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Abstract
Vascular risk factors, particularly in midlife, confer risk for later-life dementia. The association is
reported for both vascular dementia and Alzheimer disease (AD) dementia. The
pathophysiological pathways by which vascular risk influences later-life dementia risk are not,
however, well understood. This thesis examines the influence of vascular risk across the life
course on brain pathologies, with a focus on cerebral small vessel disease (SVD) and b-amyloid
burden at age ~70 years, and how these pathologies impact on brain structure and cognition,
using data from Insight 46, a neuroscience sub-study of the MRC National Survey of Health and
Development (NSHD) 1946 birth cohort.

Key findings include demonstration of sensitive windows in early midlife when higher BP, and
changes in BP, were associated with higher white matter hyperintensity volume (WMHV) and
smaller brain volumes at age ~70 years. Increasing adiposity in later midlife was associated with
smaller brain volumes. Being diabetic in early late-life was associated with smaller whole brain
volume, and smokers had worse microstructural integrity in normal appearing white matter
(NAWM). None of the vascular risk factors investigated was associated with b-amyloid burden.
WMHV and b-amyloid burden had synergistic negative influences on NAWM microstructural
integrity, but were not associated with brain volumes in this dementia-free cohort. WMHV and
b-amyloid burden had independent influences on cognition: higher WMHV was associated with
slower processing speed whilst amyloid positive individuals had lower performance IQ.

Findings show that vascular risk factors influence late-life dementia risk through cerebral SVD
and brain atrophy. Associations with AD dementia are unlikely to be mediated via amyloidogenic
pathways, but instead relate to cerebral SVD lowering the threshold for clinical symptoms in
individuals with co-existent b-amyloid pathology. From a public health perspective, findings
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reinforce the importance of vascular risk management, starting at least in midlife, for reducing
late-life dementia risk.
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Impact statement
Insight 46, a sub-study of the Medical Research Council (MRC) National Survey of Health and
Development (NSHD), which is the focus of this thesis, is a resource that will be beneficial to the
broader scientific community. It is a prospective longitudinal two time-point (0, 24 month) study
of 502 individuals who have been followed up since their birth in England, Scotland and Wales
during one week in March 1946. These individuals are now in their early 70s and predominantly
cognitively healthy. This is an ideal stage to investigate accumulating neuropathologies, prior to
the development of overt symptoms. Through the incorporation of multimodal magnetic
resonance imaging (MRI) and amyloid positron emission tomography (PET) imaging,
neuropsychology and clinical information, in individuals with prospectively collected
information across the life course, this study is ideally placed to investigate life course influences
on later life brain pathologies, with a specific focus on β-amyloid pathology, critical to the
development of Alzheimer disease (AD), and cerebral small vessel disease (SVD). Data-sharing
policies are in place to enable researchers to request imaging and clinical data collected as part
of the study, in order to investigate their own research questions.

Vascular risk factors, particularly in midlife, are associated with late-life dementia risk. One of
the main aims of this thesis was to investigate how vascular risk factors across the life course
influence brain health in early late-life, and whether there are sensitive windows when risk
exposure is particularly harmful. Results confirm harmful influences of higher blood pressure
(BP), obesity, diabetes and smoking on later-life brain health, which may have implications for
public health policy. Public health initiatives to screen and modify these vascular risk factors are
already well developed due to their established role in cardiovascular and cerebrovascular
disease, including the NHS Health Check, available to all individuals aged 40-74. However, results
presented in this thesis suggest that routine and serial BP measurement may need to start in
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the fourth decade to maximise dementia risk reduction. Vascular risk screening programmes
may therefore need to be targeted at younger age groups. Furthermore, longitudinal BP change,
i.e. not just absolute values, may play an important role in the development of cerebral
pathology, and should be taken into account when commencing treatment.

Work from this thesis, investigating independent and synergistic influences of β-amyloid
pathology and cerebral SVD on brain structure and cognition may have implications for future
preclinical AD trial design. In order to ensure maximum impact from this body of work, results
have been and will continue to be presented at international conferences, and published in
scientific journals. Public engagement activities will facilitate sharing research outputs with the
public, and assist in disseminating the public health message that vascular risk management is
important in reducing dementia risk.
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1. Introduction
1.1 Background
Alzheimer’s disease (AD) and cerebrovascular disease (CVD) are the two leading causes of
dementia, accounting for 50-75% and 20-30% of clinically diagnosed cases, respectively [1] .
‘Pure’ forms of these dementia types are relatively unusual, with post mortem studies almost
invariably showing various contributions of both, i.e. mixed pathology [2]. Current estimates
suggest that 44 million people live with dementia worldwide presently. This is predicted to more
than triple by 2050 as the population ages, when the annual cost of dementia in the US alone
may exceed US$600billion [1]. In England and Wales, dementia is the leading cause of death
overall, accounting for 11.6% of all deaths registered in 2015 [3]. Dementia prevalence would
be halved if its onset were delayed by 5 years [4] and therefore there is a concerted drive to
identify modifiable risk factors that will influence its prevalence. Whilst efforts are underway to
develop disease-modifying therapies, a recent report suggested that approximately 35% of allcause dementia may already be modifiable [5].

It is now recognised that vascular risk factors such as hypertension and obesity [5], play a role in
the development of dementia, but the pathological mechanisms that mediate these associations
are incompletely understood. Hypertension, for instance, is a well-established risk for vascular
cognitive impairment (VCI) mediated via CVD, but this and other vascular risk factors have also
been linked with AD dementia, which is generally clinically diagnosed [6–10]. If vascular risk
factors play a role in the development of clinical AD, it is unclear whether this is due to cooccurrence of AD pathology and CVD [11], e.g. mediated by CVD reducing brain reserve in those
with existing AD pathology [12]; reduced amyloid clearance secondary to altered
cerebrovascular haemodynamics and damage to drainage mechanisms [13,14]; or that vascular
risk factors drive neurodegeneration via amyloid-independent processes, such as
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neuroinflammation [15]. It has been proposed that both cerebral small vessel disease (SVD) and
b-amyloid pathology may be separate end-results of endothelial damage and impairment of the
neurovascular unit [16].

Associations between midlife vascular risk factors and late-life dementia risk are more
consistent than associations in late-life [17]. This may be caused by changes in the direction of
causality that occurs as dementia develops. For instance, less consistent associations between
hypertension and dementia risk in late-life [18] may be because neurodegeneration triggers a
decrease in blood pressure (BP) via central mechanisms, masking a causal relationship between
late-life hypertension and dementia. Alternatively, midlife may be a sensitive window when the
brain is particularly vulnerable to damage. Investigating relationships between vascular risk
factors and brain health, when individuals are cognitively normal, provides an opportunity to
investigate relationships into late-life, whilst limiting the confounding of reverse causality.

Insight 46 is a prospective longitudinal two time-point (0, 24 month) study of 502 individuals.
These participants are study members of the Medical Research Council (MRC) National Survey
of Health and Development (NSHD), which has followed 5,362 individuals since their birth in
England, Scotland and Wales during one week in March 1946 [19–21]. These individuals are
now in their early 70s and predominantly cognitively healthy. This is an ideal stage to investigate
accumulating neuropathologies, prior to the development of overt symptoms. Through the
incorporation of multimodal magnetic resonance imaging (MRI) and amyloid positron emission
tomography (PET) imaging, neuropsychology and clinical information, in individuals with
prospectively collected information on vascular risk factors across adulthood, this is a unique
opportunity to investigate the influence of vascular risk factors on subsequent brain pathology,
with specific focus on Alzheimer pathology and cerebral SVD: this is a major focus of this thesis.
The inter-relationship between these pathologies will be investigated, as will the consequences
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of these pathologies on brain structure and cognition. Recognising that there is a prolonged
preclinical phase prior to the development of cognitive symptoms in AD and VCI, which is an
important window in which therapeutic interventions may need to be employed to be effective,
these finding may have significance for preclinical trials.

In this introduction I first provide an overview of AD and cerebral SVD. The epidemiogical
evidence for a role of hypertension and obesity in the development of dementia is described
(since these two vascular risk factors will be investigated in particular depth within the thesis),
before outlining possible mechanisms by which β-amyloid pathology and cerebral SVD may be
inter-related. I then provide an overview of MRI and PET imaging and how they are used to
visualise these pathologies in vivo. Finally, an overview of the structure of the thesis is provided.

1.2 Alzheimer’s disease
1.2.1

Overview

AD is the single biggest cause of dementia – accounting for 50-75% of clinically diagnosed cases,
and is primarily a condition of later life, roughly doubling in prevalence every five years after age
65 [1]. “Typical” late onset AD is likely to be driven by a complex interplay between genetic and
environmental factors. The cardinal features of Alzheimer pathology are amyloid plaques and
neurofibrillary tangles (NFTs). Downstream consequences of these pathologic processes include
neurodegeneration with synaptic and neuronal loss leading to macroscopic atrophy, which can
be visualised on structural MRI [22]. White matter hyperintensities on MRI are frequently seen
in AD, and debate remains over to what extent this reflects concurrent cerebral SVD, cerebral
amyloid angiopathy (CAA) or Wallerian degeneration [23].

Clinically, AD typically presents with progressive problems centred on episodic memory.
Topographical difficulties subsequently commonly emerge, alongside difficulties with multi25

tasking, and loss of confidence. On neuropsychology, episodic memory and executive deficits
are the most consistent early features [24], reflecting early involvement of the hippocampus and
entorhinal cortex by tau pathology [25]. A long preclinical phase of up to 15-20 years is now
recognised [26], when pathologies accumulate prior to emergence of detectable symptoms.

1.2.2

Pathology

In addition to b-amyloid plaques and neurofibrillary tangles (NFTs), neuropil threads, dystrophic
neurites, associated astrogliosis, and microglial activation are seen, and CAA frequently co-exists
[25]. Mixed pathology frequently occurs particularly in older individuals, and includes not only
vascular disease, but also Lewy bodies [27] and TDP-43 pathology [28].

b-amyloid plaques are extracellular accumulations principally composed of abnormally folded
Aβ with 40 or 42 amino acids (Aβ40 and Aβ42), two by-products of amyloid precursor protein
(APP) metabolism. Aβ42 is more abundant than Aβ40 within plaques due to its higher rate of
fibrillisation and insolubility. Amyloid deposition does not always follow a stereotyped pattern
of progression, but broadly speaking develops in the isocortex, only latterly affecting subcortical
structures. Unlike NFTs, b-amyloid plaques involve the entorhinal cortex and hippocampal
formations to a lesser extent [25].

NFTs

are

primarily

composed

of

paired

helical

filaments

(PHF)

consisting

of

hyperphosphorylated tau. Tau pathology typically begins accumulating in the allocortex of the
medial temporal lobe (entorhinal cortex and hippocampus) before spreading to the associative
isocortex. Neuronal and synapse loss typically parallel tangle formation, and as such the clinical
features and severity of AD are better correlated with NFT pathology [25] than b-amyloid
pathology, which reaches a plateau early in the symptomatic phase of the disease [29]. The gold
standard for diagnosis of AD is by pathological examination with pathological diagnostic criteria
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incorporating information on both b-amyloid and tau pathology [30].

1.2.3

The amyloid hypothesis and the preclinical window

The amyloid hypothesis, the prevalent theory of AD pathogenesis, suggests that accumulation
of pathological forms of Aβ, produced by sequential cleavage of the amyloid precursor protein
(APP) by the b- and g-secretase enzymes in the brain is the primary pathological process, driven
through an imbalance between Aβ production and Aβ clearance. Amyloid clearance is poorly
understood. Clearance mechanisms include: degradation clearance (enzymatic breakdown by
enzymes including insulin degrading enzyme (IDE), angiotensin converting enzyme (ACE) and
matrix metalloproteinases); BBB clearance via transporter proteins including MDR1, LRP1/2 and
RAGE; and perivascular drainage and AQP-4 dependent glymphatic clearance (together known
as interstitial fluid bulk flow, systems driven, at least in part, by vascular pulsations. Whether
the perivascular and glymphatic systems are distinct pathways however, or the same transport
pathway captured under different experimental conditions remains to be determined.) [31].

The formation of NFTs and subsequent neuronal dysfunction and neurodegeneration, perhaps
mediated via inflammation, are thought to be downstream processes (see Figure 1-1), with a
long preclinical window between pathology developing and clinical symptoms [32]. Strong
support for a central role for Ab comes from genetics: all familial AD (fAD) mutations are
involved either in Aβ generation or processing and result in relative overproduction of toxic
forms of b-amyloid. Conversely, an APP missense mutation (A673T) results in a lifelong decrease
in APP cleavage by β-secretase conferring a reduced clinical risk of AD [33]. The ApoE gene
(APOE), which has three variants, e2, e3 and e4, is involved in amyloid clearance and is the single
biggest genetic risk for sporadic AD [34]. In sporadic AD, what precipitates the imbalance
between Aβ production and clearance is unclear, and may be multi-factorial. As will be
discussed, vascular risk factors may play a role.
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Figure 1-1 An overview of the major pathogenic events leading to AD as proposed by the amyloid hypothesis. The
curved blue arrow indicates that Aβ oligomers may directly cause synaptic and neuritic damage and induce tau
hyperphosphorylation, in addition to activating damaging cascades. Figure reprinted with permission from [32],
available at http://onlinelibrary.wiley.com/wol1/doi/10.15252/emmm.201606210/full. Copyright under the
Creative Commons Attribution License https://creativecommons.org/licenses/by/4.0/.
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Fibrillar β-amyloid within dense-core plaques was originally thought to be critical to the
development of AD, but it is now thought that soluble Aβ oligomers may be the most
pathological form: oligomers purified from AD brains and applied to neurons in vitro inhibit longterm potentiation, cause synaptic dysfunction, damage dendritic spines and cause neuronal
death [35,36]. Human oligomers also induce hyperphosphorylation of tau at AD-relevant
epitopes and cause neuritic dystrophy in cultured neurons [37]. Plaques may therefore act as a
‘reservoir’ from which amyloid oligomers diffuse, or may even act as a protective mechanism,
sequestering toxic Aβ series until they reach a physiologic saturation point [32].

Whilst accumulation of Ab is necessary for a diagnosis of AD, the fact that a significant
proportion of elderly individuals die with evidence for significant b-amyloid deposition without
symptoms shows that, whilst necessary, it is not sufficient for AD dementia. Tau is a vital part of
the process that leads to AD, as evidenced by the close association between tau load and
neurodegeneration [38,39] and cognition [40–42]. However, whilst mutations in the tau gene
lead to accumulation of tau and a variety of neurodegenerative dementias within the
frontotemporal dementia spectrum [43], unlike mutations in b-amyloid genes, tau mutations
alone do not cause AD.

The concept of a prolonged preclinical window has evolved through the development and
utilisation of biomarkers (variables measured in vivo that reflect specific disease-related
processes [44]) enabling tracking of AD specific pathological changes in large observational
studies. Cerebrospinal fluid (CSF) and positron-emission tomography (PET) biomarkers of Ab and
tau pathology allow the progression and interaction between these pathologies with imaging
biomarkers of neurodegeneration (using structural MRI and FDG-PET, which measures cerebral
metabolism) to be investigated in vivo. Such studies in healthy elderly individuals and patients
with both sporadic [44] and familial AD [45] have provided evidence that amyloid pathology
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develops many years before clinical symptoms [46,47] and precedes detectable tau pathology
[26], hippocampal atrophy [46] and hypometabolism [45–47] in cognitively normal individuals.
Based on this, a hypothetical pathological cascade framework has been developed by Jack et al
[26], schematically represented in Figure 1-2. The point at which clinical symptoms will develop
will differ based on individual circumstance: the concept of cognitive reserve emerged through
the observation of heavy neuropathological burden of AD markers on post-mortem examination
in individuals with preserved cognition [48]. Furthermore, individuals who develop co-morbid
brain pathologies, such as infarcts, may be more vulnerable to lower AD pathology burden [49].
It is clear that amyloid pathology is an early marker in the AD process which can identify
individuals who are at risk for developing AD dementia.

Figure 1-2 Dynamic biomarkers of AD pathological cascade model, reprinted from [26], with permission from
Elsevier. β-amyloid is identified by CSF Aβ and amyloid PET. Please note whilst CSF Aβ changes are plotted as
increasing over time, this represents a decline in measured CSF Aβ-42 as it is sequestered in plaques.
Neurodegeneration is measured by MRI and FDG PET. Cognitive response is indicated as a green zone with high
and low risk borders, reflecting individual susceptibility to AD pathology.

Whilst there is a lag between the development of neuropathology and overt clinical symptoms,
a number of studies have investigated whether cognitive changes can be detected in the
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preclinical phase, with differing findings. A meta-analysis of available studies found that
increased amyloid burden was associated most consistently with episodic memory performance
and global cognition, and to a lesser extent, executive function, in individuals who did not meet
criteria for mild cognitive impairment or dementia [50]. Based on these findings, new preclinical
AD treatment trials are using composite measures in an attempt to monitor subtle changes in
cognition, such as the Preclinical Alzheimer cognitive composite (PACC), which incorporates the
MMSE score (global cognition), and measures of episodic memory and timed executive function
[24].

1.2.4

Classification of preclinical Alzheimer’s disease

With the recognition that pathological changes occur years prior to symptoms, and the advent
of biomarkers of b-amyloid and tau pathology and MRI measures of atrophy, diagnostic criteria
have evolved both to allow for the diagnosis to be made earlier and with increased molecular
specificity. The appropriate classification of individuals is important for research purposes both
to understand the influences of these pathologies in the preclinical phase, and, for appropriate
stratification in future preclinical therapeutic clinical trials. Recent diagnostic criteria from both
the National Institute of Aging (NIA) and the International Working Group (IWG-2) now
incorporate one or more preclinical AD phases, where biomarker evidence of AD pathology
exists in the absence of symptoms [51–53] (Table 1-1). These draw on the proposed biomarker
cascade hypothesis of Jack et al [26] and attempt to stratify individuals according to where they
might be along the pathophysiological cascade, highlighting that AD is now considered a
continuum. However, whilst these classification systems show some overlap, differences in their
approach to capturing uncertainties recognised in this model has resulted in disagreements in
nomenclature, staging and interpretation of biomarker findings. This lack of consensus has
repercussions for comparability of findings between studies that define individuals differently,
and for preclinical trials that need to stratify individuals consistently.
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Most recently Jack et al attempted to better characterise individuals using the “ATN”
classification system, which is now codified in an updated NIA-AA framework [54] (Table 1-1).
This attempts to define individuals without providing a diagnostic label, is agnostic to the
temporal order of biomarker change, and also recognises individuals on non-Alzheimer
neurodegenerative pathways. “A” refers to the value of a b-amyloid biomarker (either amyloid
PET or CSF Aβ42); “T” refers to the value of a tau biomarker designed to reflect Alzheimer NFT
pathology rather than non-specific neuronal damage (either tau PET or CSF phospho-tau); “N”
refers to the value of a neuronal injury biomarker (either CSF total tau, atrophy on structural
MRI or cerebral hypometabolism on FDG-PET) [54]. The presence of b-amyloid pathology alone
would categorise an individual as having “Alzheimer’s pathologic change” whilst a diagnosis of
Alzheimer’s disease would require both presence of b-amyloid and tau pathology [54]. An
important limitation of this updated research framework is its applicability outside a restricted
number of research institutes that have the resources to fully categorise individuals using CSF
and/or amyloid and tau PET imaging.

The frameworks discussed necessarily dichotomise individuals (e.g. A+T-), which has clear
advantages, for instance in observational studies and clinical trial stratification. However, with
this comes the challenge of whether biomarkers truly reflect the pathology of interest, and if
they do, how to best determine cut-points, recognising that measures lie on a continuum. These
difficulties were clearly highlighted in a recent systematic review of 50 biomarker-based studies
in preclinical AD. The review identified 14 different approaches applied when using CSF
biomarkers (CSF collection biomarkers assays, considered markers or panel of markers, and cutoffs) and 16 different approaches applied when using amyloid PET (tracer, analytical
methodology, or threshold) when defining b-amyloid and tau pathology status [55].
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Whilst conceptual frameworks continue to evolve, and until a standardised approach is decided
upon (if possible) it is important that studies phenotype their cohorts comprehensively, and
report approaches used clearly, recognising that not all studies will be able to characterise
individuals to the level outlined above.
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Evidence of
tau pathology
only
Evidence of
both Aβ and
tau pathology

Evidence of
Aβ pathology
only

Continued overleaf

Asymptomatic
individuals

-

Asymptomatic at risk
for AD

Stage 2 preclinical AD
Stage 3 preclinical AD (when additional
subtle cognitive changes exist which
do not meet criteria for MCI)

Asymptomatic at risk
for AD

IWG-2 criteria [52]

-

Stage 1 preclinical AD

2011 NIA-AA criteria [51]

Asymptomatic at risk
for AD
(asymptomatic T+)
Preclinical AD

Asymptomatic at risk
for AD
(asymptomatic A+)

Proposed preclinical
AD criteria from
Dubois et al [53]

A+T+(N)+
A+T+(N)-

A-T+(N)+
A-T+(N)-

A+T-(N)+

A+T-(N)-

Preclinical Alzheimer’s disease

Preclinical Alzheimer’s
pathological change
Alzheimer’s and concomitant
non Alzheimer’s pathologic
change, cognitively unimpaired
Non-Alzheimer’s pathological
change, cognitively unimpaired

2018 NIA-AA criteria [54]

Symptomatic
individuals

Symptoms
that do not
meet criteria
for dementia

Mild cognitive impairment due to AD
- High likelihood (requires positive Aβ
and neuronal injury biomarkers)
- Intermediate likelihood (requires
either positive Aβ or neuronal injury
biomarker, where other biomarker
not tested or unavailable)
- Unlikely (negative Aβ and neuronal
injury biomarkers)
- Uninformative (biomarkers
ambiguous or conflict with each
other)

2011 NIA-AA criteria [51]

Symptoms
that meet
criteria for
dementia
(both typical
and atypical
phenotypes)

Dementia due to AD
- Probable (no biomarker evidence
required, based on clinical picture)
- Possible (no biomarker evidence
required, based on clinical picture)
- Probable with evidence of AD
pathophysiological process (Aβ
and/or neuronal injury biomarker
evidence – high likelihood,
intermediate likelihood unlikely and
uninformative)

2018 NIA-AA criteria [54]

Alzheimer’s pathologic change
with MCI

IWG-2 criteria [52]

AD with MCI (prodromal AD)

Proposed preclinical
AD criteria from
Dubois et al [53]

A+T+(N)+
A+T+(N)-

A+T-(N)-

A+T-(N)+

A+T+(N)+
A+T+(N)-

AD with dementia

Alzheimer’s pathologic change
with dementia

A+T-(N)+

A-T+(N)A-T-(N)+
A-T+(N)+
A+T-(N)-

Alzheimer’s and concomitant
non Alzheimer’s pathologic
change with MCI
Non-Alzheimer’s pathologic
change with MCI

NR

NR

Prodromal AD
(typical or atypical)
Requires consistent
history plus
biomarker evidence
(CSF Aβ and tau or
amyloid PET)

Typical or atypical AD
Requires consistent
history plus
biomarker evidence
(CSF Aβ and tau or
amyloid PET)

Alzheimer’s and concomitant
non Alzheimer’s pathologic
change with dementia
Non-Alzheimer’s pathologic
change with dementia

A-T+(N)A-T-(N)+
A-T+(N)+

Table 1-1 An overview of the different clinical and research diagnostic criteria for AD, and terminology used, from the preclinical through the symptomatic stages. The IWG-2 criteria do not
specifically differentiate between mild cognitive impairment and dementia. In 2011 NIA-AA criteria, neuronal injury biomarkers include elevated CSF tau, medial temporal lobe atrophy on
structural MRI or hypometabolism on FDG PET. These latter two biomarkers can be used instead of tau pathology for defining stage 2/3 preclinical AD. 2018 NIA-AA research framework
differentiates AD “specific” paired helical filament tau measured by CSF p-tau or tau PET imaging (T) from non-specific neuronal injury (N) detected by elevated t-tau on CSF, atrophy on
structural MRI or hypometabolism on FDG-PET
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1.3 Cerebral small vessel disease
1.3.1

Overview

CVD is seen commonly in ageing, and is associated with stroke, cognitive decline, dementia and
physical disability [56]. The main causes of CVD are atherosclerosis (degenerative disorders of
medium- and large-sized arteries), cerebral small vessel disease (SVD) (primarily
arteriolosclerosis, affecting the small penetrating brain blood vessels, and CAA, caused by
amyloid deposits within vessel walls) [57], all of which may, and indeed commonly, co-exist.

Vascular dementia (VaD) is the second most common clinically diagnosed cause of dementia,
after AD, and may arise following a focal vascular insult or as a result of cumulative global
vascular burden. Consequently, VaD, or the preferred broader umbrella term of vascular
cognitive impairment (VCI), encompasses a heterogeneous neurocognitive syndrome, generally
with a predominant frontal-dysexecutive syndrome, and frequently associated with behavioural
symptoms (including depression), dysarthria, walking difficulties (for example, the development
of a Parkinsonian-like gait) and autonomic features [58]. Phenotypic and aetiological
heterogeneity has resulted in a number of classification approaches, which studies have shown
are not interchangeable [59]. The recent Vascular Impairment of Cognition Classification
Consensus Study (VICCCS) aimed to create international consensus on VCI diagnosis and
definitions [59]. Guidelines divide VCI into ‘mild VCI’, where cognitive impairment does not
sufficiently impact on activities of daily living to reach criteria for dementia, and ‘major VCI
(VaD)’, where impairment reaches criteria for dementia. Major VCI (VaD) can be further
subcategorised according to underlying pathology: post-stroke dementia; subcortical ischaemic
vascular dementia; multi-infarct dementia; and mixed dementia (where phenotypes represent
a combination between vascular and neurodegenerative disease) [59]. Although definitions
have recently been updated, the term vascular dementia (VaD) is used throughout the literature,
and I therefore cannot avoid the use of both terms VCI and VaD within this thesis. Cerebral SVD
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is the most common vascular contributor to VCI and mixed dementia, and contributes to up to
45% of dementias [60]. Cerebral SVD is frequently seen in patients with AD [61]. The interrelationship between cerebral SVD and Alzheimer pathology, and the relevance of cerebral SVD
in the clinical manifestations of AD is not well understood [62].

Two large population-based samples estimated the prevalence of cerebral SVD as being higher
than 90% in people aged 60 and over [63,64]. It encompasses a number of processes that involve
the leptomeningeal and intraparenchymal arterial vessels (including small arteries and
arterioles) [58]. These include: arteriolosclerosis; sporadic and hereditary CAA; genetic small
vessel diseases such as CADASIL; inflammatory small vessel diseases such as Wegener’s
granulomatosis; and venous collagenosis. Arteriolosclerosis, and to a lesser degree CAA are the
most common forms and are a focus of this work, whilst the others will not be discussed further.

Because small vessels cannot be directly visualised by conventional MR imaging, the
parenchymal lesions thought to be a consequence of these small vessel changes are commonly
used as a proxy. White matter hyperintensities (WMH), on T2-weighted MR images, are perhaps
the most commonly used imaging marker. Others include small subcortical infarcts, lacunes,
prominent perivascular spaces, cerebral microbleeds, and atrophy [65].

WMH were previously considered to be of little clinical significance, but are now recognised to
have substantial clinical impact, even in individuals who do not meet criteria for dementia.
Adverse associations are reported with cognition, mood, gait and urinary problems [66], and
increased risk of dementia in the general population [67]. WMH are most consistently associated
with impaired processing speed and executive function on neuropsychological testing, including
in dementia-free individuals [68,69], which has overlap with the cognitive domains affected in
preclinical AD [50]. However, associations are weak, attributed to location-specific susceptibility,
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or because impairment may in part be mediated through associated infarcts [68], or
microinfarcts [58]. Furthermore, the histopathological signature of WMH varies substantially
[70]. Cognition is thought to be influenced through interruption of prefrontal subcortical loops,
and impaired prefrontal lobe functioning [71]. Alternatively, or additionally, cerebral SVD may
damage the forebrain cholinergic system [72]. Understanding the influence of WMH on
cognition is complicated, or perhaps confounded, by the frequent co-existence of Alzheimer
pathology, which is also common in ageing.

