S U P P LE ME NT

Advances in structural and molecular neuroimaging
in Alzheimer’s disease
Kathryn A Ellis, Christopher C Rowe, Cassandra E I Szoeke, Victor L Villemagne, David Ames, Gaël Chételat, Ralph N Martins,
Colin L Masters, Jurgen Fripp, Oscar Acosta, Parnesh Raniga, Pierrick T Bourgeat and Olivier Salvado

L

onger life expectancies are accompanied by increases in the
prevalence of illnesses associated with ageing. As age is the
major risk factor for Alzheimer’s disease (AD) — the leading
cause of dementia in the elderly — the prevalence of AD is predicted
to increase, with the number of Australians with dementia rising from
234 000 in 2009 to over 1 million by 2050 (ie, from 1% to 3% of the
Australian population).1 Such increases in dementia prevalence will
have major consequences for the Australian health care system.1 On
the other hand, if the average onset of AD could be delayed by 5
years, there would be a 50% reduction in new cases each year.2
AD is a progressive neurodegenerative disorder, clinically characterised by cognitive decline, and histologically identified by the
presence of amyloid-β (Aβ) plaques and neurofibrillary tangles in
the brain.3 The formation and deposition of Aβ in the brain are
central to current aetiological theories of AD.4 The Aβ theory of AD
is that toxicity associated with accumulation of Aβ leads to
synaptic and neuronal degeneration and subsequent grey-matter
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Since
the 1970s, neuroimaging has been routinely used in the
Supplement
clinical evaluation of patients with suspected AD.6 Traditionally,
structural imaging has been applied to exclude or evaluate potentially treatable causes of cognitive impairment, such as multiple
small strokes and normal pressure hydrocephalus. More recently,
patterns of atrophy have been used to assist in diagnosing
dementia subtypes (eg, hippocampal atrophy to support a diagnosis of AD). In clinical practice, structural scans are generally
interpreted visually. The qualitative nature of this approach means
that much of the richness of the data is not exploited. However,
new technologies are being developed that can significantly
increase the yield from each scan.
Perhaps the most exciting advance in neuroimaging of AD during
the past 10 years is the development of Aβ-imaging agents for
positron emission tomography (PET) that can detect Aβ in the brain
many years before atrophy occurs or clinical symptoms manifest
themselves.7,8 Furthermore, the capacity to combine structural and
molecular imaging technologies is generating results with greater
diagnostic sensitivity and specificity, and indications are that using
these techniques will allow earlier diagnosis of AD in clinical practice.
Studies such as the Australian Imaging Biomarkers and Lifestyle
(AIBL) study of ageing, initiated by the CSIRO (Commonwealth
Scientific and Industrial Research Organisation), have assembled
large cohorts of individuals who can be assessed, compared and
followed up over a long period of time to facilitate prospective
research into ageing and AD. The AIBL study is the largest cohort
study of its kind in Australia (and one of the largest worldwide) to
thoroughly assess individuals with and without AD and at varying
levels of risk of developing AD.9 A key component of the AIBL
study was conducting high-quality magnetic resonance imaging
(MRI) and in-vivo PET imaging of Aβ in the brain in a substantial
proportion of the cohort.
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ABSTRACT
• Longer life expectancies lead to increases in the prevalence
of age-associated illnesses. The number of Australians with
dementia is predicted to rise, from 234 000 in 2009 to over
1 million by 2050, as a result of the increased prevalence of
Alzheimer’s disease (AD), the leading cause of dementia in
the elderly.
• Early diagnosis of AD will become more important as diseasemodifying therapies emerge within the next decade.
• Advances in molecular neuroimaging with amyloid-β-specific
radioligands for positron emission tomography, aided by
magnetic resonance imaging techniques, allow detection of
AD years before symptoms of dementia develop.
• Longitudinal prospective studies, such as the Australian
Imaging Biomarkers and Lifestyle (AIBL) study of ageing, will
determine the sensitivity and specificity of these analysis
techniques for diagnosing AD and predicting cognitive
decline.
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Here, we provide an overview of the typical MRI and PET
imaging characteristics, and we discuss the contribution of the
AIBL study and enhanced image analysis to more accurate and
earlier diagnosis of AD.
Structural imaging in dementia — current and future use
Structural imaging techniques are routinely used to identify and
diagnose potentially treatable causes of cognitive impairment.10,11
Medial temporal-lobe atrophy, including the hippocampus and
entorhinal cortex, is an early characteristic feature of AD, and
hippocampal atrophy is strongly associated with memory
decline.11
Structural images provide significantly more information when
processed with automatic image analysis software. The rate of
hippocampal atrophy is two to three times greater in early AD than
with normal ageing,11 but changes are small and require precise
measurement.
Two recent technologies have emerged that greatly facilitate
detailed MRI analysis. The first is automatic segmentation of the
brain into its three main tissues — white matter, grey matter and
cerebrospinal fluid — using intensity-based tissue classification.
The second is the ability to spatially align or warp an individual
brain scan to a template on which anatomical structures have been
defined. As a result, volume (eg, hippocampus, ventricles) or
thickness (eg, cortex) can be automatically estimated at the voxel
level, or for given regions of interest (eg, lobes or Broca’s area). (A
voxel or volumetric pixel is a volume element, representing a value
on a regular grid in three-dimensional space.) Statistical analysis
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In-vivo imaging of burden of amyloid-β in ageing and
dementia: comparison of brain scan images — healthy
control (column 1), mild cognitive impairment (column 2),
and Alzheimer’s disease (column 3)

