Alzheimer’s disease-type neuropathology.

In summary, to my knowledge, prior to the current study, no in vivo case-control
study compared the anatomy of dementia in Down’s syndrome to people with
Alzheimer’s disease in the general population. It is hoped that the current study will
add to the existing literature.
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