1.3.2

Pathology and pathogenesis

Arteriolosclerosis is characterised by loss of smooth muscle cells from the tunica media and
deposits of fibro-hyaline material in arterioles and small arteries, with consequent thickening of
the vessel wall and narrowing of the lumen. This type of pathology is seen not just in the cerebral
vasculature, but also that of the retina and kidneys, and is strongly associated with ageing, but
also diabetes and hypertension [73].

In CAA, congophilic b-amyloid protein accumulates in the media and adventitia of medium-tosmall sized arteries and arterioles, preferentially affecting those vessels in the leptomeningeal
space and cortex, and to a lesser degree in capillaries and veins, with a predilection for the
occipital region. The reason for this occipital predilection is not known. The b-amyloid deposition
causes loss of smooth muscle, wall thickening and luminal narrowing, micro-aneurysms, and in
severe cases fibrinoid necrosis and perivascular microhaemorrhage [73,74]. It is frequently seen
in AD and its frequency increases with age. Pathological studies suggest it is seen in as many as
50% of individuals by the ninth decade. Whilst Ab42 is the predominant species in plaques, Ab40
predominates in vascular deposits [74].
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The sequelae of CAA include both micro- and microhaemorrhage and microinfarcts [74]. Both
CAA and arteriolosclerosis can also cause white matter lesions which are thought to be
ischaemic in origin. It is hypothesised that vessel lumen restriction results in chronic
hypoperfusion of the white matter and selective oligodendrocyte death with subsequent myelin
degeneration. This chronic hypoperfusion might be exacerbated by loss of smooth muscle in
vessel walls, resulting in impaired autoregulation and increased susceptibility to hypoperfusion.
Pathological findings in regions affected by cerebral SVD include rarefaction of myelin, with
associated axonal loss but sparing of subcortical U fibres, astrogliosis and spongiosis and
widening of perivascular spaces [73]. CAA is thought to be associated with cognition,
independently of parenchymal amyloid deposition [74].

Although white matter lesions are classically thought to be secondary to hypoperfusion, an
alternate theory suggested is that they are related to cerebrovascular endothelial failure, which
triggers increased blood-brain permeability. Subsequent leakage of material into the vessel wall
and surrounding tissue could then set in motion a sequence of events including: thickening and
stiffening of the vessel wall, impaired autoregulation, inflammation, demyelination and axonal
loss, which has previously been attributed to ischaemia alone [75].

Lacunar infarcts are thought to arise following acute occlusion of a small vessel, although since
lacunar infarcts are rarely fatal, there is little pathological evidence to support this theory [75].

Perivascular spaces (PVS) are extensions of the extracerebral fluid space around vessels as they
enter the brain parenchyma, and an important part of the glymphatic system, necessary for
exchange between the interstitial fluid (ISF) within the parenchyma and cerebrospinal fluid (CSF)
[76]. They may be microscopic but with increasing size are apparent on imaging. They are
associated with other features of cerebral SVD such as WMH and lacunes, but not cortical
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infarcts, suggesting an aetiological link [77]. Accumulation of extracellular fluid in EPVS may
reflect glymphatic failure. Whether glymphatic impairment is a cause or consequence of
cerebral SVD however remains to be seen [76]. Glymphatic clearance is increasingly considered
to be an important route by which b-amyloid is removed from the brain in animal models,
providing a potential aetiological link between cerebral SVD, and b-amyloid accumulation.

1.4 Risk factors for Alzheimer’s disease and cerebral small vessel disease
1.4.1

Non-modifiable risk factors

Increasing age is the biggest risk factor for both AD and cerebral SVD [78]. Approximately 11%
of individuals aged 65 and older have a clinical diagnosis of AD, increasing to approximately 32%
of individuals aged 85 and older [79].

Both diseases are likely to be driven by a complex interplay between genetic and environmental
factors. Approximately 70% of AD risk is attributable to genetic factors [80]. The ApoE gene
(APOE), which plays an important role in b-amyloid processing and clearance from the brain, is
the single biggest risk for sporadic AD. It has three variants, e2, e3 and e4: compared to non-e4
carriers, e4 heterozygotes have an odds ratio (OR) for AD ~3, rising to ~12 in homozygotes [34].
Genome-wide association studies (GWAS) have identified more than 20 other genetic risk
factors, implicating inflammatory (e.g. TREM2), cholesterol metabolism (e.g. ABCA7) and
endosomal-vesicle recycling pathways (e.g. SORL1), which confer a smaller degree of AD risk
individually [81]. Although WMH and other features of cerebral SVD including lacunar infarcts
have been shown to be highly heritable [82], until recently robust associations between
candidate genes and cerebral SVD had not been found. A recent GWAS however reported an
association between FOXF2 and incident stroke and subclinical cerebral SVD. This association is
thought to be related to FOXF2’s role in cerebral vascular mural cell differentiation [83]. A large
meta-analysis found that the APOE ε4 allele was associated with increased WMH and
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microbleed burden. Since the APOE ε4 allele enhances vascular b-amyloid deposition, these
associations are thought to be mediated via CAA. Interestingly the APOE ε2 allele, which is
protective in AD, was also shown to be positively associated with markers of cerebral SVD, the
mechanism for which is less clear [84]. Because WMH reflect heterogeneous underlying
pathologies, it has not been established whether the APOE ε4 allele also exacerbates other
forms of cerebral SVD, such as arteriolosclerosis, although it has been shown to be associated
with large vessel disease [85].

1.4.2

Modifiable risk factors

Approximately 30%-35% of AD risk may be modifiable, with great potential for population-level
primary prevention strategies. There is an emerging body of epidemiological evidence
suggesting that midlife vascular risk factors, particularly hypertension, diabetes and smoking
may adversely influence AD risk [80]. A similar association has been reported with midlife
obesity [86]. The mechanisms by which vascular risk factors might influence AD remain unclear,
not least because few epidemiological studies have pathological confirmation of diagnosis.
Similarly, midlife hypertension, more consistently than late-life measures, is a risk factor for
cerebral SVD, and consequent vascular dementia, in imaging and pathological studies [18].
Diabetes mellitus is associated with lacunar infarcts and to a lesser extent, WMH, although these
findings are not consistent across studies [87,88], whilst smoking is associated with WMH
progression [89]. Although raised cholesterol is a significant risk factor for large vessel
atherosclerotic disease, there is little evidence to support a role in cerebral SVD [87]. Whilst
some have observed an association between midlife obesity and cerebral SVD [90], this is not a
universal finding [91].

The timing of risk factor exposure may be important in the development of cerebral pathology.
Epidemiological studies suggest that midlife exposure to vascular risk factors, such as
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hypertension and obesity, may be more critical to the development of subsequent cognitive
difficulties than late-life exposure. There are a number of possible reasons for this observation:
earlier development of a risk factor results in longer exposure and therefore increased damage
(the “accumulation” hypothesis); there may be a critical period when exposure to the risk factor
is particularly detrimental (the “critical period” hypothesis); in late-life, when cerebral pathology
has developed, this can influence the risk factor driving it in the opposite direction and confound
potential associations (so-called “reverse causality”). For instance, in the years just prior to
dementia diagnosis, individuals may lose weight and undergo BP decline, suggesting
homeostatic disruption in the dementia prodrome [92,93].

Measures of BP and adiposity have been collected prospectively across adulthood in Insight 46,
which allows for in-depth investigation of their relationships with later-life amyloid pathology
and cerebral SVD. As such, they are a major focus in the subsequent body of work. In the
following sections I provide an overview of the epidemiological evidence supporting their role
in the development of dementia and discuss possible pathophysiological mechanisms, specific
to these particular risk factors, to explain these observations. A more in-depth review of
associations between these vascular risk factors and cerebral imaging measures is provided in
their respective chapters (5 and 6). I then review possible reasons for the observation that
cerebral SVD and amyloid pathology frequently co-exist.

1.4.2.1 Hypertension and risk of dementia

Observational studies have identified that hypertension, particularly in midlife, is associated
with increased later-life cognitive impairment and dementia. The association is reported both
for clinically diagnosed AD dementia [10,94–102], and VaD [101,103–105]. The strength of
associations, when directly compared is: VaD > AD + VaD > AD [106]. A more consistent
association has been seen between midlife diastolic BP and late-life incident AD [97,98,101,102],
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compared with midlife systolic BP, where results are more conflicting [97,98,101]. Why there
should be a stronger relationship with DBP, rather than SBP, is not clear. Differences in findings
between studies might in part be the result of use of single BP measurements, rather than
ambulatory measures, which, in addition to allowing 24 hour mean BP to be calculated, also
capture BP variability, which has also been shown to be associated with subsequent cognitive
impairment [360].

The association between midlife hypertension and incident AD dementia does not track into
late-life [100,107], and in late-life hypotension may be more important than hypertension in
increasing AD dementia risk [108–110]. This interpretation that midlife hypertension followed
by late-life hypotension puts people at particular risk of developing AD dementia is largely
inferred from cross-sectional findings. However two large epidemiological studies that have
examined BP trajectories across the life course [111,112] found that in those that develop
dementia (both clinically diagnosed VaD [111] and AD [112]) there was a steeper increase in BP
across the midlife followed by a steeper decline in later life. Whether this BP change is relevant
to the development of pathology or reflects reverse causality, whereby a dropping BP is caused
by increasing frailty and the dementia prodrome, remains to be determined.

The pathophysiology of hypertension may explain the changing pattern of association over time.
The development of arteriolosclerosis and resulting increased resistance makes the vasculature
vulnerable to hypoperfusion, for instance at times of low BP [73]. In addition, cerebral
autoregulation, which enables the brain to maintain a relatively steady low-pressure blood flow
despite a constantly changing systemic BP, is adversely affected by hypertension. Chronic
hypertension shifts the autoregulatory curve to the right, meaning a higher systemic BP is
necessary to maintain appropriate perfusion. This shift makes the brain more vulnerable to
oligaemia in times of relative hypotension, including when BP is considered within the ‘normal’
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range [113]. Therefore declining BP in later life, which is seen in ageing, and related to arterial
stiffness [114] and perhaps anti-hypertensive treatment [115], may exacerbate pre-existing
cerebral SVD. This may in part explain the lack of consistent success in trials investigating the
use of anti-hypertensives in progression of cerebral WMH, with the PROGRESS and SPRINTMIND studies showing a benefit of BP reduction [116,117], whilst the PRoFESS study did not
[118]. However, the PRESERVE study recently reported no difference in cerebral perfusion,
measured using ASL, between a group who underwent intensive BP-lowering and one with
standard BP intervention [383], calling into question the validity of this theory.

Arterial stiffness in larger vessels is a consequence of vascular remodelling in response to
hypertension, with deterioration in the elastin network, hypertrophy of vascular smooth muscle,
and increased medial and adventitial collagen deposition. This might contribute to
hypertension-related cerebral injury beyond its role in the development of late-life diastolic
hypotension [119]. It causes increased pulsatile pressure and flow load, which is transferred
deep into the cerebral microvasculature (a relatively low impedance system,) resulting in
damage to the cerebral vasculature [120].

Hypertension may potentiate b-amyloid deposition through impaired clearance, which is
discussed in more detail in section 1.4.3.2. Alternatively, both hypertension and b-amyloid
deposition might be the result of dysregulation of the renin-angiotensin system, discussed in
section 1.4.3.3.

1.4.2.2 Adiposity and risk of dementia

Several large epidemiological studies have examined the influence of adiposity on dementia risk
[121–134]. Some studies have found an association between midlife adiposity and later-life
dementia [123,134,135], with a reversal of the association in later life [124,125,130,133],
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although this is not consistent across studies [121,122,126,129,131–133,136]. A large UK study
involving over two million individuals reported increased risk of all-type dementia with being
underweight, not overweight. However, the age range was broad, capturing mid- and late-life
measurements of body mass index (BMI) [86]. Whilst some studies have focused on all-dementia
diagnosis [121,127,129,131,132], others have specifically assessed the association with clinically
diagnosed AD [124,126,133,134] and VaD [123,130], with similar findings.

Three large meta-analyses explored relationships stratifying according to when adiposity was
measured [137–139]: one found the association with higher BMI only existed when measured
more than 20 years prior to diagnosis [137]; one found that being obese below the age of 65
was positively associated with incident dementia whilst the converse was true in people aged
65 and over [139]; another found an association between midlife obesity and late-life dementia,
whilst the association with underweight was confounded by relatively short follow up periods
[138]. These studies suggest that associations between being underweight and dementia may
be driven by residual confounding caused by reverse causality. Consistent with this, studies have
demonstrated a decline in adiposity up to several years prior to dementia diagnosis [93,140].
Furthermore, declining adiposity in later-life may reflect multiple co-morbidities and generalised
frailty, which may increase the risk of dementia via shared pathological pathways [141]. Other
possible explanations include that BMI (which is frequently used in studies as a measure of
adiposity) may not be a good marker of adiposity in later life, as BMI is known to decrease in
later life due to sarcopaenia [142], masking ongoing associations between increased adiposity
and dementia risk.

The association between adiposity and later-life dementia risk has been suggested to be
mediated via ‘downstream’ vascular risk factors, particularly hypertension and diabetes, and
their relationship with cerebral SVD [143]. Type 2 diabetes mellitus (DM), more common in
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obese individuals, has also been shown to be associated with increased AD risk [144]. Insulin
resistance and consequent hyperinsulinaemia may contribute to b-amyloid accumulation.
Insulin degrading enzyme (IDE), found in the brain parenchyma, is involved in the breakdown of
both insulin and b-amyloid. Insulin is freely able to cross the blood-brain barrier and has been
shown to competitively block b-amyloid degradation by IDE [145], which could result in in vivo
b-amyloid accumulation. Indeed mouse models which knock-out IDE show increased brain bamyloid levels [146]. Whilst in some studies, associations between adiposity and dementia were
significantly attenuated when other vascular risk factors were accounted for [129,130,134], in
a number of the studies the association survived [123,124,133] suggesting increased adiposity
might have a direct influence on brain pathology.

Adipose tissue is a metabolically active tissue which produces pro-inflammatory cytokines such
as TNFα and IL-6 [147,148], which have both been shown to impair BBB function [149]. Systemic
inflammation is associated with microglial activation and neuronal loss in animal models [149].
Mouse models have also demonstrated that obesity is associated with increased b-amyloid
deposition, possibly mediated through impaired autophagy [150], and enhanced microglial
activation and neuroinflammation in response to this [151].

1.4.3

The possible inter-relationship between vascular risk factors, amyloid pathology and
cerebral SVD

The epidemiological observation of shared risk factors between AD dementia and cerebral
SVD/VCI is complicated by the lack of pathological diagnosis. In the following sections I outline
possible explanations for this observation, which are not mutually exclusive.
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1.4.3.1 Additive or synergistic influences of amyloid pathology and cerebral SVD on cognition

Since cerebral SVD has a well-established association with vascular risk factors, particularly
hypertension [18], associations with clinically-diagnosed AD may be spurious and confounded
by co-existent cerebral SVD. In the presence of Alzheimer pathology, cerebral SVD might lower
the threshold for the manifestation of clinically significant cognitive symptoms, since both
pathologies influence cognition. At post-mortem, AD patients with evidence of cerebral SVD
have a lower burden of Alzheimer pathology for a given level of cognitive impairment [49],
although this has not been seen consistently across studies [2]. Cerebral microinfarcts, which
are thought to be ischaemic in origin and related to small and large-vessel disease, have been
shown in post-mortem studies to be associated with ante-mortem cognition, independently of
other pathologies [58]. Patients with AD have greater prevalence of WMH compared with agematched controls [62]. Although this observation has been used to support the concept that
cerebral SVD lowers the threshold for clinical symptoms, it might also be consistent with the
hypothesis that cerebral SVD potentiates b-amyloid deposition, discussed in section 1.4.3.2.

Several studies have investigated the independent and interactive influences of cerebral SVD
and b-amyloid pathology on cognition. In VaD patients, amyloid positivity and higher SVD
burden had a synergistic influence on longitudinal cognitive decline [152], which has not been
reported in presymptomatic studies. In cognitively normal individuals, amyloid pathology was
shown to influence episodic memory, with WMH influencing executive function [153], whilst
another study found cerebrovascular disease negatively impacted on executive function, but did
not observe an influence of amyloid on cognition [154]. A longitudinal study by the Mayo Study
of Aging investigating cognitive trajectories found that the two pathologies had an additive
effect on global cognition, but did not specifically investigate whether the two pathologies
influenced different cognitive domains [155]. In summary, evidence to date does suggest that
cerebral SVD and amyloid pathology have additive influences on cognition.
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1.4.3.2 The two-hit vascular hypothesis

The fact that b-amyloid pathology and SVD frequently co-exist [61] is often attributed to their
shared association with increasing age, but may reflect other shared risks, or the possibility that
one pathology exacerbates the presence of the other. It has been proposed that vascular risk
factors potentiate b-amyloid deposition. The neurovascular unit, which comprises vascular cells
(including endothelium, pericytes and vascular smooth muscle cells), glial cells (astrocytes,
microglia and oligodendrocytes) and neurons, controls BBB permeability, cerebral blood flow
and maintains the chemical composition in the interstitial fluid that bathes neurons [16]. The
two-hit vascular hypothesis proposes that vascular risk factors (hit one) impair BBB function,
perhaps via endothelial dysfunction [75] and reduce cerebral blood flow which initiates a
cascade of events that precede dementia. The first hit may also cause frank cerebral SVD. Early
neuronal dysfunction is triggered via leakage of neurotoxins into the parenchyma and hypoxic
injury leading to the production of damaging reactive oxygen species (ROS). Hit two is an
increase in b-amyloid through decreased clearance and increased production, amplifying
neuronal dysfunction and accelerating neurodegeneration, via tau mediated pathways [16]. bamyloid production increases through increased APP processing due to oligaemia and cellular
stress. b-amyloid clearance is impaired through decreased perivascular (via impaired BBB
function) and aquaporin-4 (AQP4)-dependent glymphatic (presumably via impaired pulsatility
secondary to focal vessel stiffening) drainage. In support of this hypothesis, cerebral ischaemia
is associated with increased amyloid plaque formation in mouse models [156–158]. Pathological
findings are conflicting however: autopsy studies using AD brain banks report positive
associations between intracranial atherosclerosis and severity of b-amyloid plaques, but this has
not been replicated in studies using community-based brain banks [106]. A recent large
pathology study failed to find an association between Alzheimer pathology and atherosclerosis
or arteriolosclerosis in samples from the Religious Orders Study and Rush Memory and Aging
Project, both community based studies of ageing [159]. Associations between b-amyloid
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pathology and WMH in imaging studies are inconsistent, with a recent meta-analysis failing to
find a significant association between the two [160]. Although one study found WMH predicted
subsequent b-amyloid pathology using PET imaging [161], another did not using CSF Ab
measures [162].

An alternative explanation to explain the association between WMH, the most frequent proxy
marker of cerebral SVD, and clinical AD include the relationship between b-amyloid pathology
and CAA, which tends to have a posterior emphasis, in keeping with the posterior predominance
of WMH observed in AD patients [62]. Alternatively, WMH seen in AD may, in part, reflect
Wallerian degeneration secondary to cortical neurodegeneration. Longitudinal studies have
demonstrated that WMH progression precedes cerebral atrophy, making this explanation less
likely [163], although a recent pathological study found parietal WMH were associated with
Wallerian degeneration, not SVD, in AD patients, but not controls [164]. WMH may, to a degree,
reflect different pathologies dependent on location.

1.4.3.3 Renin angiotensin system dysregulation

The renin angiotensin system (RAS), important in BP control, may also play a role in the
development of AD pathology, providing an alternative, or additional explanation for the
observed association between hypertension and clinical AD, with altered RAS activity driving
both systemic hypertension and b-amyloid deposition. Animal studies have shown that
angiotensin converting enzyme (ACE) (which converts angiotensin I to angiotensin II, part of the
‘classical’ RAS), and angiotensin II, a potent vasoconstrictor (which contributes to systemic
hypertension), may directly modulate Ab production and clearance [165]. Although in vitro and
in cell culture, ACE degrades Ab, pathological studies have paradoxically found a positive
association between ACE activity and parenchymal b-amyloid burden [166]. Interestingly
though, ACE2, which converts angiotensin II to angiotensin 1-7 (a vasodilator, and part of the
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‘regulatory’ RAS) has been shown to be reduced in these same patients with a strong inverse
association with parenchymal b-amyloid burden. Since ACE2 and ACE perform sequential
degradation of Ab, if there is a relative imbalance in the ACE2: ACE ratio in AD, this may impede
the action of ACE to efficiently degrade Ab to non-amyloidogenic fragments. Furthermore, an
increase in angiotensin II as a consequence of this imbalance (which has also been observed on
pathological examination) might exacerbate b-amyloid deposition. Administration of
angiotensin II worsened b-amyloid pathology in a mouse model of AD [166], and central
administration of angiotensin II stimulated b-amyloid production in a non-transgenic rodent
model, which was abolished by co-administration of the angiotensin receptor blocker (ARB),
losartan. This appeared to be driven by increased b- and g-secretase activity, rather than
reduced clearance, which might be expected if the accumulation were driven by hypertensive
changes [167]. Angiotensin II may also have pro-inflammatory effects, via TNFa pathways, which
have also been implicated in AD pathogenesis [166]. Finally, although findings differ between
studies, some have reported reduced incidence of AD with use of ARBs, with a stronger effect
size than other anti-hypertensives, suggesting a preferential benefit due to its targeting of the
RAS, rather than due to their BP-lowering properties [168]. Prospective clinical trials are now
underway to investigate this further.

1.5 An overview of magnetic resonance imaging
Prior to discussing the use of MR imaging for detecting changes associated with AD and cerebral
SVD, it is useful to provide an overview of the principles underlying MRI. MRI relies on the
generation of a powerful magnetic field via a large electric current flowing through wires formed
into a loop (see Figure 1-3). The MRI signal is produced through the interaction of this magnetic
field with positively charged hydrogen protons (found in the nuclei of hydrogen atoms, which
are associated with water and fat molecules). These protons spin about their axis and act as tiny
magnets. When these protons are placed in a strong magnetic field, some will align in the
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direction of the magnetic field, whilst some will align in the opposite direction. The magnetic
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fields of most of the hydrogen protons cancel out, but a slight excess will align with the main
magnetic field, producing a “net magnetisation” that is parallel to the main magnetic field. In an
MRI scanner, this is aligned with the longitudinal direction (feet-to-head) and is referred to as
longitudinal magnetisation. This net magnetisation is the source of the MR signal (Figure 1-3)
[169].
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also related to the dephasing of protons (whereby the protons no longer precess together due
to spin-spin interactions) (Figure 1-5). As for T1 relaxation rates, different tissues have different
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the other signals into the transverse plane. Because the CSF signal is zero at this point, there is
nothing to rotate into the transverse plane and therefore CSF signal will not contribute to the
image generated [169].
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Diffusion weighted imaging (DWI) is based on the principle of Brownian motion. Subcortical
white matter is composed of myelinated axons. The resolution of MR is insufficient to visualise
individual axonal fibres, their myelin sheaths and supportive structures. However because these
components hinder water diffusion, this can be measured with DWI and act as a surrogate
marker of structural integrity. The movement of water molecules can be measured through the
application of two pulsed magnetic field gradients. The first gradient induces phase shift to the
protons, whilst the second gradient reverses the changes made by the first. If protons have
moved, the second gradient cannot completely undo the changes induced by the first, causing
signal attenuation. The degree of overall signal attenuation is therefore a measure of free
diffusion. Image contrast is dependent on the ‘diffusion time’ between pulses, strength (referred
to as the b-value) and duration of gradients applied [170]. Applying a gradient in one direction
is sufficient in an isotropic medium such as CSF (i.e. where diffusion occurs to an equal degree
in every direction) but more complex modelling is required in anisotropic situations (such as
white matter tracts), where diffusion is directional. Diffusion tensor imaging (DTI) refers to a
specific type of modelling of DWI data and allows an approximation of diffusion behaviours in
vivo to be captured in three-dimensions by applying gradients in multiple directions [171].
Gradients are applied in multiple directions (minimum 6) – the more directions applied, the
better the directional dependence of microstructural restrictions to water diffusion can be
characterised. DTI therefore enables evaluation of white matter microstructural integrity in vivo.

The diffusion tensor is a 3x3 matrix from which the principal diffusion orientation and magnitude
can be calculated. Three eigenvalues (λ1, λ2, λ3) and three eigenvectors (ε1, ε2, ε3) are derived
for each brain voxel, which can be represented as an ellipsoid. The eigenvectors define the
principal direction of diffusion along the axis of the ellipsoid, whilst the eigenvalues define the
ellipsoid radii (see Figure 1-6).
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Figure 1-6 Representation of diffusion within a voxel as an ellipsoid with three eigenvectors, (ε1, ε2, and ε3), with
corresponding lengths (λ1, λ2, and λ3), the eigenvalues. Image courtesy of Allen D. Elster, MRIquestions.com

A number of metrics can be derived from the diffusion tensor. Mean diffusivity (MD) is a nondirectional measure of tissue integrity, with lower values reflecting better tissue integrity, and
is defined by the equation:
MD =

!"# !%# !&
&

Fractional anisotropy (FA) is a measure of how well aligned water diffusion is, and therefore
reflects white matter tract integrity. FA ranges between 0 and 1, whereby values approaching 1
reflect highly directional, anisotropic diffusion as seen in tightly bundled white matter tracts,

55

such as the corpus callosum, and a value of 0 represents isotropic, non-directional diffusion as
seen in CSF:
&

FA = '% '

[(!"*+,). #(!%*+,). # (!&*+,). ]
!". # !%. # !&.

Since FA and MD are both derived from the diffusion tensor, both values are available for each
voxel. What these measures and changes in them actually reflect, biologically speaking, remains
to be fully clarified. Interpretation of measures in white matter tracts is complicated by crossing
fibres, or fanning fibre tracts that are not aligned in a single direction [172]. For instance, a
decrease in FA may be driven by a reduction in axonal density, or a less ordered structure, but
paradoxically, a loss of crossing fibres may result in an increase in FA.

Neurite orientation dispersion and density imaging (NODDI) is a novel diffusion technique which
allows for estimation of the microstructural complexity of axons and dendrites, and therefore
provides more specific markers of microstructure than standard DTI indices. Fibre density
estimates derived from NODDI correlate well with light and electron microscopy measures of
fibre density in ex vivo mouse brains [173]. NODDI models water protons in each voxel making
the assumption that they belong to one of three different compartments: i) free water,
modelling CSF space; ii) restricted water, modelling dendrites and axons; and iii) hindered water,
modelling diffusion within glial cells, neuronal cell bodies and the extracellular environment.
This more complex modelling enables direct estimation of neurite density (NDI) and neurite
orientation dispersion (ODI) within white matter tracts (see Figure 1-7). In doing so, this allows
for disentanglement of two major factors contributing to FA, enabling more specific
interpretation of microstructural changes that occur in disease states such as AD and cerebral
SVD. Furthermore, this three-compartment model helps to minimise CSF contamination, which
is a particular problem for white matter structures adjacent to the ventricles, such as the corpus
callosum and fornix, improving the accuracy of the technique [174]. NODDI has already shown
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itself to have utility beyond standard diffusion measures in young-onset AD [175], hereditary
metabolic brain disorders [176] and epilepsy [177].

Figure 1-7 Diffusion tensor imaging (DTI) and neurite orientation dispersion and density imaging (NODDI) models
for diffusion-weighted MRI. DTI models each voxel using a single tensor, providing a composite view of tissue
microstructure. NODDI models each voxel as 3 compartments: intraneurite (restricted diffusion), extraneurite
(hindered diffusion), and cerebrospinal fluid (isotropic diffusion). Dendrites and axons, collectively known as
‘neurites’, are projections of neurons. NODDI can estimate neurite density index (NDI) and orientation dispersion
index (ODI), specifically in the intraneurite compartment, without partial volume effects from free water. Used
under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
from Slattery et al [175].