Representative transaxial (top row), coronal (middle row) and sagittal
(bottom row) images from positron emission tomography / magnetic
resonance imaging of a 76-year-old healthy control subject (HC
[column 1] — Mini-Mental State Examination [MMSE] score, 30), a
76-year-old subject with mild cognitive impairment (MCI [column 2]
— MMSE score, 28), and a 75-year-old patient with Alzheimer’s
disease (AD [column 3] — MMSE score, 25). The images show clear
differences when comparing the HC subject and the patient with
AD, with non-specific Pittsburgh compound B (PiB) binding in white
matter in the HC subject compared with PiB binding in the frontal,
temporal and posterior cingulate / precuneus cortex of the patient
with AD and marked atrophy. The subject with MCI presents similar
patterns of cortical atrophy and PiB binding to those of the patient
◆
with AD, but to a lesser degree.

can then be conducted in a large cohort, such as that in the AIBL
study, to identify atrophy patterns,12,13 but also to estimate atrophy
in individual patients and compare with atrophy patterns corrected for confounding factors (eg, age, sex, years of education).
These techniques have begun to enter clinical practice, but are not
routinely available in Australia.
Aβ imaging — a new paradigm emerges
Aβ imaging enables in-vivo detection and quantitative estimation
of levels of Aβ in the brain,7,8,14 and is considered a putative
biomarker for AD. The most studied and as such validated Aβ
imaging ligand is N-methyl [11C]2-(4`-methylaminophenyl)-6hydroxybenzothiazole, or Pittsburgh compound B (PiB). PiB binds
specifically to fibrillar Aβ deposits in brain tissue obtained at
autopsy, and a high correlation of regional PiB binding to plaque
load has been found at autopsy in a patient who had previously
undergone PiB-PET imaging.15 PiB is regarded as a sensitive
marker for Aβ in healthy older individuals with apparently normal
cognition, in those with mild objective memory impairment, and
in patients with AD.8,16,17