1.6 Fundamentals of PET imaging
Positron emission tomography (PET) is an imaging approach that uses metabolically active
compounds labelled with positron-emitting radioisotopes (e.g. 11C, 13N, 15O, or 18F) to act as
molecular probes, also known as tracers. Once the tracer is injected, it will accumulate in the
area of the body for which the molecule has an affinity. The radioactive nuclei then decay by
positron emission, following which the positron almost instantaneously combines with an
electron in the process of annihilation, generating two photons emitted at 180o away from each
other. These g-rays emerge in opposite directions from the body and are recorded by an array
of detectors surrounding the patient. If two photos are recorded simultaneously by two
detectors (“coincidence detection”), they must have been generated by an annihilation event
somewhere along a line between the two detectors, known as the coincidence line (Figure 1-8).
The quantity and location of positrons in the body can then be calculated following millions of
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The spatial resolution of PET imaging is relatively low compared with MR/CT structural imaging
for a number of reasons. Positrons can travel some distance before combining with an electron,
and since the mapping of tracer is determined by the annihilation points, rather than the
positron emission points, some spatial resolution is lost. Further, although photons are always
assumed to be emitted at 180o, some deviation from this may occur. The relatively low spatial
resolution, combined with the lack of anatomical information acquired in a PET scan requires
that a structural image is also acquired, which the PET data can then be registered to. Most
commonly, PET/CT scanners are used, allowing a structural CT scan to be acquired prior to the
PET scan. This has the added benefit of providing information about the tissues that the emission
photons are travelling through. Not all emission photons reach the detectors, being absorbed
by the body. Using information acquired from the CT scan, attenuation correction can then be
applied, providing a more accurate PET read-out by accounting for lost signal [178].
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More recently, PET/MR scanners have been developed, which have a number of advantages
over PET/CT scanners: i) patients are exposed to less ionising radiation without the CT
component; ii) high resolution multi-modal MR imaging can be acquired simultaneously with
PET, rather than separately, saving scanning time; and iii) simultaneous acquisition of MRI and
PET scans improves the PET registration [180]. The principal disadvantage of this technology
(aside from increased equipment cost) is that attenuation correction relies on X-ray based
correction in PET/CT scanners. Unlike CT measurements, the MR signal is not directly correlated
to tissue density. Attenuation correction therefore relies on identifying regions with different
attenuation properties and labelling them with their appropriate attenuation coefficients, from
which an attenuation map (or “pseudo-CT”) can be generated [181].

1.7 Imaging approaches in Alzheimer’s disease and cerebral small vessel disease
1.7.1

Structural imaging in Alzheimer’s disease

Structural imaging best performed using T1-weighted volumetric MRI sequences allows
evaluation of patterns of cerebral volume loss, which can provide positive predictive value in
establishing the underlying neurodegenerative aetiology. Atrophy, or volume loss over time, is
a universal feature of neurodegeneration, and is thought to reflect underlying neuronal and
dendritic loss. It can only be measured from serial scans. In cross-sectional imaging, brain
volumes are treated as a proxy measure of previous atrophy, with the caveat that brain volumes
also reflect inter-subject variability. Imaging studies have shown that in AD atrophy generally
begins in the medial temporal lobe, with the entorhinal cortex typically being affected first
[182,183], followed closely by the hippocampus, amygdala and parahippocampus [184]. Atrophy
then spreads, generally in a symmetrical fashion, to the temporal neocortex before involving the
neocortical association areas, in a pattern that closely resembles the histopathological staging
of NFTs [185]. Medial temporal atrophy therefore has positive predictive value for AD [186].
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Cerebral atrophy (amount, distribution and rate) as measured on structural MRI tracks closely
with cognition [187–189], even in non-demented individuals [190,191].

By the time of a clinical diagnosis of AD dementia, significant atrophy has already occurred.
Entorhinal and hippocampal volumes are reduced in the region of 20-30% and 15-25%
respectively by the time an individual is mildly affected [192]. Studies tracking individuals
longitudinally have shown that hippocampal volumes reduce by approximately 10% three years
prior to a clinical diagnosis [193]. Consequently it has been shown to have utility in predicting
individuals with MCI who will progress to AD dementia [194,195].

Limitations of structural MRI include its lack of molecular specificity: it is unable to directly
visualise the NFTs and amyloid plaques of AD, measuring only downstream neurodegeneration.
Furthermore, structural MRI is unable to detect early cerebral microstructural changes which
may precede overt atrophy in the long preclinical phase of the disease. Whilst AD causes a
characteristic pattern of atrophy, this pattern is not entirely specific. The pattern of atrophy can
be influenced by co-pathologies including cerebral SVD. For instance, WMH volume is
disproportionately associated with hippocampal atrophy compared with whole brain atrophy,
independent of amyloid pathology [196]. Consequently, whilst structural imaging is an
important tool, aiding prognosis in MCI, diagnosis in dementia and enabling disease progression
to be tracked, alternate imaging modalities have been employed for identifying the molecular
signatures of AD.

1.7.2

Imaging Alzheimer pathology in vivo

b-amyloid plaques, the pathological hallmark of AD, until relatively recently could only be
identified through histological examination of brain tissue. Recently developed radiolabelled
PET ligands that bind to cerebral b-amyloid plaques in vivo therefore have great potential: to
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facilitate accurate diagnostic classification, ensure appropriate target engagement in antiamyloid clinical trials, and with the recognition of a prolonged preclinical phase, the
identification of at-risk individuals. Initial human amyloid PET imaging work used the

11

C

compound, Pittsburg compound B (PiB), which has been demonstrated to have high affinity and
selectivity for fibrillar b-amyloid [197]. However, this compound has a short radioactive half-life
of 20 minutes limiting its use to centres with on-site cyclotrons. Second generation tracers have
since been developed using the more stable fluorine-18 (18F) isotope that has a decay half-life
of 110 minutes, enabling wider distribution and scope for commercial use.

Three 18F agents have been approved by the European Medicines Agency and the US Food and
Drug Administration. Florbetapir, flutemetamol and florbetaben all bind fibrillar b-amyloid,
demonstrate good ability to discriminate between AD patients and age-matched controls based
on tracer retention [198–202], and closely correlate with b-amyloid burden at post-mortem
[203–205].

Florbetapir, the first of the new

18

F compounds, has been widely adopted within large

observational studies such as ADNI2 [206] and interventional trials in preclinical individuals
including the A4 study [207], and has already been shown to predict cognitive decline in
cognitively normal and mild cognitive impairment (MCI) individuals [208]. It has high selectivity
for Aβ plaque using autoradiography in post-mortem AD brain sections [209], and 96%
diagnostic sensitivity and 100% specificity compared with the histopathology gold-standard
[203]. Furthermore, its pharmacokinetics and excellent brain penetration make it appropriate
for clinical scanning: maximum uptake is within about 30 minutes post-injection, and remains
stable for approximately 60 minutes enabling an adequate window for PET imaging, with 50-60
minutes post-injection considered optimal [210]. It is well tolerated, with most commonly
reported side effects including headache (approximately 10%), and some reports of
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musculoskeletal pain, nausea and fatigue. These are typically transient and mild [211]. It is
rapidly cleared from the circulation, and one 370 MBq florbetapir dose produces a whole body
average radiation exposure of 7mSv [212], within the recommended annual research radiation
limit of 10mSv for healthy volunteers [213], enabling its use longitudinally. It was therefore
selected for use in Insight 46.

PET amyloid imaging is not without its limitations. Comparability between tracers is difficult due
to differences in pharmacological and pharmacokinetic properties [201]. Florbetapir amyloid
imaging produces a clinical scan that can be interpreted by a trained reader as positive or
negative. However, there is inter-rater variability and a quantitative approach is preferable. The
standardised uptake value ratio (SUVR) is the commonest method used to determine b-amyloid
burden, which establishes the ratio of uptake in a region of interest against a reference region
relatively devoid of fibrillar b-amyloid pathology. SUVR is influenced by a number of factors:
acquisition protocol including timing of acquisition, which is sensitive to individual variation in
cerebral blood flow [214]; target and reference regions selected; and whether partial volume
correction is applied [215].

Reference regions commonly used include the cerebellar grey matter, whole cerebellum, pons
or cerebral white matter, although no consensus exists on which is the most appropriate region
to use. Historically, the cerebellum has been used due to the relative paucity of b-amyloid in the
region. More recently eroded subcortical white matter has been demonstrated to produce
SUVRs more sensitive to longitudinal changes in amyloid burden, compared with other
reference regions [216,217]. Furthermore, the static SUVR calculated using the subcortical white
matter more closely correlates with the gold standard measurement which requires arterial
sampling [218].
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Partial volume effects (PVE) arise from the mismatch between the spatial resolution of PET and
structural imaging, reducing accuracy of signal quantification. The resolution of PET is 5 to 6 mm,
whilst the resolution of volumetric MR is 1 mm. Partial volume correction (PVC) is designed to
correct for the spill-over effect caused by low resolution, which is particularly critical when
exploring cortical tracer uptake adjacent to white matter, which is prone to non-specific uptake
[219]. The use of PVC remains controversial however, with potential to increase noise in the PET
signal due to uncertainties in image registration and segmentation [220]. It may be more useful
for regional, rather than global, amyloid quantification, since global values are highly correlated
between the two techniques but correlations vary between different brain regions due to
regional atrophy patterns [221].

Further sources of variation in SUVR include differences in scanners, the reconstruction
algorithm and method of attenuation correction applied [222]. There is now a concerted effort
to standardise measures between tracers, acquisition approaches and sites using the
standardised “Centiloid” scale, to facilitate comparisons between studies [222]. Sections 2.2.4.5
and 2.3.4 describes the florbetapir-PET imaging acquisition and processing used in Insight 46.

Most studies treat amyloid status in a binary fashion, either negative or positive, by calculating
the mean SUVR of a set of cortical regions of interest known to be affected by b-amyloid
pathology and using a pre-determined cut-point for defining amyloid positivity. This has clear
utility in clinical diagnosis, for identification of appropriate individuals for anti-amyloid clinical
trials and facilitates examination of amyloid-dependent influences on cerebral structure and
function. Determining a pathologically relevant level of b-amyloid is challenging given the
absence of an in vivo ground truth measure, with a number of approaches used. These include
the use of natural data breakpoints, using lower confidence limits in patients with clinical AD
dementia; iterative outlier removal; Gaussian mixture modelling; and hierarchical clustering
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[223]. There is no universally defined cut-point since values are highly dependent on analytical
issues including reference region, partial volume correction, attenuation correction applied, and
amyloid PET tracer used [222].

Although binarising amyloid status has its uses, it should be considered that this ignores that
individuals below the cut-point may have pathologically relevant b-amyloid, exemplified by the
recent observation that accumulation of amyloid predicted longitudinal cognitive decline in
individuals defined as amyloid ‘negative’ [224]. Treating global SUVR as a continuous measure
is one option but is generally avoided due to excessive noise in the signal, particularly at lower
measures. More nuanced approaches to staging amyloid burden in vivo include focussing on
those regions known to develop significant b-amyloid pathology first. Cross-sectional PET
studies most consistently show early medial frontal cortex deposition [223,225,226], which
correlates with early pathological staging of b-amyloid pathology [185,227]. Since in vivo bamyloid staging remains in its infancy, individuals in Insight 46 have been categorised according
to a binary amyloid status. Further details on this are provided in section 2.4.5

More recent PET developments have allowed for visualisation of other AD pathophysiological
processes in vivo. These include: visualisation of tau with tracers such as
THK5351, and

18

18

F-THK5317,

18

F-

F-T807 (AV1451) [215]; ligands directed against translocator protein 18kDa

(TSPO), a marker of microglial activation and therefore neuroinflammation [228]; and 11C-UCB-J
which specifically binds to the pre-synaptic synaptic vesicle glycoprotein, SV2A, enabling direct
quantification of synaptic density [229]. Further discussion on these tracers, which are not
available for use in Insight 46, is beyond the scope of this work.
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1.7.3

Imaging correlates of cerebral small vessel disease on magnetic resonance imaging

MRI, whilst unable to directly visualise cerebral SVD, is highly sensitive to white matter damage,
a downstream consequence of this pathology. Degradation of myelin and increased tissue water
content results in a prolonged T2 relaxation time, meaning changes are clearly visible as WMH
on T2-weighted sequences [230]. WMH are defined according to the STRIVE guidelines as “signal
abnormality of variable size in the white matter that shows the following characteristics:
hyperintensity on T2-weighted images such as fluid-attenuated inversion recovery, without
cavitation (i.e. signal different from CSF)”. Other markers of cerebral SVD on MRI include recent
small subcortical infarcts, lacunes, prominent perivascular spaces, cerebral microbleeds (CMBs),
and atrophy [65].

Cerebral microbleeds are best seen on T2*-weighted MRI or other sequences that are sensitive
to susceptibility effects. They are most commonly located in the cortico-subcortical junction and
deep grey or white matter in the cerebral hemispheres, brainstem and cerebellum. The MRvisible lesion is thought to correspond to haemosiderin-laden macrophages in perivascular
tissue, consistent with vascular leakage of blood cells [231]. They are associated with two types
of SVD: arteriosclerosis typically associated with hypertension, and CAA. Hypertension
associated CMBs are generally found in the basal ganglia, thalamus, brainstem and cerebellum,
whereas CAA is generally associated with a lobar distribution [231].

Although brain atrophy is the end-result of many processes, including neurodegenerative
diseases such as AD, vascular disease has been shown to be associated with neuronal loss and
atrophy in imaging and pathological studies [232]. Although imaging studies, without concurrent
PET imaging, are unable to exclude a contribution from co-occurring AD pathology, associations
are seen between the presence and severity of SVD and global atrophy [233] and even
hippocampal atrophy, although to a lesser extent than seen in AD [234].
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1.7.4

Quantification of white matter hyperintensity burden on MRI

The quantification of infarcts, lacunes, perivascular spaces and microbleeds is relatively straight
forward (due to their discrete nature), albeit time-consuming, requiring manual counting.
Quantification of WMH is more challenging. Until relatively recently, absence of reliable
automated WMH quantification techniques meant that WMH burden was either manually
segmented, which is slow and time -consuming, or semi-quantified using a visual rating scale.

Semi-quantitative visual scales include the Fazekas scale [235], Scheltens scale [236] and AgeRelated White Matter Change scale [237]. Strengths of these scales include the ability of a rater
to adjust for different scan resolution and signal intensity, allow imaging artefacts to be ignored
that can limit quantitative approaches, and do not require computationally intensive
techniques, whilst producing information on location and extent of WMH. Disadvantages
include inter-rater variability, with reliability particularly poor in longitudinal studies [238].
There is loss of valuable information with significant floor and ceiling effects, limiting the power
to detect meaningful associations [230]. Further, it has been shown that when scans were rated
by different scales, the severity of the same WMH was appreciated quite differently [239]
making comparison between scales difficult.

Manual segmentation, which requires the rater to manually trace WMH on the scan is time
consuming, and suffers from inter- and intra-rater variability [240]. Semi-automated manual
techniques have been developed, which require a rater to identify potential WMH lesions,
whose outline is then determined using a threshold approach, which might be based upon the
local environmental intensity of the lesion or a whole-brain intensity based thresholding [241],
followed by manual editing. These approaches are also time-consuming, but may be less
susceptible to inter- and intra-rater variability [241].
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Automated methods for WMH segmentation may be more sensitive and reproducible, although
at present a truly reliable and automated technique which does not require manual editing has
not been identified [230]. A number of strategies have been employed, which can be broadly
divided into supervised approaches, which use an atlas-based approach or require training on
features extracted from manual segmentations; and unsupervised approaches, which do not
require prior knowledge [242]. Automated techniques have the potential advantage of providing
information on the spatial distribution of WMH, which may be more important to understanding
their clinical consequences.

In this work I use an automated, unsupervised WMH quantification technique, designed in
house, which has been shown to perform well against other automated techniques [243]. More
information on this is described in section 2.4.2

1.7.5

Pathological correlates of WMH of presumed vascular origin

WMH seen on MRI are often treated as a surrogate marker of cerebral SVD, but may reflect
heterogeneous underlying pathologies, particularly in younger individuals where differentials
include inflammatory demyelinating conditions such as multiple sclerosis, and inherited
leukodystrophies. These tend to have imaging characteristics that help differentiate them from
those WMH typically associated with increasing age and cerebral SVD [244]. The presence and
quantity of age-related WMH have only modest associations with clinical outcomes. Whilst in
part this may reflect strategic, location-specific injury, it may also reflect heterogeneous
neuropathological substrate associated with WMH.

Post-mortem MRI with pathological correlation show that WMH reflect partial loss of myelin,
axons and oligodendroglial cells, astrogliosis and activated macrophages, dilated perivascular
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spaces and fibrohyalinotic vessel changes, to varying degrees [70]. It has been suggested that
periventricular WMH (thin hyperintense line, smooth halo or irregular band/cap) are related to
borderzone ischaemia whilst deep WMH (punctate, early confluent and confluent WMH) may
be more closely linked to cerebral SVD [245]. This remains controversial, with others suggesting
they reflect a pathological continuum, with differing patterns reflecting differing disease stages
[246], which is to some extent supported by pathological [70] and imaging [238] findings.

1.7.6

Diffusion imaging analysis

DTI is useful for investigating white matter microstructural integrity. Although AD has historically
been considered a disease primarily of the grey matter, it is now recognised that the white
matter is also involved, and this may be early in the disease process. Grey and white matter
damage do not always co-localise on pathological examination of AD subjects. Well-preserved
grey matter may overlie severely damaged white matter, in the absence of significant vascular
disease [247]. In established AD, white matter microstructural changes are extensive, whilst in
early symptomatic AD the most consistent findings are changes in the fornix, the cingulate
bundle, and the splenium of the corpus callosum [247], all white matter tracts integral to
episodic memory. Results in cognitively normal individuals in whom amyloid status is known are
variable. No differences between groups [248], changes similar to those seen in early
symptomatic AD [249] or findings in the opposite direction [250–252] have all been reported.
Changes in normal appearing white matter (NAWM) in individuals with cerebral SVD can also be
detected with DTI [253], suggesting that damage is more diffuse than that visualised with WMH.
Rarely has white matter microstructural integrity been investigated using measures of both
amyloid burden and cerebral SVD [254].

A number of analysis techniques are available for investigating group differences in
microstructural measures. These include region of interest analysis (ROI), and whole brain
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approaches that include histogram analysis and Tract-Based Spatial Statistics (TBSS) [255]. ROI
analysis involves extracting average diffusion measures from white matter tracts of interest
using automated parcellations following group registration to a white matter tract atlas (or vice
versa). Limitations include difficulty co-registering lower resolution diffusion images with
structural images, particularly with smaller/thinner tracts such as the fornix, and will miss
changes in ROI not selected. TBSS is an automated method for detecting changes in the whole
brain on a voxel-wise basis, whilst still being spatially specific. Group registered FA maps are
skeletonised, identifying significant white matter tracts, and then group comparisons can be
made using FA or other diffusion metrics mapped onto the skeleton. Problems with TBSS include
lack of accuracy in regions of white matter lesions, with registration errors difficult to identify in
the skeleton, and use of group-wise registration. Inter-individual variation in the anatomical
locations of white matter tracts may result in mis-registration. White matter histogram analysis
is a whole brain approach that allows key characteristics (such as the mean and median value)
of diffusion measures (such as FA or MD) across all the white matter to be extracted without a
priori specified ROI. A key advantage of this approach is that it does not require group-wise
registration, and is not susceptible to white matter tract mis-registration. However spatial
information is lost [255]. Further details on diffusion measurements used within analyses in this
thesis are provided in section 2.4.4.

1.8 Thesis rationale
Dementia is a growing problem and therefore strategies to reduce rates are a public health
priority. Whilst risk modification may have a relatively small impact on cognition at an individual
level, the influence on a population-level may be significant. It remains to be determined exactly
when intervention should be targeted for maximum impact. Utilising a birth cohort, who have
had vascular risk factors measured prospectively at multiple time points, provides an invaluable
opportunity to understand the influence and timing of these risks on subsequent cerebral
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pathology, with a specific focus on β-amyloid pathology and cerebral SVD. Additionally these
individuals are of a near identical age, having been born in one week and assessed over a two
year period, which reduces the confounding effect of age on analyses, since this is the strongest
risk factor for developing cerebral pathology.

Although β-amyloid pathology and cerebral SVD frequently co-exist in ageing, research to date
has primarily considered each pathology in isolation. In part, this has arisen because the ability
to identify β-amyloid pathology in vivo with PET and CSF is a relatively recent development. Even
within the Alzheimer literature however, markers of cerebral SVD, such as WMH, which are
readily measured, are rarely accounted for in analyses. Through the use of multimodal MRI and
amyloid PET imaging, the independent and synergistic influences of β-amyloid pathology and
cerebral SVD on brain structure and function can be investigated in individuals prior to the
development of overt cognitive symptoms. This may have particular relevance for future
preclinical treatment trials, since individuals with a single pathology are the exception, rather
than the rule.

This project has two overarching aims:
•

To understand better the influence of vascular risk factors, and timing of risk exposure,
on brain health at age ~70 years, assessing fibrillar b-amyloid (using florbetapir amyloid
PET), cerebral SVD (using WMH as a proxy measure) and brain volumes in vivo.

•

To understand better the independent influences and interactions of fibrillar b-amyloid
pathology and cerebral SVD on brain structure (including brain volumes and white
matter microstructure), and cognition, in a cognitively-normal cohort.

Chapter 2 provides an overview of Insight 46 including the study protocol, and imaging and
statistical approaches used within this thesis.
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Chapter 3 describes the validation of Bayesian Model Selection (BaMoS), the automated WMH
segmentation algorithm used to quantify WMH volumes in the Insight 46 study.
Chapter 4 outlines the demographics and imaging outcome measures of the participants in
Insight 46, and provides data on the ‘representativeness’ of the sub-sample, compared with the
remainder of the NSHD who were still participating in the main study at age 69 years.
Chapter 5 and 6 investigate the relationships between BP and adiposity respectively, across the
life course, and subsequent cerebral pathology, focusing on cerebral SVD, β-amyloid pathology
and whole brain and hippocampal volumes.
Chapter 7 compares the associations between midlife and late-life vascular risk profiles and
cerebral imaging outcome measures.
Chapter 8 investigates the associations between β-amyloid pathology and WMHV, both globally
and regionally. Influences of β-amyloid pathology and WMHV on normal-appearing white
matter microstructural diffusion measures (using standard DTI and novel NODDI metrics) and
brain volumes are also explored.
Chapter 9 investigates the influences of β-amyloid pathology and cerebral SVD on cognition in
cognitively normal Insight 46 participants.
Chapter 10 provides a summary of the work presented in the thesis, discusses limitations of the
work, and possible future directions for research.
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2. Methods
2.1 The MRC National Survey of Health and Development
The Medical Research Council (MRC) National Survey of Health and Development (NSHD) is
considered to be the oldest continuously running birth cohort in the world with regular
standardised follow up throughout the life course. It was initially established to address two
critical social and health questions: the cause of the declining birth rate, and the use of obstetric
services and how they influenced subsequent maternal and child health and mortality [20]. Dr
James Douglas initiated a maternity survey, with the intention that every mother of all singleton
births born in the week 3rd-9th March 1946 in mainland Britain would be interviewed by a health
care worker. Although the post-war baby-boom largely put paid to the question of a declining
birth rate, the study revealed marked discrepancies in infant morbidity and mortality between
the rich and poor. 5,362 individuals, colloquially known as the ‘Douglas babies’, born to married
mothers, and distributed geographically across England, Wales and Scotland in proportion to
the national population, were followed up, as summarised in Figure 2-1 [20]. The aims of the
study have changed over time, reacting to current health problems: from the influence of early
socioeconomic factors on health, development, and educational attainment in childhood; to
childhood and socioeconomic influences on health in adulthood; and now to understand what
life course factors influence ageing, in health and disease.
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Figure 2-1 Overview of the original 1946 sample. Used with permission from Wadsworth et al 2006 [20]

Repeated waves of data collection since childhood have enabled detailed cognitive and physical
phenotyping of this population-representative cohort [19,21]. An overview of relevant
information collected to date is summarised in section 2.6. Now in their early 70s, members of
this intensively-studied cohort are at a critical age to investigate pathological changes in the
brain: old enough to be at high risk for the development of pathologies such as amyloid and
cerebral small vessel disease (SVD), but several years before the expected exponential rise in
dementia prevalence [256].

2.2 Insight 46 study protocol
“Insight 46” is a prospective longitudinal two time-point (0, 24 month) sub-study of 502 NSHD
study members, incorporating the collection of new clinical, neuropsychological, MRI, PETamyloid imaging, and blood and urine biomarkers, all performed at a single site at UCL.

Ethical approval for the neuroscience sub-study was granted by the National Research Ethics
Service (NRES) Committee London (REC reference 14/LO/1173, PI Schott). All participants
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provide written informed consent to participate and for their data to be stored in accordance
with the Data Protection Act.

The full Insight 46 study protocol has been published [257] (I am co-lead author). Over the
following sections I provide an overview of study recruitment, time point 0 assessments and
imaging processing required for subsequent analyses.

2.2.1

Recruitment

To capitalise on the life course data and to avoid a priori decisions as to who might be at risk of
cognitive decline, entry criteria to the sub-study are based only on maximising the life course
data available for analysis. It was planned that a sample of 500 NSHD study members would be
selected at random from those who attended a clinic-based assessment age 60-64, had
previously intimated they were willing to attend a clinic visit in London and for whom relevant
data in childhood and adulthood are available. These relevant data are shown in Table 2-1.
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•

Attendance at a clinic visit at age 60-64

•

Parental socioeconomic position: at least one indicator of occupational social
class or education

•

Cognition: memory and processing speed from the 60-64 year collection AND at
least one set of measures at either ages 8, 11 or 15 years

•

Early physical growth trajectories: birth weight and at least one measure of
height and weight at ages 4-15 years

•

Educational attainment: highest qualification by age 26 years

•

Mental health: teacher ratings of behaviour and temperament at ages 13 or 15,
and at least one measure of affective symptoms at ages 36, 43, 53 or 60-64 years

•

Blood pressure, lung function, adult height and weight: at least one measure of
each at ages 36, 43, 53 or 60-64 years

•

Health behaviours: at least one measure of smoking and physical exercise at ages
36, 43, 53 or 60-64 years

•

Blood: either age 53 or 60-64 years samples

Table 2-1 Minimum life-course data set for Insight 46

Exclusion criteria included contraindications to MRI or PET including, but not limited to,
claustrophobia, metallic implants such as pacemakers, or research nuclear medicine scans
within the last year that would result in an individual exceeding acceptable, mandated yearly
radiation exposures.

779 individuals were invited to participate in Insight 46 based on fulfilling the minimum data set
and completing a questionnaire indicating their willingness to participate in clinical substudies. From these individuals, 469 (60.2%) agreed to, and attended, for clinical assessment.
After relaxing the minimum data criteria for having at least one measure of blood pressure, lung
function, smoking and physical exercise at ages 36,43, 53 or 60-64, a further 62 were invited, of
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which 33 (53.2%) attended for clinical assessment. In total 841 individuals were contacted, and
502 individuals attended for clinical assessment. Figure 2-2 provides an overview of the substudy logistics, including the recruitment process.