PiB-PET images show relatively low, non-specific, homogeneous
PiB retention in white matter, while the variable retention in grey
matter reflects fibrillar Aβ burden (Box). In patients with AD, high
PiB retention can be readily visualised in the cortical mantle on
inspection of images and, for the purposes of early detection and
monitoring of progression, the advantages of quantitative measurements of Aβ deposition have been demonstrated.17 However,
quantitative estimation of PiB binding is challenging and care must
be taken to process the data correctly.
The first step is normalisation of the PiB signal to the signal in
the cerebellar cortex, where PiB binding has been shown to be very
low, reflecting an absence of dense Aβ deposition in that area. The
resulting parameter is called the standardised uptake value ratio.18
The second important challenge is associated with the limited
resolution of PET scans, which results in three issues when
quantifying PiB images.
• First, current PET camera resolution is low (~ 6 mm) compared
with the thickness of the cortex (~ 3 mm), resulting in blurring or
partial volume effect.19,20
• Second, the retention in grey matter can be lower (for healthy
individuals) or higher (for subjects with AD) than in white matter,
confounding signal measurement in the cortex due to variable
spillover into and from surrounding white matter and cerebrospinal fluid.
• Third, atrophy associated with AD has the effect of reducing PiB
signal intensity, potentially masking an increase in PiB retention
per volume of grey matter.
Similar to atrophy patterns, PiB retention patterns can be
computed, allowing a quantitative estimation of Aβ deposition at
the voxel or regional level. Recent improvement in these techniques has revealed differences between grey matter atrophy and
Aβ deposition patterns.20 Voxel-wise and regional correlation
between PiB binding, atrophy, and other clinical measurements
(eg, Mini-Mental State Examination score) have identified few
relationships and only in specific brain areas. For example, the
AIBL study has shown that hippocampal atrophy is correlated with
PiB retention in the inferior temporal lobe only and not elsewhere,
and only at the earliest stages of the disease in healthy, asymptomatic individuals with high PiB binding.13,21 However, it has also
become clear from our studies that, while Aβ must be present for a
diagnosis of AD to be made and it appears before atrophy and
cognitive decline, there is not a direct, robust dose-dependent
relationship between Aβ and cross-sectional measures of atrophy
or measures of cognition, suggesting that other “downstream”
factors are the predominant determinants of neurodegeneration.17,22 A more definitive understanding of the relationship of Aβ
to neurodegeneration will emerge from the longitudinal findings of
the AIBL study, which is currently in its third year of follow-up.
Implications for the routine diagnosis of AD
Application of these advanced imaging and analysis techniques to
the AIBL study population has revealed a high prevalence of Aβ
deposition in the brain with ageing. The prevalence of Aβ deposition increases rapidly with age above 60 years, such that, by the
late 80s, the prevalence of cognitively unimpaired subjects with
high PiB retention in the brain exceeds 60%.23
The AIBL study has confirmed that genetic factors play a large
role in the appearance of Aβ. The presence of at least one copy of
the apolipoprotein E (APOE) ε 4 gene allele is associated with both
earlier and greater deposition of Aβ in the brain. PiB scans show Aβ
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deposition in 50% of asymptomatic elderly carriers of the APOE ε 4
allele compared with only 18% of non-carriers.23 Furthermore, the
AIBL study has shown that participants with mild objective
memory impairment who have deposition of Aβ in the brain, as
shown by a positive PiB scan, are at much greater risk of AD over
the following 2 years (60%) than those with a negative PiB scan
(< 10%).22 Over 90% of individuals with a clinical diagnosis of AD
have positive results of a PiB scan, while patients with frontotemporal dementia show negative results.8,14,23
Correlation of structural changes that reflect synaptic and
neuronal loss with Aβ imaging has confirmed that Aβ deposition
precedes loss of brain cells.23 Our studies have also confirmed that
Aβ accumulation is a very slow process, with levels increasing by
2%–3% a year, implying that cognitive decline follows Aβ deposition by many years.22 These imaging-based observations support
the proposal that Aβ accumulation begins several years before
neuronal death and up to decades before cognitive decline.5
Fluorine-18-labelled PET radiotracers for imaging cerebral Aβ
deposition are being studied in a Phase III trial and are likely to be
available for clinical use within 2 years.24-26 These radiopharmaceuticals can be mass produced and widely distributed, unlike the
carbon-11-labelled compounds currently used in research settings,
which have a very short half-life.
Progress in early diagnosis of AD using advanced neuroimaging
techniques is currently outpacing the development of effective
disease-modifying therapy, leading to questions being asked about
the value of early diagnosis and these expensive technologies.
However, imaging and analysis techniques provide a way of
detecting AD before the onset of significant cognitive and functional decline, and therefore offer the potential for intervention to
prevent deterioration with novel therapeutic approaches. Indeed,
it is likely that safe and effective disease-modifying therapies for
AD will emerge within the next decade,27 making early diagnosis
of AD critically important. Furthermore, the longitudinal prospective design of studies, such as the AIBL study, will allow the
determination of the sensitivity and specificity of these analysis
techniques for accurate diagnosis of AD, and, more importantly,
the elucidation of their predictive value for cognitive decline.
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