Of the 502 individuals who attended for clinical assessment, 471 completed the MRI/PET
scanning protocol. 31 refused scanning, primarily due to claustrophobia not previously
recognised or identified at the screening phone call. The first participant was seen on 28/5/2015
and the last participant completed their visit 1 assessment on 10/1/2018 . Figure 2-3 summarises
recruitment.
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Figure 2-2 Flowchart outlining the logistics of Insight 46. Taken from Lane et al 2017 [257]
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Insight 46 Response rates as of 9/1/18
Letters of invitation
841

Declined by reply slip
126

Non-responder
12

Contacted by
telephone
715

Refusals
205

Declined by telephone
79

Not eligible
86
Recruited
538
Cancelled visits
24
On hold
12

Consented and
completed clinic
assessments
502

Declined scan
31
Complete clinic
assessments and scan
471

Figure 2-3 Recruitment figures for visit 1 of Insight 46. “On hold” refers to individuals for whom further medical
information was required to ensure MRI safety who did not provide the information, or individuals who
suspended their visit but never agreed to an alternative date to attend
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2.2.2

Duty of care

A duty of care protocol building on the NSHD protocol used in 2006-10 and in accordance with
the MRC/Wellcome Trust guidelines was implemented for the purpose of feeding back healthrelated findings in research [258] to each participant and their GP. Participants were given the
option of ‘opting out’ from receiving any correspondence regarding reportable findings, but
needed to consent to their GP receiving the information. Anthropomorphic measures (height
and weight), recumbent blood pressure, audiometry and a range of standard clinical blood tests
(haemoglobin, platelet count, vitamin B12, urea, creatinine, random glucose and TSH) together
with their normal ranges were routinely reported. Participants with results outside the normal
range were advised to discuss the results with their GP in a timely fashion. If blood results were
significantly outside the normal range, falling beyond pre-specified ‘Action’ levels, the study
clinician contacted the participant and GP via telephone within 48 hours of receipt of results.

All T1, T2 and FLAIR volumetric MRI sequences were reviewed by a consultant neuroradiologist
at the National Hospital for Neurology and Neurosurgery. The study follows guidelines based on
the UK Biobank imaging study [259]. Reportable findings (see Table 2-2) were flagged following
which a multi-disciplinary meeting was arranged between neuroradiologists and study clinicians
including a consultant neurologist. The images were reviewed with available clinical information
and appropriate recommendations decided upon. Information was only fed back to study
members and their GP if there was an MRI abnormality that might require treatment or
surveillance. The ethical challenges of providing information regarding amyloid PET results in
cognitively-normal individuals have been discussed elsewhere [260], and for this study amyloid
PET status was not fed back to study members.
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Acute brain infarction
Acute brain haemorrhage (note: not old bleeds)
Intracranial mass lesions (note: not meningiomas in locations considered
highly unlikely to cause problems)
Suspected intracranial aneurysm or vascular malformation (inc.
cavernomata) (note: not aneurysms less than 7mm in diameter)
Colloid cyst of the 3rd ventricle
Acute hydrocephalus
Significant sinus disease with suspicion of underlying pathology (e.g.
unilateral sinus opacification)
Other unexpected, serious, or life-threatening findings

Table 2-2 MRI reportable findings

In addition, information was fed back to participants and their GP if clinical assessments revealed
clear evidence of significant cognitive impairment (based on a MMSE score < 24 and/or
significant concern from study clinician) or clinically detectable parkinsonism (i.e. fulfilling
Queen Square Brain Bank criteria [261] for Parkinson’s disease (PD)) in previously undiagnosed
individuals.

2.2.3

Clinical, neurological, cognitive and sensory assessments

Participants completed four self-administered questionnaires; underwent a structured clinical
interview with a neurologist; had a structured neurological examination; underwent
neuropsychological testing, and assessment and testing of auditory, olfactory and visual
function. These assessments were designed to be administered in divided sessions that last less
than four hours during a single day (mean duration = 199 minutes based on six pilot visits).
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2.2.3.1 Self-administered questionnaires

The State and Trait Anxiety Inventory [262] is a 40-item questionnaire designed to quantify
anxiety levels at the present moment and in general. A dental health questionnaire [263] used
eight questions designed to assess the likelihood of periodontitis. It has been postulated that
periodontal pathogens may drive chronic neuro-inflammation contributing to Alzheimer’s
pathology [264]. A handedness questionnaire [265] was used to assess cerebral dominance
[266]. Screening question for Rapid Eye Movement (REM) sleep behaviour disorder [267]
screened for REM sleep behaviour disorder which is a known risk factor for the emergence of
Parkinson’s disease and related disorders [267].

2.2.3.2 Clinical interview

A standard personal and family history of neurological illness or cognitive impairment and a
medication history was obtained. In addition, participants were screened for measures of selfperceived cognitive decline using the SCD-Q part I (MyCog) score [268] and asked questions that
enable coding of essential features of subjective cognitive decline as outlined by the working
group of the Subjective Cognitive Decline Initiative [269]. A corroborative history regarding each
participant’s cognitive functioning was obtained using the AD8 screening tool, an informant
questionnaire administered in person or via the telephone by the study clinician. The AD8
correlates well with the clinical dementia rating scale (CDR), and has high sensitivity and
specificity for detecting cognitive impairment [270,271].

2.2.3.3 Physical and neurological examination

A physical examination comprised anthropomorphic measures (weight in kilograms and height
measured to the nearest mm), from which body mass index (BMI) can be derived. Recumbent
blood pressure (BP) was measured twice in the upper arm using an Omron HEM-905 automated
digital oscillometric sphygmomanometer (OMRON HEM-905; OMRON Healthcare UK Ltd.,
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Milton Keynes) after three minutes of rest and then repeated twice after standing quietly for
three minutes to assess for evidence of orthostatic hypotension. Blood samples were collected
for haemoglobin, platelet count, urea and creatinine, random glucose, vitamin B12, and TSH, as
potential modulators both of cognition and progression of Alzheimer’s pahology. Samples have
been stored for biomarker exploration (both serum and plasma) and genetic analysis.

Participants’ self-paced gait was assessed over a 20-metre distance in isolation and while
performing a cognitive task (single-letter-cued (phonemic) fluency and dual-letter-cued
(phonemic) alternate fluency), and wearing an accelerometer on the lower back (LPMS-B inertial
measurement unit (Life performance Research Inc)), with data analysis using a custom program
written in LabVIEW2010 (National Instruments, Ireland).

A standardised neurological examination included the MDS-Unified Parkinson’s Disease Rating
Scale (UPDRS) Part III (Motor) [272], which quantifies presence of tremor, bradykinesia, rigidity,
postural instabilty and gait disorder. Assessments were video-taped for quality control purposes
and to enable further review by a senior neurologist if clinically-significant parkinsonian features
were identified. The Bradykinesia Akinesia Incoordination (BRAIN) test was administered to all
participants via a laptop (Lenovo Thinkpad, Lenovo Group Ltd). This computer keyboard-tapping
task can be utilised as an objective longitudinal measure of emerging motor dysfunction [273].

2.2.3.4 Cognitive battery

The cognitive assessment battery is based on a review of results and cognitive protocols from
several large-scale initiatives and clinical trials involving individuals at-risk for AD [24,207,274],
and is complementary to cognitive assessments performed as part of the most recent (in some
cases concurrent) NSHD home visit (that includes the ACE-III [275] and word-list learning [276]).
The battery included:
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The Mini-Mental State Examination (MMSE) [277]
The MMSE is a widely used 30-point screening tool for cognitive impairment within clinical
practice, assessing multiple cognitive domains including: i) orientation to time and place (10
points); ii) registration (3 points); iii) attention +/- calculation (5 points); iv) recall (3 points); v)
language (2 points); vi) repetition (1 point); vii) reading (1 point); viii) writing (1 point); ix)
visuospatial function (1 point); x) following a 3-stage command (3 points).

Logical Memory from the Wechsler Memory Scale-Revised (WMS-R) [278]
The Logical Memory test assesses free recall of a short story that contains 25 details. The
participant was asked to recall the story immediately and after a delay of approximately 20
minutes.

Digit-Symbol Substitution Test, from the Wechsler Adult Intelligence Scale-Revised (WAIS-R)
[279]
The Digit-Symbol Substitution test explores attention and psychomotor speed. Participants were
given a code table displaying the digits from 1 to 9, each paired with a symbol. On a worksheet
printed with rows of digits, participants were asked to fill in the corresponding symbol under
each digit as shown in the code table, as quickly and accurately as possible. The score is the
number of symbols completed correctly within 90 seconds.

Matrix Reasoning from the Wechsler Abbreviated Scale of Intelligence (WASI) [280]
The Matrix Reasoning test assesses non-verbal reasoning. Participants were shown a matrix of
geometric shapes with a section missing and required to select the missing piece from five
options. There are 32 matrices, graded in difficulty, and the test is discontinued when
participants reached a certain error threshold, as specified in the WASI manual.
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Five more novel tests, intended to detect subtle, early cognitive deficits, were also administered.
These tasks give weight both to response accuracy and latency to maximise detection of subtle
cognitive change and discriminate cortical/subcortical dysfunction. These tests include: Task-set
Switching / Response Inhibition [281,282], ‘What was where?’ visual short-term memory binding
task [283,284], Visuomotor Integration (circle tracing) [285], 12-item Face-Name Associative
Memory Exam (FNAME-12A) [286] and Irrelevant Distractor Paradigm [287,288]. More details
are provided in the protocol paper [257].

2.2.3.5 Sensory function

There is increasing interest in the possibility that impaired visual function, sense of smell and
hearing may provide signals of preclinical AD [289–293]. As such, participants had
comprehensive sensory assessments of vision, olfaction and both peripheral and central
auditory function.

2.2.4

Imaging acquisition

Imaging was performed on a Biograph mMR 3T PET/MRI scanner (Siemens Healthcare,
Erlangen), allowing for simultaneous acquisition of dynamic amyloid PET and MR data whilst
minimising scanning time and exposure to radiation (compared with the use of PET-CT). Amyloid
load was assessed using the 18F amyloid PET ligand, florbetapir. Amyloid positivity on florbetapirPET imaging is correlated with post-mortem Aβ burden, neuritic amyloid plaque density, and
neuropathological diagnosis of AD [294]. The neuroimaging protocol was designed to be
completed within a 60-minute scanning session.
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2.2.4.1 MR imaging acquisition

For the MR acquisitions, a body coil RF transmitter was used in conjunction with a 12-channel
receiver array head coil. The maximum gradient strength was 45mT/m along each direction. The
MR sequences were:
(i) high resolution 3D T1-weighted, T2-weighted and FLAIR volumetric scans;
(ii) resting state functional MRI (rs-fMRI);
(iii) multi-shell high angular resolution diffusion-weighted MRI (DW MRI);
(iv) a multi-echo 3D gradient echo sequence for simultaneous T2*-weighted/susceptibilityweighted imaging (SWI), quantitative susceptibility mapping and b0 field mapping; and
(v) arterial spin labeling (ASL) for quantitative mapping of cerebral blood flow (CBF).
An additional b0 field map was also acquired for distortion correction of the rs-fMRI and DW MRI
images. Full details of the acquisition parameters are shown in Table 2-3.
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Voxel resolution
(mm3)
Matrix size
FoV (read x PE)
(mm)
Slice
coverage
(mm)
Orientation
PE direction
TE (ms)
TR (ms)
Flip angle (°)
Acq
bandwidth
(Hz/pix)
Parallel imaging
Total scan time
Other sequencespecific
parameters

229

256 x 256 x
208
282 x 282

1.1 x 1.1 x 1.1

MPRAGE
(3D T1)

194

256 x 256 x
176
282 x 282

1.1 x 1.1 x 1.1

SPACE
(3D T2)

194

282 x 282

256 x 256 x 176

1.1 x 1.1 x 1.1

IR-SPACE
(3D FLAIR)

144

192 x192

64 x 64 x 36

3x3x4

rs-fMRI

144

220 x 165

256 x 192 x 96

0.86 x 0.86 x 1.5

3D T2*/SWI

145

240 x 240

96 x 96 x 58

2.5 x 2.5 x 2.5

Diffusion

165

192 x 192

64 x 64 x 55

3x3x3

Field mapping

Transverse obl
A >> P
20.26
4000
90/160/160/160...
2298

144

240 x 210

64 x 56 x 36

3.75 x 3.75 x 4

ASL

None
5 min 20s

Transverse obl
R >> L
4.92; 7.38
688
60
260

None
1 min 31s

Transverse obl
A >> P
103
8000
90/180/180
1578
x2
3 min 48 s

Transverse obl
R >> L
4.92; 9.84; 19.2
27
15
400/400/140
x2
9 min 27 s

Transverse obl
A >> P
30
2020
75
2112

x2
6 min 27 s

2D multi-slice
dual gradient
echo

Sagittal
A >> P
402
5000
Variable
751

x2
4 min 43 s

Fat saturation
277 volumes

⅞ partial Fourier
along PE1/2
Flow comp for first
TE
Monopolar read
gradient

Sagittal
A >> P
409
3200
Variable
751

x2
5 min 06 s

Water selective
excitation pulse
Turbo factor 141
Slice TF 2
T2 sel IR
TI = 1800ms

x2
10 min 16s; 5 min
28s
2 non-zero bvalues:
b=2000 s/mm2 64
dir
b=700 s/mm2 32
dir
12 x b = 0 s/mm2
interspersed
¾ partial Fourier

10 averages
pCASL labeling
4-shot 3D GRASE
Turbo Factor 14
EPI Factor 28
Labeling duration
1.8s
Post-labeling delay
1.8s
Background
suppression

Sagittal
A >> P
2.92
2000
8
240

Water
selective
excitation
pulse
TI = 870ms

Water
selective
excitation
pulse
Turbo factor
141
Slice TF 2

Table 2-3 MRI acquisition parameters

87

Further detail is provided below on the MR sequences which will utilised within this thesis. The
T1, T2, FLAIR and T2*/SWI sequence acquisitions are in accordance with STandards for ReportIng
Vascular changes on nEuroimaging (STRIVE) recommendations for cerebral SVD neuroimaging
[65].

2.2.4.2 3D volumetric scans (T1, T2 and FLAIR)

Three volumetric scans were acquired with matched spatial coverage, resolution (1.1mm3) and
complementary contrasts, to aid tissue segmentation, delineation of the intracranial vault, and
white-matter lesion visualization. 3D T1-weighted images were obtained using an MPRAGE
sequence [295]. This was optimized to provide strong contrast between white matter and grey
matter allowing for reliable quantification of grey matter macroscopic structures in both cortical
and subcortical brain regions. 3D T2-weighted images used a long echo train turbo spin echo
sequence (SPACE) [296]. FLAIR images were acquired using the same SPACE sequence as T2weighted images but with the addition of an inversion preparation pulse to null signal from
cerebrospinal fluid.

2.2.4.3 Diffusion-weighted MRI

Diffusion MRI was acquired using a twice-refocused spin echo EPI sequence [297,298] with two
non-zero b-values (700 and 2000 s/mm2) and multiple directions (32 and 64 directions for the
b=700/2000 s/mm2 scans respectively). The b-vector directions were calculated to be uniformly
distributed over a hemisphere, and images with b=0 s/mm2 were interspersed throughout the
acquisition (12 obtained overall). Images were acquired with an isotropic 2.5x2.5x2.5mm3
resolution, with 58 slices to ensure whole brain coverage.
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2.2.4.4 3D T2*/SWI

A 3D multi-echo gradient echo sequence was acquired in order to generate T2*-weighted
images, T2* maps, SWI, and quantitative susceptibility maps (qSM). This sequence can also
provide b0 field mapping at higher resolution than the GRE-based field maps that are currently
often used for processing geometric distortion correction of the DWI and fMRI. The sequence
acquires magnitude and phase images at three echo times: TE = 4.92, 9.84, and 19.7 ms (chosen
to keep fat and water signals in phase). Magnitude images from the longest TE (19.7ms) provide
the T2*-weighted volume, which can be combined with the phase images from the same echo
time to generate SWI [299]. T2* maps are generated by fitting the three magnitude images to a
monoexponential decay S=S0.exp(-TE/T2*), and qSM are obtained from the three phase images
using the superfast dipole inversion (SDI) method [300].

2.2.4.5 PET imaging acquisition

After intravenous cannulation, 370 MBq florbetapir F18 (Amyvid) was injected whilst the subject
was in the PET-MR scanner. PET data was acquired continuously in list-mode, during and
following injection to allow florbetapir uptake dynamics to be assessed. Final amyloid burden
was assessed over a 10-minute period, ~50 minutes after injection, with scope for the previous
10-minute period to be used if longer scan periods were not tolerated.

If there was concern that a participant would not tolerate the full PET/MRI acquisition, a static
florbetapir scan could be acquired by injecting the tracer approximately 40 minutes before
scanning and obtaining PET data from ~40-60 minutes post injection. In these cases, an
abbreviated MRI protocol was used which included, at a minimum, volumetric T1, T2, and FLAIR
sequences.

89

2.3 Imaging preprocessing and quality control processes

The following sections provide an overview of preprocessing and QC steps performed on the
sequences required for analyses in the subsequent chapters (an overview of QC fails for key
imaging sequences is provided in Figure 2-8).

2.3.1

3D volumetric scans (T1, T2 and FLAIR)

471 individuals successfully completed the scanning protocol (either full length or the shortened
protocol).

Images underwent manual QC in line with protocols developed for commercial trials, by a
trained team who assess motion, coverage and other issues. T1 scans were additionally checked
specifically for blurring, image wrap-around and contrast problems, and FLAIR for good CSF
suppression. Three (0.6% of those who completed scanning) indiviuals had a T1 scan which failed
QC. Three (0.6%) further individuals had a FLAIR scan which failed QC.

Pre-processing of structural (T1, T2, FLAIR) images was carried out by applying a correction for
gradient non-linearity [301] followed by brain-masked (by registration of MNI template to the
scan) N4-bias correction [302]. An automated multi-region parcellation of the T1 images was
carried out using geodesic information flow (GIF) version 3 [303] which generates cortical and
subcortical grey-matter regions-of-interest (ROI) – demonstrated in Figure 2-4. The resulting
parcellation was cleaned by masking non-brain tissue from the parcellation using a whole brain
mask, generated using an in-house segmentation technique, brain MAPS [304]. This parcellation
can be transferred to microstructure, PET, ASL and fMRI maps for the purpose of ROI-based
analysis following registration of those images to the T1 image.
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Figure 2-4 Volumetric T1 pre-processing and segmentation in Insight 46 . Examples of axial (top row), coronal
(middle row) and sagittal (bottom row) slices from an original MPRAGE volumetric T1 scan (left column), preprocessed T1 (distortion and bias field corrected) (middle column), and with the GIF parcellation overlaid on top
(right column). Image reproduced from [257], used under the terms of the Creative Commons Attribution License
4.0

2.3.2

Diffusion-weighted MRI

451 individuals had available diffusion sequences for pre-processing. Fewer indiviuals had
diffusion sequences than structural sequences. This was due to a number of individuals having
scans shortened due to claustrophobia, multiple repeats of structural sequences and technical
problems such as phase-encoding mismatches.
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Pre-processing of diffusion-weighted images involved first correcting for inter-volume motion
registration and eddy currents using FSL’s Eddy tool [305]. This was followed by correction for
EPI susceptibility distortion using field maps [306], with modulation based on the Jacobian
determinants. The separate diffusion-weighted shells (together with their associated b
associated b=0 volumes) were fitted with a diffusion tensor model using NiftyFit [307]. The
NODDI model was then fitted to the combined shells using the NODDI toolbox [174]. Generated
diffusion maps (e.g. FA, MD) were then resampled to the T1 space. First, an average b0 (after
alignment within FSL’s Eddy tool [305]) scan was upsampled to 1.5 mm isotropic using cubic
interpolation. The T1 was then registered to the upsampled image using reg_aladin [308] and
the transformation inverted for the purposes of resampling from diffusion space to T1 space.
The b0 and fitted tensor was resampled to T1 space and derived properties (e.g. FA) recalculated
from the tensor in T1 space.

As part of this automated pipeline, motion plots over the acquisition and correlation plots
between adjacent slices (see Figures 2-5 and 2-6) were generated that facilitate the quality
control process. Visual review was performed for identification of poor quality images by
checking for: (i) full brain coverage; (ii) inter-acquisition motion (using motion plots); (iii)
sufficient correction of geometric distortion; and (iv) slice-wise signal dropout (using the
correlation plot and visual check). Images failing this quality-control process were deemed
ineligible for diffusion analysis. If the number of volumes that failed (generally due to slice-wise
signal drop out) for a given shell (b700 and b2000) was high enough (>5) that it might affect the
consistency of the analysis between subjects, then these data were also marked as a ‘failed
acquisition’. 434 scans passed b700 QC and were suitable for standard diffusion analysis, and
420 scans passed both b700 and b200 QC and were suitable for NODDI analysis.
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Figure 2-5 Problematic inter-slice normalised cross-correlation plot

Figure 2-6 Good inter-slice normalised cross-correlation plot

2.3.3

3D T2*

457 T2*-weighted images were available for review. Fewer indiviuals had an iron-sensitive
sequence than structural sequences. This was due primarily to abreviated scans secondary to
claustrophobia, and multiple repeats of structural sequences that required other sequences to
be dropped to avoid prolonged time in the scanner. The images were visually checked for
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coverage, motion, and artefacts following registration to the T1 image when reviewed for
potential cerebral microbleeds. 403 T2*-weighted images were considered of acceptable
quality. QC failures were due to motion, coverage issues (primarily missing part of the
cerebellum) and image wrap-around secondary to a phase-encode mismatch. The T2*-weighted
volume can be combined with the phase images from the same echo time to generate SWI [299].
SWI were however not available for QC or subsequent review for this thesis.

2.3.4

Florbetapir amyloid imaging

Of the 471 individuals scanned, 462 had available amyloid-PET data. In five individuals, the PETMR machine crashed causing loss of the PET information, two individuals had to terminate the
scan early due to claustrophobia prior to adequate PET data collection, in one case the PET data
was corrupted and in one case registration to the T1-weighted image failed.

Static PET images representing uptake of florbetapir tracer 50 to 60 minutes after injection were
reconstructed following attenuation correction. Attenuation maps were computed by default
on the PET-MR console from the ultra-short echo time (UTE) sequences provided by the vendor
as well as from the T1-weighted and T2-weighted volumetric scans using a multi-atlas CT
synthesis method [309], also known as pseudo-CT (pCT). The latter approach significantly
improves PET reconstruction accuracy closer to the gold standard of CT, when compared to the
UTE-based correction [181], as demonstrated in Figure 2-7.
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Figure 2-7 Improved PET reconstruction using the pCT method. Examples of attenuation maps obtained with the
multi-atlas CT synthesis method (pCT) and the UTE method and the corresponding florbetapir PET images
generated with each method (10-minute frame 50 minutes post-injection). Difference maps are also shown (pCT
– UTE) to better visualise the improved PET reconstruction accuracy. Image reproduced from [257], used under
the terms of the Creative Commons Attribution License 4.0.

The PET image was then rigidly registered to the T1 image using a symmetric block matching
technique [310], and all voxels in the image then normalised to a reference region to produce a
standardised uptake value ratio (SUVR), using subcortical white matter, eroded one time to
avoid partial volume effects, as the reference region. A “global” SUVR value was generated from
a composite cortical ROI, based on a weighted (by volume) average of GIF regions. The ROI
selected

were

based

upon

the

UC-Berkeley’s

Freesurfer

(version

4.5.0,

surfer.nmr.mgh.harvard.edu/) composite ROI used in Alzheimer’s Disease Neuroimaging
Initiative (ADNI). The ADNI protocol extracts mean florbetapir uptake from grey matter within
lateral and medial frontal, anterior, and posterior cingulate, lateral parietal, and lateral temporal
regions, all areas known to accumulate b-amyloid pathology [47,311]. GIF parcellation regions
were selected that matched as closely as possible these Freesurfer regions (median Dice score
0.95, range 0.82-0.99).
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Eroded subcortical white matter was chosen as the reference region for calculating SUVR, due
to its improved power to detect changes in SUVR longitudinally [216,217] and its close
correlation with the PET gold-standard for amyloid quantification (which requires arterial
sampling), compared with other reference regions [218]. A further rationale for using this region
is that it ensures the reference region is in the same axial plane as the cortical ROI [311], and
susceptible to a similar level of attenuation, unlike the cerebellum. This is more relevant using a
PET-MR system, where AC techniques are closely aligned with, but not quite as effective as the
gold standard of PET-CT [312]. Using the cerebellum as reference region in this context might
introduce more noise into the SUVR.

PET imaging was processed without partial volume correction (PVC) and also with PVC using the
iterative Yang method in the PETPVC toolbox [313] (see section 1.7.2 for further details on PVC).
There was little difference between techniques when eroded cortical white matter was used as
the reference region and it was decided to use the non-PVC SUVR measurements as standard,
with PVC values available for exploratory work (not addressed in this thesis).

Due to missing or truncated listmode data, pCT AC maps could not be generated for 26 scans,
but the console AC was available. In 5 cases the listmode data was full allowing pCT AC but the
original console AC map was corrupted or missing. 431 individuals had both console and pCT AC
maps available. Faced with a larger loss of data from the more reliable method (pCT) or a smaller
loss of data from the less reliable console reconstruction, the relationship between the pCT
reconstruction and console reconstruction were compared in the 431 individuals with both
methods available. This showed close correlation between the two methods for regional SUVRs
and a global SUVR, calculated using a cortical ROI summary measure (all R2 >97.4%, see Figure
2-9 for some example plots). Although there was a strong correlation between the two methods
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it is not reasonable to simply take the predicted value from the regression equation as this would
assume no error in the missing value. Rather, multiple imputation using the Stata package mi
was used to generate multiple sets of plausible values for the missing data based on the
regression. In brief, assuming the data is missing at random (i.e. where missingness depends
only on observed variables), the distribution of observed data is used to estimate multiple values
that reflect the uncertainty around the missing value. Regression models are fitted for each set
of values and the results combined [314]. A random component is included for each imputed
value, the magnitude of which reflects the extent to which other variables in the imputation
model cannot predict its true value. 50 imputations of each SUVR measure for the 26 missing
data sets were performed, and the values derived used for defining these individuals as amyloid
negative or positive based on the cut-point determined in section 2.4.5. When SUVR is treated
as a continuous independent variable within an analysis, missing pCT SUVR values have to be reimputed for the specific model being investigated.
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Figure 2-8 Schematic providing an overview of the number of available MRI scans/sequences and amyloid PET
scans. Number used in specific analyses may differ due to specified exclusion criteria. BAMOS, Bayesian model
selection; FLAIR, fluid-attenuated inversion recovery; NODDI, neurite orientation dispersion and density imaging;
pCT, pseudo-computed tomography; QC, quality control; recon, reconstruction.
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Figure 2-9 Scatter plots with lines of best fit showing the relationship between SUVR (global and regional examples) calculated using the console reconstruction and pCT
reconstruction. Global SUVR was calculated using the mean signal extracted from ADNI derived ROI. Reference region eroded subcortical white matter. Con, console; pCT,
pseudo-computerised tomography; ROI, region of interest; SUVR, standardised uptake value ratio
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2.4 Imaging analysis
2.4.1

Structural volumetric analysis

Automated segmentation of whole-brain using MAPS [304] and hippocampal regions using
STEPS [315] was completed following imaging QC as part of the T1 imaging pipeline. Whole brain
volumes were then manually checked and edited by the trained QC team (including removing
skull inclusions, spillages into non-brain tissue around the temporal lobes and cutting off the
brainstem at the most inferior slice of the cerebellum). Mean hippocampal volumes (HVs) were
then calculated using the mean volume of the left and right HV. Total intracranial volumes (TIVs)
were generated using an in-house processing pipeline using SPM 12 [316].

2.4.2

White matter hyperintensity of presumed vascular origin volume quantification

WMH segmentation was performed using an unsupervised automated algorithm, BaMoS
(Bayesian Model Selection), based on a novel adaptive framework for the modelling of data
outliers using a multivariate Gaussian mixture model [243] that has been shown to perform well
against other freely-available automated segmentation methods [243]. In brief, the data are
modelled hierarchically by separating the data into an inlier and an outlier part. Each part is
symmetrically and jointly modelled as a mixture of multiple anatomical classes, with each one
of these classes modelled as a combination of Gaussian distributions (Figure 2-10). Because the
number of Gaussians necessary to characterise each tissue class is not known a priori, a split and
merge strategy dynamically modifies the model structure. After convergence of each newly
suggested model, the Bayesian Information Criterion (BIC) is used to ensure appropriate balance
between model fit and complexity [317]. Anatomical spatial knowledge is introduced through
the use of probabilistic atlases, which reduces false positives [243].
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Figure 2-10 Example of a possible hierarchical model using the BaMoS algorithm. The elements in Level 1 and 2
represent a mixture distribution, whereas the elements in Level 3 are either a Gaussian or a uniform distribution.
Lighter shaded elements in Level 3 correspond to a hypothetical uniform distribution [243] Ó 2015 IEEE. BaMoS,
Bayesian Model Selection; CSF, cerebrospinal fluid; GM, grey matter; I, inlier; O, outlier; NB, non-brain; WM,
white matter

Volumetric FLAIR and T1-weighted images were used for analysis. Pre-processing involved rigid
registration of subjects’ FLAIR image to the T1 volumetric space using the NiftyReg opensource
package [310] followed by brain masking. Intensity data were log transformed and additive bias
field modelled as a linear combination of spatially varying polynomial functions was applied for
correction of intensity inhomogeneities [318]. After model convergence, a post-processing step
was applied in order to select candidate lesion voxels based on intensity and location rules. The
formed connected components of candidate lesions were then automatically classified as lesion
or artefact. The resulting probability map of WMH was then integrated to obtain the global
white matter hyperintensity volume (WMHV). This includes subcortical grey matter but not the
infratentorial region, and therefore according to STRIVE guidelines should be referred to as
subcortical hyperintensities [65] but for the purposes of consistency through the thesis will be
referred to as WMH.

In order to provide information on regional WMHV, cerebral white matter was divided into eight
lobar zones according to the closest cortical lobe - temporal; occipital; parietal; frontal (right and
left). A region encompassing deep grey matter (including the internal capsule) and infratentorial
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areas was also defined, although it was decided that the infratentorial area should not be
included when calculating the global WMHV as this area is prone to flow artefact on FLAIR
imaging and therefore more prone to mis-classification as WMH by the BaMoS algorithm. These
regions are derived from GIF parcellations of the volumetric T1 image [303]. The cortical zones
were further divided into 4 equidistant layers according to the normalised distance between the
ventricular system and the white matter/cortical grey matter interface adapted from the
method described by Yezzi et al to compute cortical thickness [319]. This regional division
enables graphical presentation of WMH burden in a 2D “bullseye” plot. In these plots, each
angular segment corresponds to a different lobar region while the concentric layers represent
the extracted equidistant layers; the distance from the ventricular surface increases with the
radius. In addition to regional WMHVs, automated outputs included the regional distribution of
WMH (i.e. the percentage of total WMHV in a given brain region) and proportion of WMH in a
given region (i.e. the proportion of a given WM region which is WMH).

Following automated WMH segmentation I reviewed all segmentations in NiftyMidas version
16.06.0 to ensure no gross misclassification had occurred. A proportion of the FLAIR images were
affected by a flow artefact within the temporal lobes, which the BaMoS algorithm extensively
mis-classified as WMH in 17 cases. In such instances, scans were re-run using a modified BaMoS
algorithm, whereby the GIF segmentation of the temporal lobe was dilated, and a stronger
threshold for lesion detection applied in that region. These WMH segmentations were then rereviewed and in all cases (17/17), substantial improvement was noted in the artefact missegmentation and they were considered to be of adequate quality for inclusion in subsequent
analyses. 12 cases were deemed to have sufficient choroid plexus mis-segmentation to require
manual editing, which I performed in NiftyMidas version 16.06.0. In 8 cases, cortical strokes
were inappropriately segmented as WMH. These images were flagged and an alternate BaMoS
algorithm was applied. A special class in the connected component separation between lesion
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and non-lesion was included: to be considered as an infarct, the detected candidate lesion had
to be of a certain volume directly neighbouring the GM and part of the neighbouring GM had to
be hyperintense on the FLAIR scan. In 2 cases, the repeat segmentation effectively ignored the
cortical strokes and these scans were then considered appropriate for inclusion in certain
analyses. In 2 cases, the cortical strokes were effectively excluded in the repeat segmentation,
but connected periventricular WMH not considered to be part of the stroke were also excluded,
and in 4 cases the cortical strokes continued to be mis-segmented. These 6 cases were excluded
from subsequent analyses treating WMHV as a variable.

2.4.3

Lacune and Microbleed identification

Following training I reviewed all available T1, and corresponding T1-registered T2 and FLAIR
images that had passed QC, using NiftyMidas v.16.06.0. Lacunes were defined according to the
Standards for Reporting Vascular Changes on Neuroimaging (STRIVE) criteria: “round or ovoid,
subcortical, fluid-filled (similar signal as CSF) cavity, of between 3 mm and about 15 mm in
diameter….in the territory of one perforating arteriole” [65] Lesions had to be hypointense on
T1-weighted images and have corresponding CSF-like signal on T2-weighted and FLAIR images
to be defined as a lacune.

A second trained rater (JB) reviewed all available volumetric T2*-weighted sequences,
registered to the T1 image, together with the corresponding T1 and T1-registered T2 images
using NiftyMidas v.16.05.0 and identified any lesions that fulfilled research criteria for a possible
microbleed. These criteria include that the “signal should be black or very hypointense on T2*weighted MRI, round or ovoid (excluding tubular or linear structures such as those representing
vessels), blooming (larger or more conspicuous on GRE than SE MRI), devoid of T1- or T2weighted hyperintensity (such as cavernous malformation), and at least half surrounded by
brain parenchyma” [320].
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All identified potential lesions (lacunes and microbleeds) were labelled and reviewed by an
experienced vascular neuroradiologist (FB) at which point a final determination as to the
presence or absence of lesions was made.

2.4.4

Diffusion analysis

Diffusion imaging can be used to interrogate microstructural integrity in both the white matter
(WM) and grey matter (GM) but in this thesis the focus is the WM. For the purposes of this
thesis, global measures of diffusion metrics have been utilised in chapters 7 and 8. Since vascular
damage to the WM is a diffuse process [321] and amyloid pathology is diffusely deposited [322],
this is an appropriate approach. Additionally, by utilising WMH segmentations generated by
BaMoS, analyses focus on normal appearing white matter (NAWM), since WMH are recognised
to have significant changes in diffusion measures [321], which might bias results.

To generate NAWM masks, the GIF generated subcortical WM masks were eroded by one voxel
to avoid GM or CSF contamination, followed by subtraction of their corresponding BaMoSderived lesion map using FSL Maths [323] (Figure 2-11). The mean values for FA, MD, NDI and
ODI for NAWM were then extracted from the T1-registered diffusion maps (described in section
2.3.2) using FSL Stats [323].
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Figure 2-11 Eroded white matter mask (red) and WMH segmentation (green) overlaid on FLAIR image. Coronal
image on left, axial image on right.

2.4.5

Defining amyloid status

Because the SUVR distribution is not normally distributed, and is not readily converted to a
normal distribution by transformation (because it has a broadly bimodal distribution - Figure
2-12), treating SUVR as a continuous measure within analyses can be problematic. As such, when
SUVR is treated as the dependent variable, statistical models fit the data poorly. Consequently,
dichotomising individuals as amyloid positive and negative is a commonly used approach using
a defined SUVR cut-point. Potential approaches for determining a cut-point have been discussed
previously in section 1.7.2.

A cut-point for amyloid positivity was created by fitting Gaussian mixture models (with 1 to 3
clusters) using the “global” cortical SUVR value (calculated using the extracted voxel intensities
from selected ROI as described in section 2.3.4) for all available florbetapir PET scans with pCT
attenuation correction. The best fitting model, determined using the Bayesian Information
Criteria, resulted from using two Gaussian distributions. The 99th percentile of the Gaussian
representing the “amyloid negative” population (the Gaussian with the lowest mean and lower
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variance) was used as the cut-point for amyloid positivity (Figure 2-12). Using this approach, the
SUVR threshold was 0.6104.

SUVR Histogram and Mixture Models
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Figure 2-12 Cortical GM SUVR distribution and model fits

2.5 Defining cognitive status in Insight 46 participants
Whilst the aim of many analyses will be to include all study participants, it is necessary to stratify
individuals according to cognitive status and identify those individuals whose measures may be
confounded by a concurrent neurological or psychiatric condition that might preclude
individuals from inclusion in a particular analysis. Each chapter in this thesis defines the
inclusion/exclusion criteria applied for that body of work.

A final decision about cognition was reached by a consensus panel that included consultant
neurologists, psychologists and study clinicians who had reviewed the participants. Information
considered included MMSE, neuropsychology test scores on the logical memory test (WMS-R)
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and digit-symbol substitution test (WAIS-R) as measures of verbal memory and
attention/executive function (neuropsychology test scores were z-transformed with adjustment
for sex but not age, given the close age range of participants), MMSE, self-reported subjective
cognitive concerns, the informant AD8 score, clinical and medication history and clinician
judgement.

Participants were considered cognitively normal if they had cognitive scores within the
normative range, MMSE > 27, no subjective concerns or did not meet criteria for mild cognitive
impairment (MCI) or dementia.

Participants were defined as having mild cognitive impairment according to the NIA-AA guideline
core clinical criteria [324]. This required concern regarding change in cognition, either from the
individual or informant; impairment in one or more cognitive tests; and not demented.
Participant concern was defined as an individual considering their subjective cognitive
difficulties greater than those of other people their age and subjective cognitive difficulties that
they would report to their GP. Informant concern was defined as an AD8 score of 2 or more,
considered an indicator of cognitive impairment [271]. Impairment in cognitive tests was
defined as a score more than 1.5 standard deviations (SD) below the mean in at least one
cognitive test (using WMS-R logical memory test and WAIS-R digit symbol).

Presence of dementia was assessed based on a clinical history of dementia, performance on
cognitive tests, information provided by the AD8 and study clinician opinion.

Participants were defined as having a major brain disorder according to the consensus panel if
they had a clinical or radiological diagnosis of a significant neurological condition, significant
psychiatric disorder, neurosurgery or other medical condition likely to impact on cognition.
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Significant neurological conditions include but are not limited to: neurodegenerative diseases
such as Alzheimer’s disease or Parkinsons’s disease; epilepsy on current anti-epileptic
treatment; demyelination; significant traumatic brain injury (TBI); stroke (either a clinical history
of stroke plus radiological evidence on MRI, or radiological evidence of significant cortical stroke
on MRI only). Significant psychiatric disorders include but are not limited to: schizophrenia;
bipolar disorder; major depressive episode requiring hospital admission, electro-convulsive
therapy (ECT) or antipsychotic treatment.

2.6 Life course variables
Measures that were collected as part of the main NSHD study at various time points across the
life course and are used in analyses throughout this body of work either as a main predictor of
interest or potential confounder are described in detail in sections 2.6.1 - 2.6.11.

2.6.1

Blood pressure

BP was measured in the upper arm twice seated after 5 minutes of rest at ages 36, 43, 53, 6064 and 69 years. At ages 36 and 43 years a Hawksley Random Zero sphygmomanometer was
used and at 53, 60-64 and 69 years an Omron HEM-705 automated digital oscillometric
sphygmomanometer was used. To ensure compatibility between earlier and later
measurements, published conversion equations were applied to measurements taken on the
Random zero sphygmomanometer [325]. The second measure was used for analyses; only if this
was missing was the first value used. A binary hypertension value was defined as either a BP >
140/90 or a clinical diagnosis of hypertension.

2.6.2

Body mass index

Height and weight measurements were collected at ages 36, 43, 53, 60-64 and 69 years. Body
mass index (BMI) was defined as the weight in kilograms divided by the height (using metres2).
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2.6.3

Abdominal circumference

A trained research nurse measured abdominal circumference (AC) at age 36, 43, 53, 60-64 and
69 years according to a standardised protocol. A measuring tape was applied at the level
corresponding to the midpoint of the costal margin and iliac crest, in line with the mid-axilla,
with the participant standing straight looking ahead. The AC was measured twice to the nearest
mm and an average calculated from the two measures.

2.6.4

Smoking

Smoking status was established by postal questionnaire at age 68 years and was defined as:
never-smoked; ex-smoker; current smoker. If this information was missing it was derived from
a similar questionnaire administered at age 60-64 years.

2.6.5

Cholesterol status

Hypercholesterolaemia was defined based on cholesterol medication usage established by
medical personnel at the Insight 46 visit and/or a random total cholesterol > 5 mmol/l collected
at the home visit at age 69 years. Random total cholesterol is shown to correlate closely with
fasting total cholesterol [326] with recent guidelines recommending the usage of random total
cholesterol to assess cardiovascular risk, with a level above 5 mmol/l considered to be raised
[327].

2.6.6

Diabetes status

Presence of diabetes was determined based on the usage of oral hypoglycaemics or injected
insulin acquired from the medication history collected at the Insight 46 study visit and/or an
HbA1c > 6.5% and/or a self-reported diagnosis of diabetes collected at the home visit at age 69
years. HbA1c was measured with high-performance liquid chromatography using the Tosoh A1c
2.2 analyser (Tosoh, Tokyo, Japan).
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2.6.7

Blood pressure lowering medication

Information on regularly prescribed medication was collected by the research nurse at age 36,
43, 53, 60-64 and 69 years, and by the study clinician at the Insight 46 study visit at age 70 years.
Written lists provided by the participant were preferred rather than relying on verbal recall.
Where data were missing from the nurse interview at age 60-64 years, it was substituted for the
same information collected by postal questionnaire also collected at age 60-64 years.
Medications were coded by brand name and then standardised to generic pharmaceutical
names and grouped by BNF code and chapter. A binary variable was then derived following
interrogation of the data defining whether a participant was taking blood pressure lowering
medication at a given age. Medication classes included diuretics, calcium channel blockers, ACE
inhibitors, angiotensin receptor blockers, beta-blockers and nitrates.

2.6.8

APOE status

The three APOE alleles (ε2, ε3, ε4) are differentiated by two single nucleotide polymorphisms
(SNPs):

rs7412

and

rs429358.

Genotyping

was

carried

out

by

KBioscience

(www.lgcgenomics.com) on DNA extracted at the 60-64 year visit and was repeated for all
participants with a sample collected at the Insight 46 visit to minimise missing data points,
resulting in 500 individuals with known APOE status.

2.6.9

Educational attainment

The highest level of educational qualification achieved by age 26 was grouped according to the
Burnham scale (Department of Education and Science, 1972) into 8 categories (from none
attempted to higher degree). From this scale they were sub-divided into five groups: no
qualification, below ordinary secondary qualifications (vocational), ordinary secondary
qualifications (‘O’ levels and their training equivalents), advanced secondary qualifications (‘A’
levels and their equivalents), or higher qualifications (degree or equivalent).
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2.6.10 Childhood measures of cognition

At ages 8, 11 and 15 years participants were tested in a school setting using tests of verbal and
non-verbal ability devised by the National Foundation for Educational Research.

At age 8 these tests were: (1) reading comprehension; (2) word reading; (3) vocabulary; and (4)
picture intelligence (a 60-item non-verbal reasoning test).

At age 11 the tests comprised: (1) Alice Heim Group Ability Test (AH4), an 80 item timed test,
assessing verbal intelligence and non-verbal ability; (2) word reading; (3) vocabulary; and (4)
arithmetic test.

At age 15 these tests were: (1) Alice Heim Group Ability Test (AH4), a 130 item timed test, with
separate verbal and non- verbal sections; (2) The Watts-Vernon reading test, a test of reading
comprehension; (3) A 47 item mathematics test.

At each age the four separate scores were standardised to a mean of 0 and a SD of 1; these
scores were then summed and re-standardised to create a global measure of intelligence at each
age. A summary variable of childhood cognition was derived using the average scores of the
three ages (8, 11 and 15). If the data were only available for two ages, the summary variable was
derived using this average [328].

2.6.11 Socioeconomic position

Socioeconomic position (SEP) was defined according to the UK Registrar-General’s Classification
of social classes, which were introduced in 1913 and renamed in 1990 as Social Class based on
Occupation. There are six categories: I professional, II managerial and technical, IIINM skilled
non-manual, IIIM skilled manual, IV partly-skilled manual, V unskilled manual. For the purposes
111

of analyses within this thesis, participants were subdivided into two groups: non-manual
(categories I, II, IIINM) and manual (IIIM, IV, V). Adult SEP was defined by own occupation at age
53. Childhood SEP was based on father’s social class at age 11 or, if unknown, at age 4 or 15
years.

2.7 Statistical analysis
All analyses were performed in Stata v.14.1. Statistical significance in all cases was set at p<0.05.
Specific statistical analyses applied in each experiment will be discussed in their respective
chapters. However the approach used when analysing WMHVs warrants further description.

2.7.1

Modelling approaches when treating white matter hyperintensity volume as the
dependent variable

There are two issues that arise when modelling WMHV as a continuous variable: 1) it is not
normally distributed; 2) the assumption of a fixed variability is unlikely to hold since with
increasing volumes, variance caused by measurement error is likely to increase. As such,
standard linear regression models cannot be used because the assumption of normal
distribution with constant variance is not met.

In many studies assessing the relationship between BP and subsequent white matter disease
this is not an issue as visual rating scales are used rather than WMHV [63,329–331]. Others
dichotomise volumetric data into severe white matter disease versus not [155,332]. However,
by binarising the data, information is lost which may be relevant. The most frequently used
approach when using WMHV as a continuous variable is to apply a transformation so the data
is approximately normally distributed. Most commonly a single log-transformation has been
applied [333,334], although other approaches including the inverse hyperbolic sine
transformation have been used [23]. There are several potential problems when applying a
112

transformation. First, caution must be taken when interpreting the coefficients derived from a
linear regression model with a transformed output [335]. For example, when using a log
transformation the model relates to the effects of predictors on the geometric mean of the
dependent variable [336]. Secondly, some transformations such as the log are undefined when
WMHV has a value of zero. Whilst this is unlikely when assessing global WMHV, it becomes more
problematic when looking at regional values where null values are encountered. Finally, when
using a log transformation values close to zero have a relatively large influence. This is a problem
within this cohort as a significant proportion have relatively little white matter burden and
variation within these smaller values in large part represent measurement error rather than
underlying differences in WMHV.

An alternative approach is to use a generalised linear model (GLM), which allows a range of nonnormal distributions for the dependent variable. For WMHV an appropriate choice is the gamma
distribution as this takes positively skewed non-negative values, with variance proportional to
the square of the means (i.e. it allows for heteroscedasticity) [337]. A GLM also requires a link
function to specify the relation between the mean of the outcome and the set of predictors. The
gamma distribution commonly uses a log link, which means that predictors have a multiplicative
effect on the mean of the dependent variable, although other link functions can be used. I
explored the appropriateness of different link function for WMHV and found the log link
generally provided the best fit so this was used for all models. In each model, diagnostics were
run to ensure an appropriate fit. Suitability of the gamma distribution was assessed using the
modified Park test, whilst appropriateness of the log link was determined using the Pearson
correlation test, Pregibon link test and modified Hosmer and Lemeshow test. To check model fit
and explore outliers plots of Pearson residuals against fitted values, and plots of Pearson
residuals against the main predictor were inspected and the normality of residuals assessed by
probit plotting
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3. BaMoS validation in Insight 46
3.1 Introduction
Accurate quantification of WMH is required to investigate their causes and contributions to
cognition and neurological disorders. The gold standard for WMH identification is manual
segmentation. This can either be performed using a full manual lesion outlining approach or a
semi-automated lesion delineation technique, which combines operator lesion identification
with an intensity threshold [241]. Unfortunately both approaches are time consuming and prone
to intra- and inter-rater variability, particularly in areas of diffuse WMH. This results in poor
reproducibility and repeatability, and renders them impractical for large-scale studies [241,338].
Automated techniques for WMH segmentation provide an alternative approach. Development
of reliable methods is challenging, particularly when they are used for quantifying age-related
WMH, which often have ill-defined borders.

The automated Bayesian Model Selection (BaMoS) method has been developed in-house and
has previously been shown to perform well against other freely-available automated
segmentation techniques for quantification of MS-related lesions and age-related WMH [243].
To determine the accuracy of BaMoS using scans acquired with the Insight 46 imaging protocol,
a validation study was carried out, comparing the performance of BaMoS against manual
segmentation, using a semi-automated threshold technique.

There are a wide range of evaluation measures that can be used for determining the quality of
a segmentation technique, comprehensively summarised by Taha and Hanbury 2015 [339].
When considering age-related white matter lesions, lesion volume has been found to relate to
clinical outcome and subsequent cognitive decline [340], as has lesion location [341]. As such, it
is important to consider both volume and spatial agreement when assessing a white matter
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segmentation approach. A description of the similarity measures used in this validation study
are summarised below.

3.2 Similarity assessment strategies
Pearson’s correlation coefficient can be used to assess the volume agreement between
segmentations but provides no information on the spatial similarity between the two measures.

The Dice Similarity coefficient (DSC), first proposed by Dice [342] is a popular measure used to
determine agreement with the gold standard, via the assessment of spatial overlap between the
two approaches. A DSC value ranges from 0, demonstrating no spatial overlap between two
sets of binary segmentation results, to 1, demonstrating complete overlap. It is defined as:

DSC =

%#1 (234 ∩ 637)
#1 234##1 637

%89

= %89#:9#:;

Where TP = true positive, FP = false positive, FN = false negative

However, it is not without limitations: it is sensitive to the lesion load, with the same amount of
volumetric misclassification affecting small lesion loads more than large lesion loads [343], and
lesion shape [339,344]. Furthermore, the DSC, as with other metrics that include a distance
assessment are prone to overestimation of errors when imaging protocols use thick slice images.
This is now less of an issue with the use of volumetric sequences. A better approach than using
a single similarity measure is to use a combination of measures, each with their own strengths
and limitations, which interpreted together can provide a better understanding of potential
disagreements (see Figure 3-1 which demonstrates this graphically).
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Figure 3-1 Metrics that fail to discover boundary errors. In A, the star is compared with a circle and in B the same
star is compared with another star of the same dimensions, rotated so that the resulting overlap errors (FP and
FN) are equal in magnitude in both cases. All metrics that are based on FP and FN (overlap-based metrics e.g, the
Dice coefficient) are not able to discover that the two shapes in B are more similar to each other than those in A.
On the contrary, all spatial distance based metrics discover the similarity and give B a higher score than A. Used
under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0), from [339]

Segmentation quality can be assessed using either voxelwise, or cardinal (per lesion)
approaches. Combined voxelwise and cardinal approaches have more recently been developed
so that they are less dependent on the volume of lesion burden than the Dice coefficient [345].
Below I provide definitions of the other metrics used in this validation study.

Voxelwise only
Average distance (AvDist): This measures the average distance (in millimetres) between the two
lesion outlines (reference versus automated) and is therefore particularly helpful at investigating
boundary discrimination. The value is 0 for a perfect segmentation. However this assessment
measure cannot be used when one of the lesion volumes is not defined.

Both voxel and cardinal definitions
True positive rate (TPR): Also known as sensitivity. This can be defined either at the voxel or
cardinal level. Values range from 0 to 1 (1 is best). Suboptimal segmentation can still generate a
perfect score on the TPR if errors are exclusively false positives. It is defined as:
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TPR =

89
89#:;

or

#89
#234

False positive rate (FPR): The converse of the TPR which can also be defined in voxelwise or
cardinal version and has a range from 0 to 1 (0 is best).

:9

FPR = :9#8; = 1 – TNR or alternatively

#:9
"*#234

True negative rate (TNR): also known as specificity. It can be defined in voxelwise or cardinal
form, and has a range from 0 to 1 (1 is best).

8;

TNR = 8;#:9

False negative rate (FNR): Again defined at the voxelwise or cardinal level (best value 0, range
0;1).

:;

#:;

FNR = :;#89 = 1- TPR or alternatively #234

In the cardinal form of TPR and FPR, outline errors are ignored as lesions are only counted
once, and therefore errors on very small lesions, which are generally harder to detect, are
emphasised. In view of the equivalence of specificity and FPR, and sensitivity and FNR, it is
sufficient to use just sensitivity and specificity for validation purposes.

Combined voxelwise and cardinal definitions
Detection error (DE): the number of voxels that belong to false positive (cardinal) and false
negative (cardinal), i.e. number of voxels that belong to connected elements that are either
totally false positive or totally false negative (see Figure 3-2).
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Outline error rate (OER): the ratio between the volume of voxelwise error found for the true
positive components and the reference volume.

OE/TotF: the proportion of total error (TotF) that is related to outline error.

OEFP/FP: the proportion of false positives related to outline error (see Figure 3-2).

OEFN/FN: the proportion of false negatives related to outline error (see Figure 3-2).

a)

b)

c)

Figure 3-2 Examples of outline error and detection error. a) Reference segmentation. b) Examples of false
negatives, represented in red. Red voxels in the large square are examples of outline error, whilst the red voxel in
the lower right corner is an example of a detection error. c) Examples of false positives, represented in red. Red
voxels in the large square are examples of outline error, whilst the red voxel on the left edge represents
detection error. Green in b) and c) represents true positives.

3.3 Methods
30 volumetric FLAIR scans were selected from the first 240 Insight 46 participants whose scans
had passed QC and had radiological reads, performed by a consultant neuroradiologist. These
were selected to reflect a range of WMH burdens from minimal to severe. These were biascorrected and registered to the T1 space via the automated pipeline described in section 2.3.1.
Two trained raters (myself and JB) segmented WMH according to a semi-automated protocol
using the in-house software NiftyMIDAS v17.05 that allows simultaneous viewing of T1 and
FLAIR images and segmentation. This protocol has been developed in-house by Cassidy Fiford
and extended for use in volumetric images by Josephine Barnes (JB). In brief, the FLAIR sequence
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was used in the axial plane with the T1 used for corroboration. Seeds were placed manually in
putative WM lesions and automatically outlined using a two threshold (defined as a % of median
brain intensity) approach, with a higher intensity threshold for WMH with uncertain boundaries
and a lower intensity threshold for WMH with definite boundaries. WMH within the posterior
corona radiata were segmented using the higher threshold due to the potential for high signal
artefacts observed in that region. Any lesions that did not reach the intensity threshold but were
considered by the rater to represent WM lesions, confirmed by corresponding hypointensity on
the T1 scan, were outlined using a variable intensity threshold determined by the rater, followed
by manual editing. This resulted in up to three regions per scan relating to each of the two
standard thresholds and the freehand region, which were then merged. Thresholds were based
on the median whole brain intensity, which was calculated using a brain mask generated using
BMAPS [304] on the T1 image and then copied over to the FLAIR image.

These 30 scans were then processed using BaMoS, as described in section 2.4.2. I visually
reviewed all automated segmentations to check for obvious mis-segmentation.

Inter-rater reliability was assessed by comparing the semi-automated segmentations performed
by myself and JB. Secondly, I compared BaMoS to each rater’s semi-automated segmentations.
These analyses were performed in NiftyNet that produces similarity measures (including the
Dice coefficient, true positive rate, true negative rate, detection error, and outline error rate).
Estimates of global WMHV were compared between raters and between BaMoS and raters using
the Pearson’s R2 correlation coefficient and the slope of the linear regression. Bland-Altman
plots were used to graphically compare BaMoS WMH estimates with the semi-automated
estimates; the difference between the two volumes from the two techniques was plotted
against the mean of the two volumes. This was also done to compare estimates between the
semi-automated segmentations of both raters.
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The spatial differences between BaMoS and segmentations performed by myself were displayed
in bullseye plots (a description of how they were generated is provided in section 2.4.2)
examining outline errors and detection errors (both false positives and negatives), plotted as
proportions of true positive WMH volume.

3.4 Results
By design there was a wide range of WMH volumes across the 30 selected scans as estimated
by the semi-automated segmentations (range = 0.4 ml - 25.4ml; median 3.2 ml; IQR 1.6 ml, 5.5
ml) broadly in line with WMH volumes across the complete Insight 46 cohort (range 0.3 ml 33.7ml; median 3.1 ml; IQR 1.6ml, 6.8ml, see chapter 4).

There was a high level of agreement between the two raters’ semi-automated segmentations
(R2 0.999, mean DSC 0.94) (Table 3-1, Figure 3-3, Figure 3-5 and Figure 3-7). Consequently
comparisons between semi-automated segmentations and BaMoS estimates are presented
using my data alone.

There was excellent agreement between the automated and semi-automated volumes (CL
versus BaMoS R2 0.99) although BaMoS had a tendency to overestimate lesion volume (β
coefficient 1.10) (right-hand column, Table 3-1; Figure 3-4). Spatial agreement was excellent
with a mean Dice coefficient of 0.71 between the semi-automated segmentation and the
automated segmentation. Lesion detection sensitivity was 86%. The majority of false positives
and negatives were related to outline error (OE/TotF 63%). Detection errors were small (mean
DE 0.78 ml). As expected, Dice coefficients were sensitive to lesion volume, improving with
greater global volumes (mean DSC 0.55 for global WMHV <1 ml; 0.68 for global WMHV 1-5 ml;
0.84 for global WMHV >5ml) (Table 3-2).
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The Bland-Altman plot comparing volumes between the two raters shows a good distribution of
points above and below the mean difference line, with the mean difference close to zero (Figure
3-7). The Bland-Altman plot between the automated and semi-automated estimates shows a
tendency for the automated technique to overestimate WMH, particularly at higher volumes of
WMH (Figure 3-8).

Relative to the semi-automated segmentation, BaMoS exhibited different regional patterns of
“errors” (outline error and detection error), demonstrated graphically in bulls-eye plots (Figure
3-9, Figure 3-10, Figure 3-11 and Figure 3-12). There was no regional predilection to false
positive outline errors (OEFP) (Figure 3-9). The frontal periventricular WM layer was particularly
prone to false negative outline errors (OEFN), suggesting the BaMoS algorithm, whilst effective
at identifying them, had a tendency to undersegment the frontal periventricular caps compared
to the semi-automated segmentation (Figure 3-10). False positive detection errors (DEFP) were
particularly found in the BGIT region, indicating the BaMoS algorithm was more prone to
misidentifying regions as WMH in the basal ganglia and infra-tentorial regions (Figure 3-11).
False negative detection errors (DEFN) were predominantly in the frontal juxta-cortical region
(Figure 3-12), meaning the BaMoS algorithm was less good at identifying WMH lesions as such
in this area.
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Measure

Manual (JB:reference)
vs manual (CL)

Manual (CL:reference)
vs BaMoS

Mean (s.d.)

Mean (s.d.)

Min.,Max.

Min.,Max.

0.94 (0.029)

0.71 (0.11)

0.88, 0.99

0.54, 0.91

0.94 (0.036)

0.86 (0.10)

0.86, 0.99

0.59, 0.97

1.0 (0.0)

1.0 (0.0)

1.0, 1.0

1.0, 1.0

0.40 (0.31)

3.67 (2.21)

0.088, 1.31

0.85, 8.75

0.099 (0.048)

0.78 (0.37)

0.029, 0.19

0.23, 1.78

0.087 (0.044)

0.33 (0.10)

0.014, 0.17

0.15, 0.61

0.80 (0.12)

0.63 (0.15)

0.48, 0.95

0.31, 0.85

0.53 (0.16)

0.58 (0.19)

0.29, 0.88

0.13, 0.83

0.78 (0.15)

0.79 (0.13)

0.41, 0.98

0.40, 0.96

Pearson R2

0.999

0.99

b coefficient

0.98

1.10

DSC
Sensitivity (TPR)
Specificity (TNR)
AvDist (mm)
DE (ml)
OER
OE/TotF
OEFP/FP
OEFN/FN

Table 3-1 Similarity metrics comparing WMH segmentations between raters and between semi-automated
segmentation (rater CL) and BaMoS. DE, detection error; DSC, Dice similarity coefficient; Min, minimum; Max,
maximum; OE, outline error; OEFN, outline error false negative; OEFP, outline error false positive; OER, outline
error ratio; s.d., standard deviation; TotF, total number of false positive and negative voxels; TNR, true negative
rate; TPR, true positive rate; WMH, white matter hyperintensity
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Measure

DSC
Sensitivity (TPR)
Specificity (TNR)
AvDist (mm)
DE (ml)
OER
OE/TotF
OEFP/FP
OEFN/FN

<1ml, n=3

1-5ml, n=18

>5ml, n=9

Mean (s.d.)

Mean (s.d.)

Mean (s.d.)

Min., Max.

Min., Max.

Min., Max.

0.55 (0.01)

0.68 (0.07)

0.84 (0.05)

0.54, 0.57

0.55, 0.80

0.78, 0.91

0.71 (0.10)

0.85 (0.09)

0.93 (0.02)

0.59, 0.77

0.69, 0.97

0.90, 0.96

1.0 (0.0)

1.0 (0.0)

1.0 (0.0)

1.0, 1.0

1.0, 1.0

1.0, 1.0

6.80 (2.96)

4.03 (1.79)

1.77 (0.90)

3.39, 8.75

1.72, 8.09

0.85, 2.99

0.36 (0.18)

0.80 (0.42)

0.88 (0.20)

0.24, 0.57

0.23, 1.78

0.52, 1.19

0.44 (0.16)

0.36 (0.06)

0.24 (0.06)

0.29, 0.61

0.24, 0.50

0.15, 0.30

0.50 (0.19)

0.59 (0.14)

0.74 (0.10)

0.31, 0.70

0.31, 0.81

0.60, 0.85

0.45 (0.17)

0.53 (0.19)

0.70 (0.13)

0.29, 0.63

0.13, 0.82

0.52, 0.83

0.63 (0.20)

0.77 (0.11)

0.89 (0.05)

0.40, 0.80

0.56, 0.93

0.76, 0.96

Table 3-2 Similarity metrics comparing WMH segmentations between semi-automated segmentations (rater CL)
and the automated BaMoS algorithm, sub-divided by total WMH volumes (<1ml, 1-5ml, >5 ml). DE, detection
error; DSC, Dice similarity coefficient; Min, minimum; Max, maximum; OE, outline error; OEFN, outline error false
negative; OEFP, outline error false positive; OER, outline error ratio; s.d., standard deviation; TotF, total number
of false positive and negative voxels; TNR, true negative rate; TPR, true positive rate; WMH, white matter
hyperintensity
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Manual segmentation (CL) (mls)
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R2 = 0.999
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Manual segmentation (JB) (mls)
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Figure 3-3 Plot of WMH volumes from semi-automated segmentations (rater JB versus rater CL), with line of best
fit and line of equality. WMH, white matter hyperintensity

R2 = 0.99

Figure 3-4 WMH volumes from semi-automated segmentation (rater CL) plotted against WMH volumes generated
by BaMoS, with line of best fit and line of equality. WMH, white matter hyperintensity
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Figure 3-5 Dice coefficients between the WMH semi-automated segmentations (rater JB vs CL) plotted against
global WMH volume (as determined by JB manual segmentation). DSC, Dice coefficient; WMH, white matter
hyperintensity.
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Figure 3-6 Dice coefficients between the WMH semi-automated segmentation (rater CL) and the automated
BaMoS algorithm plotted against global WMH volume (as determined by the semi-automated segmentation).
DSC, Dice coefficient; WMH, white matter hyperintensity
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Figure 3-7 Bland-Altman plot comparing the mean volume calculated from the semi-automated segmentation
(CL) and semi-automated segmentation (JB) versus the difference between the two volume measures. The solid
line represents the mean difference and the dashed lines +/- 2 s.d. s.d., standard deviation

Automated seg (mls) - Manual Seg (mls)
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Mean of manual and automated segmentation techniques (ml)
Figure 3-8 Bland-Altman plot comparing the mean volume calculated from the semi-automated segmentation
(CL) and BaMoS versus the difference between the two volume measures. The solid line represents the mean
difference and the dashed lines +/- 2 s.d. s.d., standard deviation
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Figure 3-9 Bulls eye plot demonstrating the regional distribution of false positive outline errors (OEFP) between
the manual segmentation (CL – the reference segmentation) and the automated BaMoS algorithm. The inner
circle represents peri-ventricular regions and the outer circle represents juxta-cortical regions. ‘Front’ frontal
lobe; ‘Par’ parietal lobe; ‘Temp’ temporal lobe; ‘Occ’ occipital lobe; ‘BGIT’ basal ganglia, infra-tentorial and
thalamic structures; OEFP, outline error false positive.

Figure 3-10 Bulls eye plot demonstrating the regional distribution of false negative outline errors (OEFN) between
the manual segmentation (CL – reference segmentation) and the automated BaMoS algorithm.The inner circle
represents peri-ventricular regions and the outer circle represents juxta-cortical regions. ‘Front’ frontal lobe; ‘Par’
parietal lobe; ‘Temp’ temporal lobe; ‘Occ’ occipital lobe; ‘BGIT’ basal ganglia, infra-tentorial and thalamic
structures; OEFN, outline error false negative.
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Figure 3-11 Bulls eye plot demonstrating the regional distribution of false positive detection errors (DEFP)
between the manual segmentation (CL – reference segmentation) and the automated BaMoS algorithm. The
inner circle represents peri-ventricular regions and the outer circle represents juxta-cortical regions. ‘Front’
frontal lobe; ‘Par’ parietal lobe; ‘Temp’ temporal lobe; ‘Occ’ occipital lobe; ‘BGIT’ basal ganglia, infra-tentorial
and thalamic structures; DEFP, detection error false positive.

Figure 3-12 Bulls eye plot demonstrating the regional distribution of false negative detection errors (DEFN)
between the manual segmentation (CL – reference segmentation) and the automated BaMoS algorithm. The
inner circle represents peri-ventricular regions and the outer circle represents juxta-cortical regions. ‘Front’
frontal lobe; ‘Par’ parietal lobe; ‘Temp’ temporal lobe; ‘Occ’ occipital lobe; ‘BGIT’ basal ganglia, infra-tentorial
and thalamic structures; DEFN, detection error false negative.
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3.5 Discussion
In this study, I assessed the performance of BaMoS, an unsupervised automated approach to
WMH estimation, and found that it agreed very well with gold standard semi-automated
segmentations, supporting its use in subsequent work in this thesis.

The semi-automated segmentations performed by myself and another rater had a high level of
agreement. This confirms that the in-house semi-automated segmentation protocol, using a
combination of intensity threshold based segmentation and freehand segmentation, whilst time
consuming, has high inter-rater reliability.

The automated technique had a sensitivity of 86% and specificity of 100%, using my semiautomated segmentations as the reference ‘gold standard’. Whilst a specificity of 100% is
excellent, it is of little value in this case as the parameters are strongly influenced by the number
of true negatives, which in this case is relatively large, since that value inevitably closely aligns
with global white matter volume. Comparing lesion volumes between the two techniques
showed close correlation although BaMoS had a tendency to overestimate the volume of WMH.
Visual review of the scans suggested this may in part relate to false positive outline error,
particularly in those WM lesions with poorly defined borders. Since using an intensity threshold
in the semi-automated technique may underestimate WMH in borderline intensity regions, this
may, in part, represent a limitation of the semi-automated technique, rather than a failing of
BaMoS. The more complex modelling used in BaMoS may be better at delineating the border
between ‘healthy’ and ‘unhealthy’ WM, to the extent that the border can be defined, when in
many cases it is unlikely to have a step-wise cut off.

The BaMoS automated segmentation technique demonstrated excellent spatial overlap with the
semi-automated segmentation, generating an average Dice coefficient of 0.71. Although there
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are no commonly accepted definitions of what constitutes an acceptable Dice coefficient for
WMH, values over 0.7 are generally considered to be “excellent” [346]. Landis and Koch defined
Dice coefficients over 0.4 as “moderate”, 0.6 and above as “substantial” and over 0.8 as “almost
perfect” [347]. Even at small volumes of WMH less than 1ml, when the Dice coefficient is
particularly sensitive to any spatial misalignment, BaMoS achieved a good mean Dice coefficient
of 0.55.

The majority of error (both false positives and negatives) was related to outline error. The bulls
eye plots demonstrated that false negative outline errors are focused around the frontal
ventricular caps, possibly due to mis-classification of WMH as CSF. There did not appear to be a
regional predilection to false positive outline errors.

The overall extent of detection error (i.e. total volume of lesions either missed or mis-identified
as WMH) was small in automated segmentations. False positive detection errors were
particularly focused in the basal ganglia and infra-tentorial regions, and to a lesser extent the
temporal regions, all of which are susceptible to artefact and therefore require a high certainty
threshold to be segmented as WMH in the semi-automated segmentation protocol. False
negative detection errors on the other hand were focused in the outer zone of the frontal lobes.
This is likely due to a residual bias field observed in the bias-corrected FLAIR image, influencing
voxel intensities in the frontal lobes making small WMH harder to identify. Many small frontal
lobe WMH lesions were not picked up using either of the thresholds used in the semi-automated
segmentation and had to be outlined using a rater-determined threshold.

Whilst no major mis-segmentations were identified, it was noted that the most consistent nonWMH mis-segmentation was within the choroid plexus. Whilst the error in segmentation was
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small, in cases where the choroid plexus was entirely mis-classified as WMH, it was determined
that these should be manually edited, a protocol that was applied for all subsequent analyses.

This validation study demonstrates the reliability of the automated BaMoS technique in
segmenting WMH volume using the volumetric Insight 46 FLAIR sequence, justifying its use in
the remaining work described in this thesis.

132

4. Describing the study members in Insight 46 at age ~70 years
4.1 Introduction
In this chapter I provide an overview of those study members who participated in Phase 1 of
Insight 46, including key demographic information, a summary of their vascular risk profiles at
age ~70 years, and key imaging measures including amyloid status, white matter hyperintensity
volumes (WMHV) (and their regional distribution) and whole brain and hippocampal volumes
that are treated as both dependent and independent variables in subsequent separate analyses
within this thesis. I also describe the prevalence of two other imaging markers of cerebral SVD,
lacunes/subcortical infarcts and cortical microbleeds (a consequence of both arteriolosclerosis
and CAA) in Insight 46 individuals.

Because a major theme of this thesis concerns how vascular risk factors, particularly raised BP
and obesity, influence subsequent cerebral pathology, including fibrillar b-amyloid (investigated
in detail in chapters 5, 6 and 7), risk profiles are summarised according to amyloid status.
Additionally, since b-amyloid pathology can be associated with detectable neurodegeneration,
WMH and changes in cognition prior to development of overt cognitive symptoms [23,26],
imaging and global cognition measures are also summarised according to amyloid status.
Associations between b-amyloid, imaging and cognitive measures are explored in more depth
in chapters 8 and 9.

Although all individuals recruited to Insight 46 were intended to have brain imaging, the entire
protocol was inevitably not completed in all cases, resulting in incomplete data for some
individuals. Scanning can be difficult for certain people, with the commonest reason relating to
claustrophobia, which has been reported to be more common in individuals who are better
educated and of higher socioeconomic position [348]. If this is the case in Insight 46, data will
not be missing completely at random, and the resulting selection bias can cause biased
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inferences to be made. Therefore, demographic information is also compared between those
who completed scanning and those who did not.

Insight 46 was primarily intended to be a study of cognitive ageing in cognitively normal
individuals (at outset). Cognitive impairment or a diagnosis of dementia however was not a
specific exclusion criteria to try to maintain representativeness, but may influence whether an
individual is included in subsequent analyses, depending on the hypothesis being tested. I
therefore also describe the cognitive phenotypes of Insight 46 individuals and whether they
have any major neurological or psychiatric conditions, or imaging findings that might preclude
inclusion in particular analyses.

The NSHD was designed to be a representative cohort reflective of the population of mainland
Britain in 1946. By recruiting individuals from the NSHD, the aim was to ensure the study remains
representative. However, to take full opportunity of life course data only individuals who had a
minimum life course data set, including attending a clinic visit at age 60-64 years were included,
which is another potential source of selection bias. It has previously been reported that those
who attended the clinic visit at 60-64 years were more likely to have higher educational
attainment, but did not differ in previously measured physical performance or health indicators
from those who did not undergo this assessment [19]. To explore representativeness of those
study members in Insight 46 compared with the full cohort, key demographic and health
information was compared between Insight 46 participants and NSHD members who completed
the last home visit at age 68-69 years.

4.2 Methods
Key demographics of the individuals who completed an Insight 46 assessment are summarised.
Differences between individuals who completed the scanning protocol and those that did not
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are compared using unpaired t-tests for continuous normally distributed variables, MannWhitney U test for non-normally distributed variables and Chi2 tests for categorical variables.
Major psychiatric and neurological conditions in Insight 46 participants are described, as is their
cognitive status (cognitively normal, MCI, dementia).

Important imaging outcomes, which are used in subsequent chapters, are summarised
according to amyloid status (whole brain volume (WBV), mean hippocampal volume (HV), global
white matter hyperintensity volume (WMHV)), as are the cross-sectional vascular risk profiles
of individuals. Unadjusted differences between groups were tested using unpaired t-tests for
continuous normally distributed variables (except for imaging measures which were compared
using linear regression models adjusted for gender and, where appropriate, TIV), Mann-Whitney
U test for non-normally distributed variables and Chi2 tests for categorical variables.

Global and regional WMHVs are described and regional differences investigated using the
Wilcoxon matched-pairs signed-ranks test. For the description of WMHVs, only participants who
passed T1, FLAIR and BAMOS QC were included, and participants in whom the BAMOS algorithm
included WMH that were not considered to be caused by underlying cerebral SVD (such as
demyelination, cortical strokes, and vascular malformations) were excluded. The frequency of
lacunes, subcortical infarcts and microbleeds (and topography) in Insight 46 individuals is also
described.

To investigate how representative study members in Insight 46 are compared with the rest of
the cohort still in active follow-up, participant demographics including sex, educational
attainment, childhood and adult SEP, childhood cognition, APOE ε4 allele status and self-rated
health at age 68 were compared between the 502 Insight 46 participants and all 2149 individuals
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who undertook a NSHD home visit at age 68-69 years. Linear regression was used for continuous
variables and the Chi2 test for categorical variables.

The definition of variables used in this descriptive chapter were all described in detail, including
how they were derived, in sections 2.4, 2.5, and 2.6.

4.3 Results
4.3.1

Demographics of study members in Insight 46

Of the 502 (51.3% male) participants who attended a study visit for Phase 1 of Insight 46, 471
(93.8%) successfully completed combined PET/MR scanning (31 declined/did not tolerate
scanning primarily due to claustrophobia). The study members were, by design, extremely
closely matched in age at time of assessment (mean 70.7+0.7 years). They were, generally, a
cognitively-normal cohort with mean MMSE score of 29.3/30. The mean standardised childhood
cognitive score of 0.44 (which was normalised to a mean of 0, standard deviation of 1 across the
cohort) suggests that study members recruited into Insight 46 were, on average, more
intelligent compared to the NSHD cohort as a whole. Study demographics are summarised in
Table 4-1, and did not significantly differ between those who completed the imaging protocol
and those who did not.

86/460 (18.7%) with useable amyloid-PET data were defined as amyloid positive at an SUVR cutoff of 0.6104. Age at scanning, global WMHV, and WBV were not significantly different between
amyloid positive and negative individuals. Mean HV was significantly smaller in amyloid positive
individuals (p=0.03), but this was not signficant when individuals with MCI and dementia were
excluded (p=0.12). A small, but statistically significant difference in MMSE was observed
between amyloid positive and amyloid negative individuals, with amyloid positive
individuals having a lower MMSE (p=0.008) (Table 4-2). The difference was attenuated but
136

remained statistically significant at the p<0.05 level when individuals with dementia and
MCI were excluded (p=0.03). As expected, significantly more amyloid positive individuals were
APOE e4 carriers than in the amyloid negative group (58.1 versus 22.7%, p<0.001).

Characteristic

Attended
study visit
(n=502)

Completed
PET/MR
scanning
(n=471)

Declined
scanning
(n = 31)

Male:Female (n:n)

256:246

241:230

15:16

0.8

Age at study visit (yrs), mean (s.d.)

70.7 (0.7)

70.7 (0.7)

70.8 (0.6)

0.4

Age at MRI scan (yrs), mean (s.d.)

70.7 (0.7)

70.7 (0.7)

NR

NR

Scan delay (months), median
(smallest, largest)

0 (0.0, 7.1)

0 (0.0, 7.1)

NR

NR

MMSE, mean (s.d.)/30

29.3 (1.0)

29.2 (1.0)

29.4 (1.0)

0.3

Non-manual (Class 426 (84.9)
I-IIIN)

400 (84.9)

26 (83.9)

0.9

Manual (Class
IIIM-V)

76 (15.1)

71 (15.1)

5 (16.1)

Higher degree or
equivalent

94 (18.7)

89 (18.9)

5 (16.1)

A level or
equivalent

179 (35.7)

166 (35.2)

13 (41.9)

O level or
equivalent

125 (24.9)

119 (25.3)

6 (19.4)

Below O level

26 (5.2)

23 (4.9)

3 (9.7)

No qualifications

78 (15.5)

74 (15.7)

4 (12.9)

Standardised childhood cognitive
score, mean (s.d.)

0.44 (0.64)

0.44 (0.64)

0.37
(0.65)

0.5

APOEε4 allele
number, n (%)
total n 500

0

352 (70.4)

328 (69.9)

24 (77.4)

0.4

1 or 2

148 (29.6)

141 (30.1)

7 (22.6)

Adult
socioeconomic
position, n (%)

Educational
attainment, n
(%)

p value

0.7

Table 4-1 Insight 46 demographics summarised as a complete group and according to whether individuals
completed the scanning protocol or not. Differences between those who completed scanning vs. those who did
not were compared using unpaired t-tests for continuous variables and the Chi2 test for categorical variables.
Data is incomplete for certain variables so the number of data points for a given variable is specified by total n.
MMSE, mini-mental state examination; n, number; NR, not relevant; s.d., standard deviation
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Characteristic

Aβ-negative

Aβ-positive

p value

Age at MRI scan, mean (s.d.) , total n
460

70.7 (0.7)

70.7 (0.6)

0.7

MMSE, mean (s.d.)/30, total n 460

29.3 (0.9)

28.9 (1.4)

0.008

SUVR, mean (s.d.), total n 402

0.53 (0.03)

0.69 (0.06)

<0.001

Total intracranial volume in ml, mean
(s.d.), total n 460

1426.2 (132.1)

1452.7 (132.6)

0.1

WMH volume in ml, median (IQR), total
n 447

2.9 (1.5, 6.5)

3.6 (1.8, 7.4)

0.6

Whole brain volume in ml, mean (s.d.),
total n 460

1095.4 (97.4)

1118.3 (106.3)

0.4

Mean hippocampal volume in ml, mean
(s.d.), total n 460

3.13 (0.33)

3.09 (0.34)

0.03

APOE ε4 allele
number, total
n 458

0, n (%)

289 (77.7)

36 (41.9)

1 or 2, n (%)

83 (22.3)

50 (58.1)

<0.001

Table 4-2 Insight 46 summary measures according to amyloid status. Differences between the groups were
compared using unpaired t-tests for continuous variables (except for imaging measures which were compared
using linear regression models adjusted for sex and, where appropriate, TIV), Mann-Whitney U test for nonnormally distributed variables and the Chi2 test for categorical variables. Data is incomplete for certain variables
so the number of data points for a given variable is specified by total n. IQR, interquartile range; MMSE, minimental state examination; n, number; s.d., standard deviation; SUVR, standardised uptake value ratio.

Six (1.2%) participants had a clinical diagnosis of a neurodegenerative condition. Two had a
clinical diagnosis of AD dementia, three a clinical diagnosis of Parkinson’s disease - one of whom
also had a diagnosis of epilepsy and was on active treatment with an antiepileptic drug (AED) and one had genetically-confirmed mild myotonic dystrophy. Two participants had a diagnosis
of multiple sclerosis with corresponding demyelinating lesions on T2/FLAIR imaging whilst a
further participant had an incidental finding of extensive demyelination on their MRI scan but
without corresponding clinical history. Nine participants (1.8%) had a clinical diagnosis of stroke
(one haemorrhagic), with a further ten (1.9%) participants having radiological evidence of
cortical stroke (one haemorrhagic). One participant had a previous subdural haemorrhage
requiring neurosurgery and one had had neurosurgery for an acoustic neuroma. Six (1.2%)
participants had a diagnosis of epilepsy and were taking an AED, and four (0.8%) had a diagnosis
of a major psychiatric disorder - two had bipolar disorder and two severe depression requiring
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electroconvulsive therapy. One participant had a diagnosis of major head injury with evidence
for corresponding parenchymal damage on structural imaging. One participant had a previous
diagnosis of hepatic encephalopathy secondary to previous liver cirrhosis that had been treated
with successful liver transplantation. One participant had an incidental finding of a small cortical
lesion which, in the context of a subsequent diagnosis of metastatic breast cancer, was thought
to represent a probable brain metastasis. This incidental finding was promptly reported as per
the Duty of Care protocol, and appropriate follow up arranged for the individual through their
GP and oncologist.

Based on the consensus criteria previously described, 488 (97.2%) participants were defined as
cognitively normal. 11 (2.2%) participants met research criteria for mild cognitive impairment
(MCI). 3 (0.6%) participants met criteria for dementia, two of whom had a clinical diagnosis of
AD, one of whom was previously undiagnosed. These three individuals were all defined as
amyloid positive according to amyloid-PET imaging.

4.3.2

Vascular risk profile of study members at age ~70 years in Insight 46

Across the whole Insight 46 cohort, 65.1% were defined as hypertensive and 79.9% defined as
having hypercholesterolaemia. 11.3% were defined as diabetic. 3.6% were current smokers, and
62.4% were ex-smokers. The mean BMI of study members was 27.8 (sd 4.6) with 69.9% defined
as overweight (BMI 25-30 ) or obese (BMI > 30) according to WHO guidelines [349]. In view of
the possible association between vascular risk factors and risk of dementia, the current vascular
risk profile of members in Insight 46 is summarised according to amyloid status in Table 4-3. No
significant differences were identified in vascular risk factors between the two groups.
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Characteristic

Aβ-negative

Aβ-positive

Male:Female (total), total n 460

186:188

47:39

0.4

Systolic blood pressure at 70 years in
mmHg, mean (s.d.), total n 459

136.9 (17.6)

137.1 (14.6)

0.9

Diastolic blood pressure at 70 years in
mmHg, mean (s.d.), total n 459

73.8 (10.7)

72.1 (9.7)

0.2

Hypertensive at 70 , n (%), total n 459

245 (65.5)

53 (62.4)

0.6

Hypercholesterolaemia at age 70, n (%),
total n 460

301 (80.5)

66 (76.7)

0.6

Diabetic at age 70, n (%), total n 456

40 (10.8)

11 (12.8)

0.6

Smoking
status at
age 68,
total n
460

Current smoker, n (%)

15 (4.0)

1 (1.2)

0.4

Ex-smoker, n (%)

226 (60.4)

56 (65.1)

Never smoked, n (%)

133 (35.6)

29 (33.7)

27.7 (4.5)

27.1 (4.6)

BMI at age 70, mean (s.d.), total n 460

p value

0.2

Table 4-3 Summary of vascular risk factors in amyloid positive and negative individuals in Insight 46. Data is
incomplete for certain variables so the number of data points for a given variable is specified by total n. BMI,
body mass index; n, number; s.d., standard deviation.

4.3.3

White matter hyperintensity volumes of study members in Insight 46

Study members in Insight 46 had a median global WMHV of 3.1 ml (IQR 1.6 ml – 6.8 ml) (n =
455). The frequency distribution of WMHV in the cohort is graphically demonstrated in Figure
4-1, demonstrating the wide non-normal distribution in volumes with a heavy skew towards
lower values less than 5 ml. Table 4-4 and Figure 4-2 and Figure 4-3 demonstrate the regional
differences in WMHV. Figure 4-2 and Figure 4-3 present the regional and relative distribution of
WMHV, and most clearly highlight the predominant frontal lobe location of WMH, significantly
higher than in other brain regions. The frontal burden is in part driven by the frontal lobe’s
relatively large size, since when the percentage of a given lobe’s white matter that is WMHV
(therefore adjusting for lobe size) is compared between lobes, differences are attenuated and
the proportion of frontal and occipital WM affected by WMH is not significantly different,
although both regions still have significantly more than the other lobes (Figure 4-4).
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Figure 4-1 Histogram demonstrating the distribution of WMHV in Insight 46. WMHV, white matter
hyperintensity volume

Region

WMH Volume (ml),
median (IQR)

Percentage of total
WMH, median (IQR)

Percentage of
WM in a given
region that is
WMH, median
(IQR)

Global

3.1 (1.6, 6.8)

-

-

Frontal

1.5 (0.8, 3.3)

49.4 (39.5, 59.7)

0.74 (0.38, 1.63)

Parietal

0.4 (0.2, 1.3)

14.0 (8.6, 21.5)

0.43 (0.16, 1.31)

Occipital

0.5 (0.3, 0.8)

15.8 (9.3, 24.3)

0.87 (0.46, 1.46)

Temporal

0.3 (0.1, 0.7)

10.3 (6.8, 14.1)

0.31 (0.16, 0.76)

Basal ganglia

0.2 (0.1, 0.3)

5.5 (.33, 8.3)

0.41 (0.23, 0.77)

Table 4-4 Summary of global and regional WMH volumes in Insight 46. IQR, interquartile range; WMH, white
matter hyperintensity
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Figure 4-2 Boxplot showing WMHV by brain region *temp
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Proportion of total WMH in a given lobe
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Figure 4-3 Boxplot showing relative distribution of total
WMHV for a given individual per brain region * p<0.001.
WMHV, white matter hyperintensity volume
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Percentage of abnormal WM in a given lobe
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Figure 4-4 Boxplot showing percentage of abnormal WM
(WMH) within the WM of a given region *p<0.001. WM,
white matter; WMH, white matter hyperintensity.

4.3.4

Lacunes and microbleeds

14 (3.0% of those with available imaging) individuals had at least one lacune (4 had two or more),
two of whom had a diagnosis of previous stroke. A representative image of a lacune is shown in
Figure 4-5. Three (0.6%) individuals had cerebellar infarcts. Seven (1.5%) individuals had areas
consistent with mature subcortical ischaemia (one of whom had a clinical diagnosis of previous
stroke). Only 10 (2.5% of those with available imaging) individuals had one or more microbleeds
identified on the T2* sequence (see Figure 4-6 for an example): 2 had a single cerebellar
microbleed, 2 had a single lobar microbleed (both frontal), 2 had two lobar microbleeds, 3 had
three microbleeds (in all cases both lobar and deep) and one had >3 microbleeds (all lobar). Of
these individuals, 3 (30%) were amyloid positive (one with a single lobar microbleed, and two
with two lobar microbleeds). The individual with >3 lobar microbleeds was amyloid negative
(global SUVR 0.59).
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Figure 4-5 Example of a lacune on T1-weighted (right), T2-weighted (middle) and FLAIR image (left panel) labelled
with a red arrow in a participant in Insight 46. It shows a central cavity with CSF-like intensity, surrounded by
hyperintensity apparent on the FLAIR image.

Figure 4-6 Example of a microbleed in the left occipital lobe of a participant in Insight 46, labelled with a red
arrow. The microbleed is hypointense on T2-weighted (left panel) imaging but is more prominent on the T2*weighted image (centre panel) and susceptibility weighted image (SWI) (right panel).
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4.3.5

Representativeness of study members in Insight 46 compared with the full cohort

A comparison was made between the 502 Insight 46 study members and the other 1647
individuals in the NSHD who undertook a home visit at age 69 years (see Table 4-5). Study
members in Insight 46 were on average better educated, were more likely to have had a
professional occupation and had parents in a professional occupation, and self-rate their health
as “Excellent-Good” in response to the question “How is your health in general” in a 2015
questionnaire. On average study members in Insight 46 had higher childhood intelligence
compared with the rest of the cohort assessed at the most recent home visit.

Remainder of NSHD
participants at age 69,
n = 1647

Insight 46
participants, n=502

p value

Sex, n (%) male

796 (48)

256 (51)

0.26

Education, n (%) Higher
Education

559 (34)

265 (54)

0.01

Child SEP, n (%) Non-manual
(Class I-IIIN)

680 (41)

281 (57)

0.01

Adult SEP, n (%) Non-manual
(Class I-IIIN)

1111 (68)

426 (85)

0.01

Childhood cognition, mean
(s.d.)

0.14 (0.77)

0.44 (0.64)

<0.01

Self-rated health at age 68
reported as Excellent-good, n
(%)

1231 (75)

449 (93)

<0.01

1 or 2 APOE ε4 alleles, n (%)

397 (29)

148 (30)

0.68

Table 4-5 Demographic differences between Insight 46 study members and the remainder of NSHD members
seen at home visit age 69 years. Continuous variables investigated with linear regression, categorical variables
investigated using the Chi2 test. n, number; s.d., standard deviation; SEP, socioeconomic position

4.4 Discussion
The majority of individuals in Insight 46 are cognitively well, with a range of neurological
conditions that would be anticipated in a cohort of this age, albeit with lower prevalence.
Consistent with this, comparing study members in Insight 46 with the rest of the cohort
demonstrates that those in Insight 46 are marginally more intelligent, of a higher socioeconomic
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status and self-rate themselves as being healthier. However, rates of APOE e4 positivity were no
different between the two groups, and importantly 18.6% were defined as amyloid positive,
which is in line with age-specific population estimates [350]. There were no differences in key
demographics between those individuals who completed the scanning protocol versus those
that did not, suggesting that failed scanning should not be a source of bias in subsequent
analyses in this thesis.

In unadjusted comparisons between amyloid positive and negative individuals, a small but
significant difference in MMSE was observed, even accounting for those with a diagnosis of
dementia and MCI. There was no evidence of differences in whole brain volumes or WMHV but
mean HV was smaller in amyloid positive individuals. This however lost significance when
individuals with MCI and dementia were excluded from the analysis, suggesting the association
was driven by symptomatic individuals. Relationships between amyloid status and cerebral
imaging measures and cognition will be explored in more depth in chapters 8 and 9. There was
no evidence of differences in cross-sectional vascular risk profiles by amyloid status but the
relationships between BP and adiposity across adulthood and subsequent amyloid status will be
investigated in detail in chapters 5 and 6, and other midlife vascular risk factors and later-life
amyloid status in chapter 7.

Although those individuals in Insight 46 self-rated themselves as healthier than those in the main
cohort, their vascular risk profiles at age 70 years were broadly in line with population estimates,
with the exceptions of smoking and hypercholesterolaemia. Across the participants, 62.8% were
defined as hypertensive, largely in line with estimated prevalence rates seen in population
studies in high-income countries (61% in those aged 60-69 years) [351]. 11.3% were defined as
diabetic, similar to age-specific prevalence rates in England (15.7% in males, 10.4% in females
between 65-74 years) [352]. The mean BMI of study members was 27.8, which was only a little
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below the mean 28.6 in 65-74 years in England in 2016 [352]. 79.9% were defined as having
hypercholesterolaemia, which is substantially higher than the prevalence rates quoted for the
US population (55.8% in males, 58.1% in females at ages 65-74) [353], which was based on a cutpoint of 6.2mmol/L, rather than our more stringent cut point of 5mmol/L. 3.6% of Insight 46
were current smokers, which is substantially lower than the 11% of current reported smokers
reported by the Health Survey for England 2016 [352]. Differences in BP and adiposity
trajectories across the life course between individuals in Insight 46 and the main NSHD cohort
will be investigated in more depth in chapters 5 and 6, respectively.

The prevalence of clinical stroke (1.8%) was less than in the general population, where the
prevalence in 65-74 year olds is reported to be in the region of 6% [354]. Similarly, the dementia
prevalence at 70-74 years in the UK is 3%, whilst 0.6% of individuals had dementia in Insight 46.
Although pre-identified cognitive impairment or neurological events were not exclusion criteria
for the sub-study, it is not surprising that individuals with pre-existing conditions (including
neurological sequelae of stroke) are less inclined to attend the study centre, given the demands
of attending a day-long clinical assessment. Individuals with cognitive impairment may be less
willing to attend, particularly when symptoms are undiagnosed, with fears over performance
and a new diagnosis being made. Furthermore, individuals were required to have attended a
clinic visit at age 60-64 years to be eligible, further reducing the likelihood of recruiting
individuals with pre-existing neurological conditions.

Participants generally had relatively low burdens of WMH, which may reflect their generally
good health (although this is tempered by evidence that they have a fairly representative
vascular risk profile). Analysing the relative regional distributions of WMHV highlights the
predominant frontal lobe location of WMH, which was significantly higher than in the other
brain regions, and in keeping with reported findings elsewhere [355]. Whilst it has been
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suggested this may be related to selective frontal WM vulnerability to vascular damage [356],
here it is shown that this is mainly driven by the frontal lobe’s relatively large size, since when
the percentage of a given lobe’s white matter that is WMHV (therefore adjusting for lobe size)
is compared between lobes, differences are attenuated. Further work investigating influences
on the regional distribution of WMH is described in Chapter 8.

A surprising observation was the relative paucity of microbleeds observed in Insight 46
participants, with only 2.5% of those with available imaging having one or more. This may be
because the T2*-weighted sequence used in this study is less sensitive than SWI to microbleed
detection [320]. However, the Rotterdam Scan study, a large population-based study in the
Netherlands, reported a prevalence of 16.9% in non-demented individuals aged 60-69 years,
which is substantially higher than that observed in this cohort, based on T2*-weighted imaging
[357]. There is a risk of misidentification of vessels as microbleeds using thicker slices, but the
Rotterdam study had a similar slice thickness to ours (1.6 mm versus 1.5 mm), suggesting their
higher prevalence is not related to false positives. Microbleeds are related to CAA and
hypertension-related arteriolosclerosis. Since amyloid positivity and hypertension prevalence
within the Insight 46 cohort are in line with population estimates, it remains unclear why so few
microbleeds were observed. This can be investigated further when SWI sequences are available
for review, but because of their relative paucity, microbleeds will not be included in subsequent
analyses.

This descriptive chapter provides an overview of the individuals in Insight 46. Whilst somewhat
healthier than other individuals in the main NSHD cohort, and therefore perhaps not fully
representative of the population, as is commonly the case in other population-based studies
[358], their vascular profiles were broadly in line with estimates, and importantly, the
prevalence of amyloid positivity in Insight 46 was also in keeping with population estimates,
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suggesting the study is capturing a representative sample of individuals at risk for the
development of AD and vascular cognitive impairment. Relationships between vascular risk
factors, b-amyloid pathology, cerebral SVD and brain volumes will be investigated over the next
three chapters. The relatively healthy cohort of Insight 46 may mean that associations are underestimated, and should be borne in mind when results are interpreted.
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5. Blood pressure across the life course and brain health at age ~70 years
5.1 Introduction
Elevated blood pressure (BP), well recognised as a key risk factor for cardiovascular disease and
stroke, is also appreciated to be a risk factor for cognitive impairment and dementia [10,94–
96,359]. Whilst there is extensive literature on the association between BP and cerebrovascular
disease (CVD), the association is seen not just with VaD, but also clinically diagnosed AD
dementia [6–10]. The relationships between BP and later-life cognition however are complex,
and BP during midlife may be more critical than later-life measures [360]. Furthermore, BP may
influence cognition via multiple pathologies.

The suggestion that elevated BP is a direct risk factor for AD needs to be treated with caution.
Most studies have relied on a clinical – rather than biomarker supported or pathological diagnosis for AD dementia, which does not allow for diagnostic error. Moreover, clinicallydiagnosed AD dementia is frequently associated with some degree of pathological CVD [11].
Possible hypotheses (which need not be mutually exclusive) to explain the observed associations
include CVD in strategic regions reducing brain reserve thereby hastening clinical presentation
in those with existing AD pathology [12], or increased b-amyloid burden through reduced bamyloid clearance secondary to altered cerebrovascular haemodynamics and damage in the
glymphatic system [13,14]. Hypertension may also induce neurodegeneration via non-amyloid
pathways, perhaps via neuroinflammation [15]. A more in depth discussion of how hypertension
might cause cerebral pathology has been provided in sections 1.4.2 and 1.4.3.

Hypertension is common, affecting one third of the world’s adults [361], with increasing
prevalence with age [362], and it is therefore important to elucidate the relationship between
raised BP and cognitive health, as effective early intervention may have a significant public
health impact. Over the following sections I will outline the BP profiles of the study members
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seen in Insight 46, and explore the influence of BP and longitudinal changes in BP over a ~33
year period (age 36 to 69 years) on cerebral small vessel disease (SVD), fibrillar b-amyloid
pathology and whole brain and hippocampal volumes at age ~70 years.
Hypotheses tested are:
•

Elevated BP, or greater increases in BP, during a sensitive window in midlife is
associated with greater cerebral SVD at age ~70 years (as measured by WMH volume
on FLAIR imaging).

•

Elevated BP, or greater increases in BP, during a sensitive window in midlife is associated
with greater b-amyloid burden at age ~70 years (as determined by florbetapir PET
imaging).

•

Elevated BP, or greater increases in BP, during a sensitive window in midlife is associated
with smaller hippocampal and whole brain volumes at age ~70 years (as measured on
T1 volumetric imaging).

•

Influences of BP on hippocampal and whole brain volumes are mediated though WMH
or b-amyloid pathology, or combinations thereof.

5.2 Defining hypertension
The purpose of defining a hypertensive threshold is in order to identify a BP level at which to
instigate BP-lowering treatment. Current consensus guidelines suggest a systolic blood pressure
(SBP) greater than 140mmHg and/or diastolic blood pressure (DBP) greater than 90mmHg
requires intervention [363]. This is based on evidence examining cardiovascular and
cerebrovascular (stroke, rather than subclinical CVD) outcomes [364]. Controversy remains, and
more recently it has been suggested that targets should differ by age. Targets include a BP less
than 120/80 in individuals younger than 50, a SBP less than 130 in those aged 50-74 and in those
aged 75 and over, a SBP less than 140, to balance benefits of lowering BP with potential adverse
events in older individuals, although there is limited evidence for this [365]. As such, for the
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purposes of this thesis, individuals are defined as hypertensive according to the current
consensus guidelines. This is used principally for descriptive purposes only, with subsequent
analyses generally treating BP as a continuous variable. SBP and DBP were investigated
separately, as they may have differential influences on cerebral pathology [18].

5.3 Descriptive statistics
5.3.1

Methods

In order to investigate whether the study members in Insight 46 differed significantly from the
whole NSHD cohort with regards to their BP across the life course, unadjusted linear mixed
effect modelling was performed by sex using all available data in the two groups. An
unstructured residual variance-covariance matrix was used to account for correlation between
repeated measures in an individual.

To investigate whether BP variables (SBP; DBP; hypertension status - defined as a clinical
diagnosis of hypertension or study assessment BP > 140/90; blood pressure lowering medication
(BPLM) usage) differed significantly between amyloid positive and negative groups at any age,
appropriate statistical tests were used to compare the groups using all available individuals with
useable amyloid PET imaging (460 individuals) regardless of cognitive status i.e. continuous nonparametric variables tested using the Mann-Whitney two-sample statistic and categorical
variables tested using the Chi2 test.

To explore missingness in the data, individuals with missing BP measurements were
characterised according to when they had missing measures and how many they had. A binary
variable defining individuals according to whether or not they had missing data was then
created. Linear regression models were then used to determine whether there was an
association between having missing BP data and BP (SBP and DBP) at any of the time points,
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treating the BP measurement as the dependent variable and missing BP status as the
independent variable, adjusting for sex.

5.3.2

Results

Prevalence of hypertension in study members increased from age 36 to age ~70 years.
Prevalence of BPLM usage and changes over time broadly followed hypertensive status, albeit
that the proportion of individuals treated at a given age was somewhat lower (Table 5-1).
5.3.2.1 Comparisons with the full cohort

The graphical output in Figure 5-1 shows estimated patterns of mean SBP and DBP across the
life course comparing those in Insight 46 (n=502) against those in the full cohort (n=3194). In
females, there was no significant difference in SBP or DBP or their trajectories between those in
the full cohort and those study members in Insight 46, although there was a trend for the values
to be lower in Insight 46 individuals. Females in Insight 46 on average had a SBP 1.8 mmHg (95%
CI: -3.7, 0.7; p=0.07) and DBP 0.9 mmHg (95% CI: -2.3, 0.4; p=0.18) lower than those in the full
cohort. In males, SBP and to a lesser extent DBP, were lower at any given age in those study
members in Insight 46 compared with those in the full cohort, although the absolute differences
were small. Males in Insight 46 on average had a SBP 2.1 mmHg (95% CI: -4.0, 0.2; p=0.03) and
DBP 0.6 mmHg (95% CI: -2.0, 0.8; p=0.38) lower than those in the full cohort. As can be seen in
Figure 5-1, the SBP and DBP trajectories were similar between males in Insight 46 and those in
the full cohort, although males in the full cohort had a marginally steeper decline in BP between
60-64 and 69 years, more marked for DBP than SBP.

Both SBP and DBP increase steadily in males and females until age 53 years, when DBP reached
a peak, and after which it began to decline. SBP appeared to reach a peak at age 60-64 years,
which was more apparent in males than females (Figure 5-1). In both the full cohort and Insight
46 individuals, males had a higher SBP and DBP than females (p<0.001), although the difference
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was less marked at age 69 years than at younger ages and was no longer significantly different
for DBP. In Insight 46, males had significantly different SBP trajectories to females between 6064 and 69 years (p<0.05), and significantly steeper DBP decline from 53 onwards (p<0.05).
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Figure 5-1 Line graphs showing predicted SBP (top panel) and DBP (bottom panel) from ages 36 to 69 years in males (left) and females (right) in Insight 46 compared with the
complete NSHD cohort. 95% confidence intervals shown

5.3.2.2 Differences in BP between amyloid positive and negative individuals

There were no statistically significant differences in SBP, DBP, hypertension status or use of
BPLM at any age between the amyloid positive and amyloid negative group (Table 5-1).

Aβnegative

Aβ-positive

p
value

186:188

47:39

1.0

SBP at 36 in mmHg, mean (s.d.), total n 419

120.1 (13.7)

120.7 (14.4)

0.9

SBP at 43 in mmHg, mean (s.d.), total n 437

123.6 (13.8)

123.8 (13.7)

0.9

SBP at 53 in mmHg, mean (s.d.), total n 447

133.9 (19.3)

132.6 (19.3)

0.6

SBP at 60-64 in mmHg, mean (s.d.), total n 459

134.8 (17.1)

135.0 (16.4)

1.0

SBP at 69 in mmHg, mean (s.d.), total n 454

132.0 (15.8)

133.1 (17.2)

0.3

SBP at 70 in mmHg, mean (s.d.), total n 459

136.9 (17.6)

137.1 (14.6)

0.5

DBP at 36 in mmHg, mean (s.d.), total n 419

78.7 (9.6)

77.9 (10.3)

0.6

DBP at 43 in mmHg, mean (s.d.), total n 437

80.5 (9.3)

80.1 (8.7)

0.8

DBP at 53 in mmHg, mean (s.d.), total n 447

83.1 (11.9)

83.1 (11.1)

0.9

DBP at 60-64 in mmHg, mean (s.d.), total n 459

77.0 (9.5)

76.7 (9.4)

0.9

DBP at 69 in mmHg, mean (s.d.), total n 454

73.4 (10.0)

73.7 (10.7)

0.9

DBP at 70 in mmHg, mean (s.d.), total n 459

73.8 (10.7)

72.1 (9.7)

0.2

Hypertensive at 36, n (%), total n 417

54 (16.0)

13 (16.5)

0.9

Hypertensive at 43, n (%), total n 437

74 (20.8)

21 (25.6)

0.3

Hypertensive at 53, n (%), total n 450

171 (46.8)

37 (43.5)

0.6

Hypertensive at 60-64, n (%), total n 460

202 (53.7)

41 (47.7)

0.3

Hypertensive at 69, n (%), total n 455

209 (56.6)

49 (57.0)

1.0

Hypertensive at 70 , n (%), total n 459

245 (65.5)

53 (62.4)

0.6

BP-lowering medication at age 36, n (%), total n 422

5 (1.5)

2 (2.6)

0.5

BP-lowering medication at age 43, n (%), total n 444

7 (1.9)

1 (1.2)

0.6

BP-lowering medication at age 53, n (%), total n 452

43 (11.7)

11 (12.9)

0.8

BP-lowering medication at age 60-64, n (%), total n
460

107 (28.6)

22 (25.6)

0.6

BP-lowering medication at age 69, n (%), total n 448

147 (40.4)

29 (34.5)

0.3

BP-lowering medication at age 70, n (%), total n 460

146 (39.0)

29 (33.7)

0.4

Male:Female (total)

Table 5-1 Summary table showing SBP, DBP, hypertensive status and BP-lowering medication status from age 36
to age ~70 years, according to amyloid status. 460 participants had a useable amyloid scan. DBP, diastolic blood
pressure; n, number; SBP, systolic blood pressure; s.d., standard deviation
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5.3.2.3 Missingness in the data

71 individuals who had completed the scanning protocol had a missing BP at some point. The
number of individuals missing a measurement at a particular time point are summarised in Table
5-2. 58 individuals were missing a measurement at one time point, 11 individuals were missing
a BP at two time points and 2 individuals were missing a measurement at three time points.

Table 5-3 summarises mean BP measurements according to whether individuals had complete
or missing BP measurements. Presence of missing BP measurements was not associated with
SBP or DBP values at any time point in linear regression models, adjusted for sex (Table 5-4).

Number with missing
data
Male:female (total)
Age 36

21:20 (41)

Age 43

12:12 (24)

Age 53

7:6 (14)

Age 60-64

0:1 (1)

Age 69

2:4 (6)

Age 70

1:0 (1)

Table 5-2 Summary of missing BP measurements in Insight 46 individuals
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Complete BP
data
Mean (s.d.)
SBP

DBP

Missing BP data
Mean (s.d.)

Age 36, total n
430

120.2 (13.7)

120.6 (14.5)

Age 43, total n
447

123.6 (13.7)

124.6 (14.7)

Age 53, total n
458

134.1 (18.9)

130.8 (20.8)

Age 60-64, total
n 470

135.2 (17.0)

133.1 (17.2)

Age 69, total n
465

132.0 (15.1)

133.4 (20.4)

Age 70, total n
470

137.0 (16.6)

136.0 (18.8)

Age 36

78.6 (9.6)

78.4 (10.8)

Age 43

80.3 (9.2)

81.9 (9.6)

Age 53

83.4 (11.8)

81.9 (12.1)

Age 60-64

77.1 (9.5)

75.4 (9.7)

Age 69

73.2 (9.8)

74.3 (11.5)

Age 70

73.5 (10.5)

72.7 (10.1)

Table 5-3 BP measurements from age 36 to ~70 years according to whether individuals have missing BP data (at
any time point) or a complete BP data set. DBP, diastolic blood pressure; SBP, systolic blood pressure; s.d.,
standard deviation.

SBP
b coefficient

DBP
p value

(95% CI)

b coefficient

p value

(95% CI)

Age 36

0.1 (-4.6, 4.8)

0.96

-0.3 (-3.7, 3.2)

0.88

Age 43

0.9 (-3.1, 4.8)

0.67

1.4 (-1.2, 4.1)

0.29

Age 53

-3.4 (-8.6, 1.8)

0.19

-1.5 (-4.7, 1.6)

0.34

Age 60-64

-2.2 (-6.5, 2.1)

0.31

-1.7 (-4.1, 0.6)

0.15

Age 69

1.3 (-2.8, 5.5)

0.53

1.0 (-1.6, 3.7)

0.45

Age 70

-1.0 (-5.3, 3.3)

0.66

-0.8 (-3.5, 1.8)

0.55

Table 5-4 Table showing associations between having missing BP data at any time-point and BP measurements at
each time point. b coefficients reflect the difference in BP (in mmHg) between individuals having no missing data
and individuals with missing BP data, adjusted for sex. CI, confidence interval; DBP, diastolic blood pressure; SBP,
systolic blood pressure.
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5.3.3

Discussion

The very close relationship between BP measures and trajectories between those study
members in Insight 46 and those in the whole cohort provides information that this subset is
reasonably representative. In line with the finding that Insight 46 participants tend to self-define
themselves as healthier and be of a higher SEP than the rest of the cohort (section 4.3.5), both
SBP and DBP were slightly lower in Insight 46 study members, although the absolute differences
between the groups were small and unlikely to be clinically significant. This means that any
findings found within Insight 46 can reasonably be generalisable to the full cohort, with the
caveat that effect sizes may be slightly underestimated.

BP values were significantly higher in men compared with women, although differences
lessened by the time participants were 69 years. BP trajectories are broadly similar between the
sexes, although males have a significantly steeper decline in both SBP and DBP between ages
60-64 and 69 years. Sex differences in BP are well reported [115], and thought to be driven by
different physiological control mechanisms in men and women [366].

This pattern of declining DBP from the 50s onwards is well reported, and is thought to be driven
by increasing arterial stiffness [114]. Earlier studies reported increasing SBP into the 9th decade,
but these excluded persons on antihypertensive treatment [114]. More recent longitudinal work
does suggest that increases in SBP begin to slow or reverse direction in the late 60s/early 70s
and this is in large part driven by individuals on antihypertensive treatment [115], although this
hypothesis has not been tested directly within this data.

The finding of a lower proportion of participants on BPLM than defined as hypertensive at any
given age is due in part to the fact that the binary hypertensive variable captures some
individuals with an isolated raised BP which does not reflect their usual status, in addition to
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previously undiagnosed hypertensive individuals. Anecdotally, a number of study members have
mentioned ‘white coat hypertension’ and some ‘hypertensive’ individuals as defined by their
study visit BP measurement report normal BP levels when tested in the home environment using
personal BP machines or formal ambulatory testing, reflecting the limitations of one-off BP
measurements.

A number of individuals had missing BP data for no more than three of the six measurement
time points, with the vast majority missing a single time point BP value. Comparison of these
individuals’ BPs at the time points where they had an available measure did not demonstrate
significant differences in BP with individuals who had a complete data set. For this reason, a
complete-case analysis was preferred in subsequent work in the thesis.

BP measurement at the Insight 46 visit is not equivalent to previously recorded values, as a
recumbent, rather than a sitting, measurement was obtained [367]. In view of this lack of
equivalence, the following sections which investigate BP, and change in BP, across midlife and
cerebral outcome measures do not include the Insight 46 assessment BP measurement at age
~70 in analyses, and instead consider the home visit sitting measurement at age 69 as the
‘current’ measure.

Although experiments in Section 5.5 explore directly whether BP during midlife and early latelife influences amyloid status at age ~70, the absence of significant differences in BP or
hypertensive status at any age between amyloid positive and negative individuals does not
provide evidence to support the hypothesis that raised BP directly increases fibrillar b-amyloid
pathology in later-life.
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5.4 Blood pressure influences on cerebral small vessel disease
5.4.1

Introduction

CVD is associated with stroke, cognitive decline, dementia and physical disability [56], and is an
important source of morbidity and mortality, independently of its potential role in clinical
Alzheimer’s disease. Although WMHs may reflect heterogeneous underlying pathologies, the
changes primarily reflect demyelination and axonal loss secondary to cerebral SVD induced
chronic ischaemia [78], and therefore WMH acts as a useful marker of cerebral SVD.

Whilst the exact underlying pathological processes leading to CVD are incompletely understood,
cross-sectional studies have demonstrated that hypertension is a risk factor for CVD, both large
vessel and small vessel disease [63,331,368,369]. Longitudinal studies have confirmed a
temporal relationship between hypertension and subsequent cerebral SVD and progression
[368,370–372], with stronger associations seen with midlife measures of BP [371,372]. This may
reflect the cumulative burden of lifetime exposure to high BP (accumulation model), or may be
due to sensitivity to elevated BP within a particular period in the life course (sensitive period
model). There is also the issue when using concurrent later-life measurements that brain
pathology may drive a decrease in BP thereby confounding or weakening the association
through reversal of causality.

I sought to determine the relationship between BP, and longitudinal changes in BP over a ~33
year period and WMHV at age ~70 years, in an attempt to establish whether the “sensitive
period” model best explains the relationship between BP and WMHV. I also assessed the impact
of BP-lowering treatment in those individuals over the same period.
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5.4.2

Methods

Global WMHV were derived using the BaMoS algorithm from volumetric T1 and FLAIR MR
sequences (section 2.4.2). TIV was derived using SPM12. Participants with dementia,
demyelination, traumatic brain injury and cortical strokes or vascular abnormalities potentially
inappropriately segmented as WMH were excluded. BP measurement and other clinical
measures used as covariates in this analysis are described in more detail in section 2.6.
Statistical methods
Generalised linear models (GLM) using the gamma distribution and log link were used to
investigate the relationship between BP (SBP and DBP introduced into models separately) and
WMHV at age ~70, given the non-parametric distribution of WMHV (please see section 2.7.1 for
full description of statistical rationale). Four models were investigated:
•

Model 1 includes adjustment for sex, TIV and age at time of imaging.

•

Model 2 further adjusts for contemporaneous use of BP-lowering medication (BPLM).

•

Model 3 additionally adjusts for BP at 69 years to explore the relationship between
earlier BP values and WMHV independently of ‘current’ BP.

•

Model 4 finally adjusts for other potential cardiovascular confounders: smoking status
at age 68, BMI at age ~70 years, diabetic status at age ~70 years, hypercholesterolaemia
status at age ~70 years and adult SEP.

To investigate the relationship of BPLM at each time point with WMHV at age ~70 years, models
1-4 were re-run with BPLM as the main independent variable: model 2 adjusted for concurrent
SBP. Regression diagnostics were performed to check the assumptions of the models, including
checks of linearity by examination of residuals. Assessment of interactions between each BP
measure and sex were performed, and testing performed separately if significant interactions
were found. To further investigate the influence of BPLM on later-life WMHV I categorised
individuals by hypertensive status (normotensive vs hypertensive as defined by BP >140/90) and
medication status (on BPLM versus not) and used this categorical variable as the independent
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variable within a GLM to look specifically at whether there was a difference in WMHV between
medication ‘responders’ (normotensive on medication) and ‘non responders’ (hypertensive on
medication), adjusting for sex, TIV and age at scanning.

To investigate whether rate of change at a particular period of life was associated with WMHV
at age ~70 years, I calculated the change in SBP for the periods 36-43 years, 43-53 years, 5360/64 and 60/64-69 years conditional on earlier SBP by modelling each SBP measure (from 43
years onwards) on the earlier measure(s) for each sex and saving the residuals, for all individuals
with available data for each time point. The residuals represent mean rate of change in SBP and
can therefore be interpreted as the change in SBP above or below that expected on average,
given the earlier SBP. The residuals were then standardised, allowing comparison of the relative
strength of associations between periods. This approach to modelling BP trajectories has been
developed and validated previously at the NSHD [373]. The same approach was used for DBP
trajectories. These variables were then treated as independent variables within GLM using two
models:
•

Model 1: all SBP or DBP trajectories included within the model and adjusted for sex, TIV
and age at scanning.

•

Model 2 assessed each trajectory individually and adjusted for change in BPLM status
between the two time points being investigated in the model, and other potential
cardiovascular confounders as outlined in Model 4 of the cross-sectional BP analyses.

Potential non-linear relationships between BP and BP trajectory variables and WMHV were
investigated through the introduction of a quadratic term. If there was a suggestion of a nonlinear relationship (p<0.05), this was investigated using linear spline modelling, with
introduction of appropriate knot points.
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5.4.3

Results

453 dementia-free participants who completed the imaging protocol, and whose T1 and FLAIR
images passed QC, and had BaMoS WMH segmentations considered acceptable following visual
review were included in this analysis. Participant characteristics are summarised in section 4.3.1
and Table 5-1.

5.4.3.1 Association between WMHV and blood pressure at various ages

SBP and DBP at age 53 years were associated with more WMHV at age ~70 years (model 1, Table
5-5). This association was minimally attenuated by adjustment for BPLM (model 2) and remained
significant after additional adjustment for BP at age 69 years (model 3), and after further
adjustment for current BMI, current smoking status, presence of diabetes and
hypercholesterolaemia and adult SEP (model 4) (Figure 5-2). At age 53 years, a 10mmHg increase
in SBP was associated with a 7% increase in mean WMHV, whilst a 10mmHg increase in DBP was
associated with a 15% increase in mean WMHV after adjustment for sex, TIV, age at scanning,
BPLM, BP at age 69 years, BMI at age ~70 years, smoking status at age 68 years, presence of
diabetes and hypercholesterolaemia at age ~70 years and adult SEP. It should be noted that the
values of WMHV in the sample are relatively small and therefore the absolute increase in WMHV
per 10mmHg rise in BP would be small. There was a borderline significant positive association
between SBP at age 69 and WMHV at age ~70 years (model 1) but this did not survive adjustment
for other co-variables. Introduction of a sex interaction term did not provide evidence to
support a differential effect of BP on subsequent WMHV in men and women (all interaction p
values >0.12). Assessment for a non-linear relationship between BP and WMHV by introduction
of a quadratic term to fully-adjusted models suggested a non-linear relationship between DBP
at age 36 and WMHV at age ~70 years (p=0.03). Use of a spline model with knot points at DBP=60
mmHg and DBP = 90 mmHg found no evidence of an association with WMHV below 90 mmHg
and a significant positive association above (exponentiated coefficient 2.06; 95 % CI:1.12, 3.81;
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p=0.021). It should be noted that the confidence interval is large and there were no similar
associations at any other time points.
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Independent variable

Age 36
Model 1: n = 413
Model 2: n = 412
Model 3/4: n = 408

Age 43
Model 1/2: n = 430
Model 3/4: n = 424

Age 53
Model 1/2: n = 441
Model 3/4: n = 435

Age 60-64
Model 1/2: n = 452
Model 3/4: n = 446

Age 69
Model 1: n = 447
Model 2/4: n = 441

Age 36
Age 43
Age 53
Age 60-64
Age 69
Age 36
Model 1: n = 416

Age 43
Model 1: n = 437

Age 53
Model 1: n = 445

Age 60-64
Model 1: n = 453

Age 69
Model 1: n = 441

SBP

DBP

BPLM

1.10 (1.04, 1.16)

1.05 (0.98, 1.14)

Model 1:
Adjusted for sex, total
intracranial volume
and age at MRI scan
1.02 (0.94, 1.10)

0.094

0.001

0.17

0.64

1.06 (1.00, 1.13)

1.05 (0.98, 1.11)

1.09 (1.03, 1.15)

1.05 (0.98, 1.14)

0.053

0.16

0.002

0.18

NR

1.03 (0.96, 1.10)

1.08 (1.02, 1.14)

1.04 (0.97, 1.12)

NR

0.43

0.011

0.27

Relative increase in WMHV per 10mmHg increase (95% CI)
Model 2:
p
Model 3:
p
Model 1 + adjustment for BPLM at
value Model 2 + BP at 69 value
given time point (for SBP/DBP); Model
1 + SBP at given time point (for BPLM)
1.01 (0.93, 1.09)
0.87
0.99 (0.92, 1.07)
0.89

1.06 (1.0, 1.13)

1.02 (0.95, 1.09)

1.07 (1.01, 1.14)

1.04 (0.97, 1.12)

Model 4:
Model 3 + Adult SEP,
smoking status, cholesterol
status, diabetes status, BMI
1.0 (0.92, 1.08)

0.064

0.57

0.023

0.27

0.97

1.22 (0.88, 1.69)

0.92 (0.41, 2.09)

1.08 (0.97, 1.19)
1.06 (0.95, 1.19)
1.17 (1.07, 1.28)
1.12 (1.00, 1.25)
1.07 (0.97, 1.18)
1.89 (0.83, 4.28)

0.040

0.23

0.85

0.16
0.28
0.001
0.054
0.20
0.13

1.23 (1.01, 1.51)

1.24 (0.99, 1.55)

1.10 (0.80, 1.52)

0.95 (0.42, 2.15)

1.06 (0.96, 1.18)
1.06 (0.95, 1.19)
1.17 (1.06, 1.28)
1.11 (0.99, 1.24)
1.07 (0.97, 1.19)
1.86 (0.82, 4.25)

0.044

0.062

0.55

0.90

0.26
0.29
0.001
0.078
0.18
0.14

NR

1.24 (0.99, 1.55)

1.13 (0.82, 1.57)

0.97 (0.44, 2.17)

1.06 (0.95, 1.18)
1.05 (0.94, 1.17)
1.16 (1.05, 1.27)
1.09 (0.96, 1.23)
NR
1.88 (0.84, 4.23)

NR

0.058

0.45

0.95

0.31
0.41
0.003
0.17
NR
0.13

1.18 (0.95, 1.47)

1.19 (0.94, 1.51)

1.14 (0.82, 1.58)

0.99 (0.44, 2.24)

1.06 (0.95, 1.18)
1.05 (0.94, 1.18)
1.15 (1.04, 1.27)
1.08 (0.95, 1.23)
1.07 (0.96, 1.19)
1.98 (0.88, 4.43)

0.13

0.14

0.44

0.98

0.28
0.39
0.005
0.22
0.21
0.097

p
value

1.05 (0.99, 1.12)
0.047

1.27 (1.01, 1.59)

0.051

p
value

1.07 (1.00, 1.14)

1.23 (1.00, 1.52)

Table 5-5 Results from GLM between WMHV at age ~70 years and SBP, DBP (per 10mmHg increase) and BPLM at five time points. DBP Models 1, 2, 3 + 4 have same n as for SBP Models 1,
2, 3 + 4. BPLM Models 2, 3 + 4 have same n as for SBP Models 2, 3 + 4. BMI, body mass index; BPLM, blood-pressure lowering medication; DBP, diastolic blood pressure; CI, confidence
interval; GLM, generalised linear model; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position
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WMH volume (ml)
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Systolic blood pressure (mmHg) at age 53 years
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Diastolic blood pressure (mmHg) at age 53 years
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Individual participants

Figure 5-2 Scatter plots showing relationships between systolic (top panel) and diastolic (bottom panel) blood
pressure at age 53 years and WMHV at age ~70 years. Lines of best fit and 95% CI plotted using Model 4.
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5.4.3.2 Association between WMHV and blood pressure-lowering treatment at various ages

At age 60-64 years and age 69 years those individuals on BPLM had a higher WMHV at age ~70
years for a given BP, but the associations were significantly attenuated following adjustment for
other co-variables (Table 5-5). I investigated the possibility that the relationship between WMHV
and BPLM could be explained by those on BPLM at age 60-64 years and 69 years including a
disproportionate number of people who had high SBP at age 53 years. Adjusting the models
(where the relationship was significant), for SBP at age 53 very substantially attenuated the
association between BPLM at age 60-64 years and age 69 years and WMHV such that
associations were no longer significant (age 60-64 years: p=0.47; age 69 years: p=0.33).

There was no difference in WMHV between medication ‘responders’ and ‘non-responders’ at
any age, but at age 69 years normotensive individuals on BPLM still had a greater burden of
WMHV at age ~70 compared with normotensive individuals not on treatment. Medication ‘nonresponders’ had greater burden compared with normotensive individuals not on treatment at
age 53 and age 60-64 years (Table 5-6). The later associations disappeared on adjustment for
SBP at age 53 (medicated ‘responders’ versus normotensives at age 69 years: p=0.20; medicated
‘non-responders’ versus normotensives at age 60-64 years: p=0.42).
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Relative difference
in WMHV between
medication ‘nonresponders’ and
‘responders’ (95%
CI) . ‘Responders’
are the reference
group

p
value

Relative difference in
WMHV between
medication
‘responders’ and
normotensive
individuals (95% CI).
Normotensive
individuals are the
reference group.

p
value

Relative difference in
WMHV between
medication ‘nonresponders’ and
normotensive
individuals (95% CI).
Normotensive
individuals are the
reference group.

p
value

36
years

2.91 (0.58, 14.68)

0.20

1.06 (0.36, 3.11)

0.92

3.09 (0.90, 10.60)

0.074

43
years

0.22 (0.02, 2.23)

0.20

1.09 (0.45, 2.64)

0.86

0.24 (0.03, 2.04)

0.18

1.34 (0.73, 2.48)

0.34

1.17 (0.73, 1.87)

0.52

1.57 (1.02, 2.43)

0.042

60/64
years

1.12 (0.76, 1.65)

0.57

1.27 (0.94, 1.71)

0.12

1.42 (1.03, 1.96)

0.031

69
years

0.92 (0.65, 1.31)

0.54

1.36 (1.06, 1.75)

0.018

1.25 (0.90, 1.74)

0.19

N=351
NR=4
H=54
HNR=3

N=352
NR=6
H=71
HNR=1

53
years
N=244
NR=22
H=149
HNR=26

N=212
NR=67
H=118
HNR=56

N=185
NR=119
H=83
HNR=54

Table 5-6 Relative difference in WMHV between hypertensive and normotensive individuals according to
treatment status. Models adjusted for TIV, sex and age at scanning. CI, confidence interval; N, normotensive
unmedicated individual; NR, normotensive medication ‘responder’; H, hypertensive unmedicated individual;
HNR, hypertensive ‘non-responder’; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

5.4.3.3 Evidence for a rate-sensitive period in midlife influencing WMHV at age ~70 years

Greater increases in SBP and DBP between 43 and 53 years had strong positive associations with
WMHV at age ~70 years, and the associations remained significant when the model was
adjusted for change in BPLM, adult SEP, smoking status at age 68 years, BMI at age ~70 years
and presence of diabetes and hypercholesterolaemia at age ~70 years (SBP trajectory: p=0.011;
DBP trajectory: p=0.016) (Table 5-7, Figure 5-3). There was no evidence of a differential impact
of BP trajectories on WMHV in men and women, assessed by introduction of an interaction term
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to the fully-adjusted model (all interaction p values >0.08). Introduction of a quadratic term did
not suggest the presence of a non-linear relationship between BP trajectories and subsequent
WMHV (all quadratic p values >0.16).

To investigate the dynamic relationship of BP trajectories and based on the observation that the
greatest increase in SBP is between ages 43 and 53 years, and the greatest rate of decline in DBP
is between 53 and 60-64 years in the cohort (Figure 5-1), I included the SBP trajectory between
43 and 53 and DBP trajectory between 53 and 60-64 in a fully-adjusted model, and introduced
an interaction term, hypothesising that individuals with the greatest acceleration in SBP increase
and then greatest decrease in DBP would have the greatest WMHV burden at age ~70 years.
There was evidence of a significant interaction (p=0.038), supportive of that hypothesis. The
interaction is described graphically in Figure 5-4 and Figure 5-5, using predictive margins. For
instance, an individual with a standardised SBP trajectory between 43 and 53 = 3 (i.e.
accelerating SBP increase) would have 2.7 ml more WMHV at age ~70 years for each
standardised unit decline in DBP trajectory between 53 and 60-64 (i.e. greater than expected
decline in DBP). In contrast, an individual with a standardised SBP trajectory between 43 and 53
= -3 (i.e. a decelerating SBP increase/declining SBP) would have 1.6ml less WMHV for each
standardised unit decline in DBP trajectory between 53 and 60-64 years. It should be noted that
the strength of interaction was relatively weak and there was substantial overlap between 95%
CI.
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Relative increase in WMHV (95% CI)
Period of rate of
change in blood
pressure

Model 1:
All trajectories included
in single model and
adjusted for sex, TIV
and age at scanning

p
value

p
value

0.14

Model 2:
Each trajectory modelled separately
and adjusted as for Model 1 + Adult
SEP, smoking status, cholesterol
status, diabetes status, BMI, change in
BPLM status
1.06 (0.95, 1.18)

1.08 (0.98, 1.19)

43 - 53 years

1.17 (1.05, 1.30)

0.003

1.16 (1.03, 1.29)

0.011

53 - 60/64 years

1.04 (0.94, 1.15)

0.47

1.01 (0.90, 1.13)

0.86

1.08 (0.98, 1.19)

0.12

1.08 (0.97, 1.20)

0.16

1.04 (0.94, 1.15)

0.42

1.02 (0.92, 1.13)

0.68

43 - 53 years

1.18 (1.05, 1.32)

0.005

1.15 (1.03, 1.30)

0.016

53 - 60/64 years

1.05 (0.94, 1.17)

0.40

1.03 (0.92, 1.15)

0.62

60/64 years – 69
years

1.05 (0.94, 1.16)

0.38

1.05 (0.94, 1.18)

0.37

36 - 43 years

SBP

0.33

Model 1/2: n = 386
Model 1/2: n = 386
Model 1/2: n = 386

60/64 years – 69
years
Model 1: n = 386
Model 2: n = 382

36 - 43 years

DBP

Table 5-7 Results from GLM between WMHV at age ~70 years and SBP and DBP trajectories. DBP models have
same n as SBP models. BMI, body mass index; BPLM, blood-pressure lowering medication; CI, confidence
interval; DBP, diastolic blood pressure; GLM, generalised linear model; SBP, systolic blood pressure; SEP,
socioeconomic position; WMHV, white matter hyperintensity volume
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WMH volume (ml)

100

10

1

.1
-3

-2

-1

0

1

2

3

4

5

6

Rate of change of SBP between ages 43 and 53 years (standardised)
Mean

WMH volume (ml)

100

95% CI

Individual participants

10

1

.1
-3

-2

-1

0

1

2

3

4

5

6

Rate of change of DBP between ages 43 and 53 years (standardised)
Mean

95% CI

Individual participants

Figure 5-3 Scatter plots showing relationships between systolic (top panel) and diastolic (bottom panel) blood
pressure trajectories between ages 43 and 53 years and WMHV at age ~70 years. Lines of best fit with 95% CI
plotted using Model 2. CI, confidence interval; WMHV, white matter hyperintensity volume.
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Change in predicted mean WMHV per one unit
increase in standardised DBP trajectory
between ages 53 and 60-64
-15
-10
-5
0
5

-3

-2
-1
0
1
2
3
4
Standardised SBP trajectory between ages 43 and 53

5

Figure 5-4 Predicted margins with 95% confidence intervals showing the relationship between a one unit increase
in standardised DBP trajectory between 53 and 60-64 years for different standardised SBP trajectories between
43 and 53 years . For instance, an individual with a standardised SBP trajectory between 43 and 53 = 5 (i.e.
accelerating SBP increase) would have 6.8 ml more WMHV for each standardised unit decline in DBP trajectory
between 53 and 60-64 years (i.e. decreasing DBP). DBP, diastolic blood pressure; SBP, systolic blood pressure;
WMHV, white matter hyperintensity volume.
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60
40
20
0

Predicted mean global WMHV (ml)

-3

-2
-1
0
1
2
Standardised DBP trajectory between ages 53 and 60-64

3

Standardised SBP traj 43-53 = -3

Standardised SBP traj 43-53 = -2

Standardised SBP traj 43-53 = -1

Standardised SBP traj 43-53 = 0

Standardised SBP traj 43-53 = 1

Standardised SBP traj 43-53 = 2

Standardised SBP traj 43-53 = 3

Standardised SBP traj 43-53 = 4

Standardised SBP traj 43-53 = 5

Figure 5-5 Predicted mean global white matter hyperintensity volume (WMHV) (ml) at age ~70 years for different
standardised SBP trajectories between ages 43 and 53, and standardised DBP trajectories between ages 53 and
60-64 years. 95% CI are not shown for ease of interpretation but substantial overlap exists between slopes. CI,
confidence interval; DBP, diastolic blood pressure; SBP, systolic blood pressure; traj, trajectory.

5.4.3.4 Associations between other covariates and WMHV at age ~70 years

In fully-adjusted models men consistently had significantly less WMHV at age ~70 years
compared with women (using age 53 SBP model as a representative example: exponentiated
coefficient 0.69; 95% CI 0.53, 0.90; p=0.006).

5.4.4

Discussion

In this representative cohort with serial BP measurements across the life course, I demonstrate
that higher BP in midlife at age 53 years predicts increased WMHV at age ~70 years, and this
association is independent of later-life BP. Furthermore, the ten years preceding age 53 years
appears to be a sensitive period when greater increases in BP are particularly detrimental to the
development of subsequent cerebral SVD. There is also evidence that those individuals with the
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greatest increase in BP, followed by the most substantial decline in BP may be at most risk of
accumulating WMHV by age ~70 years.

These findings are in agreement with previous work that has demonstrated a particularly strong
association between midlife BP and later cerebral SVD [332,371,372]. That the association with
BP at age 53 years remains despite adjusting for BP at age 69 years would suggest a direct
influence of midlife BP on later-life WMHV that is not just related to the tracking of BP over time,
and may support a sensitive midlife window during which BP has a particular impact on cerebral
SVD, above and beyond the accumulation of risk across later midlife.

In this analysis, both SBP and DBP at age 53 years were associated with later-life cerebral SVD,
although the effect size is almost double for DBP compared with SBP, suggesting a stronger
influence of midlife DBP in this cohort. Previous studies have produced conflicting findings over
whether SBP or DBP more strongly influence cerebral SVD: some have found a stronger
association with SBP [371,372], others DBP [374,375], and others both [376]. Differences may
in part relate to the different populations studied. Another possibility relates to timing of
measurements and differential endothelial sensitivity to haemodynamic changes at different
ages. In fact, a weaker association between SBP, but not DBP, at age 69 years and WMHV at age
~70 years was observed, which did not survive adjustment for confounders, but does suggest
that the relative influence of SBP and DBP on cerebral SVD may differ depending on age. There
was some evidence for a possible J shaped relationship between DBP at age 36 and WMHV at
age ~70 years, whereby only higher DBP above 90 mmHg was associated with greater WMHV. J
shaped relationships between BP and cardiovascular risk are well recognised, but has not been
previously reported for cross-sectional BP measures and WMHV. The PROFESS study did
however previously report a J shaped relationship between SBP post stroke and risk of recurrent
stroke [377]. Whether this non-linear relationship truly exists is questionable given the absence
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of a similar relationship at other adjacent time points, where there was clear evidence of a
strong association between BP and WMHV, and the possibility remains that this is a spurious
Type 1 error secondary to multiple testing.

These data suggest that there is a sensitive window, between 43 and 53 years, when greater
increases in BP (both SBP and DBP) is particularly detrimental to later-life WMHV. An
exaggerated rise in BP in midlife has previously been demonstrated to be a risk factor for
dementia several decades later [95]. Interestingly, other work in the cohort has shown that rapid
rise in BP in the 5th decade is associated with higher left ventricular mass in later-life, suggesting
this period is critical not just for cerebral but also cardiac health [373]. Alternatively, cardiac
changes may be on the causal pathway to cerebral SVD. A recent study found concentric cardiac
hypertrophy was associated with WMHV independently of hypertension and diabetes status,
although this was a cross-sectional study and so was unable to establish a cause-effect
relationship [378].

Raised BP has been proposed to cause cerebral SVD and subsequent WMH via vascular
remodelling that makes the brain parenchyma vulnerable to ischaemia. Arteriolosclerosis within
smaller arterioles that supply subcortical white matter and deep grey matter structures causes
increased resistance within the microvasculature. Consequently, at times of BP reduction, the
increased resistance makes the vasculature and brain tissue vulnerable to hypoperfusion [73].
Cerebral autoregulation, which allows the brain to maintain a relatively steady low-pressure
blood flow despite a constantly changing systemic BP is adversely affected by hypertension.
Chronic hypertension may shift the autoregulatory curve to the right, meaning a higher systemic
BP is necessary to maintain appropriate perfusion. This shift in the autoregulatory curve results
in decreased cerebral blood flow even at higher BP, but also makes the brain more vulnerable
to oligaemia in times of relative hypotension, including when the BP is considered within the
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‘normal’ range [113]. For instance, BP tends to drop at night, and those hypertensive individuals
who have more extreme nocturnal dips have been shown to have greater WMH burden [379].
Hypertension-induced vascular remodelling also contributes to arterial stiffness in larger
vessels. Deterioration in the elastin network, hypertrophy of vascular smooth muscle, and
increased medial and adventitial collagen deposition within the arterial wall increase arterial
stiffness [119]. Cerebral microcirculation damage then ensues via increased pulsatile pressure
and flow load. These mechanisms may explain the strength of the association between BP at
age 53 and WMHV at age ~70 years: whilst elevated BP in midlife drives the initial vasculature
changes, sufficient time is required for parenchymal damage. It might be conjectured that
declining DBP observed in the population after age 53 years (Figure 5-1) further exacerbates
subsequent WMHV. I did not however observe an association between steeper declines in DBP
after age 53 years and subsequent WMHV. On further investigation, there was a significant
interaction between increasing SBP between 43 and 53 years and DBP trajectory between 53
and 60-64 years, whereby declining DBP was associated with more WMHV at age ~70 years only
in those who had greater increases in SBP between 43 and 53 years, supporting the concept that
cerebral damage is secondary to initial insult caused by raised BP followed by susceptibility to
relative hypoperfusion and increased arterial stiffness. A similar finding was reported in the
CAIDE study [90].

A key strength of this study if the number of time points at which BP was measured, capturing
dynamic changes in BP across the life course. Studies differ in timing of BP collection and the
wider age range of participants: a 10mmHg change in BP over a ten year period may have a
different relevance between 40 and 50 rather than between 60 and 70 years, which this study
is uniquely placed to investigate. This might explain differences in my findings compared with
other studies which have reported variable relationships between changing BP and subsequent
cerebral SVD [332,333,368,370]. Several studies with multiple BP measures have shown J
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shaped relationships between DBP over a 20 year period and subsequent WMHV [368,370],
which was also observed in a cross-European study with variable follow up durations. Another
cohort observed an association between increasing DBP and subsequent WMHV but with only
a relatively short follow up [333]. Finally, the AGES-Reykjavik study reported that higher laterlife SBP was associated with increased WMHV, but only in individuals not hypertensive in midlife,
indirectly supporting a role of increasing BP in development of WMHV [332].

The use of BPLM in later-life (age 69 years) had a weak positive association with WMHV age ~70
years, although I found that this is likely to be mediated through its association with earlier
elevated BP. There was no difference in WMHV between BP-lowering medication ‘responders’
who were normotensive on treatment and those who remained hypertensive. Latterly,
medication ‘responders’ had significantly higher WMHVs compared with normotensive
individuals, but these findings did not survive adjustment for SBP at age 53 years. Overall, there
was little evidence to suggest that BPLM influenced cerebral SVD. However this is a crosssectional imaging study and interpreting the influence of BPLM on cerebral SVD in a study of this
type is complex, particularly given the strong correlation between BPLM and earlier BP
measures. Consequently any associations observed are confounded by the relationship between
midlife BP and WMHV. Additionally, some antihypertensives might be more effective at
protecting against brain damage than others [380]. However, it also remains possible that
effective hypertensive treatment, particularly in later-life, may be detrimental for cerebral SVD
due to vascular remodelling and shifting of the cerebral autoregulatory curve, with relative
hypoperfusion seen in the normotensive range [113]. The relationship between BP treatment
and subsequent CVD has been assessed in several observational studies and clinical trials, and
although some have shown a benefit of lowering BP on CVD progression [116,368,381,382], this
was not replicated in PRoFESS, a large clinical trial [118]. However, the trial involved post-stroke
patients and may not be generalisable to the general population. The SPRINT-MIND study is
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currently investigating intensive BP control and subsequent CVD and change in cognition [117].
In Insight 46, WMH progression will be determined following the second wave of data collection,
at which time the impact of ongoing BPLM usage (and class of medication) on cerebral SVD can
be investigated in more detail in this cohort.

In conclusion, midlife BP is strongly associated with cerebral SVD in later-life, and greater
increases in BP in early midlife are particularly detrimental to subsequent cerebral SVD. Current
hypertension guidelines do not take into account changes in BP when considering treatment
initiation [364]. Guidelines might therefore benefit from re-evaluation in view of these
observations.

5.5 Blood pressure influences on fibrillar b-amyloid burden
5.5.1

Introduction

It has been hypothesised that hypertension may directly influence b-amyloid accumulation,
perhaps via a detrimental impact on b-amyloid clearance mechanisms [384]. Several studies
have examined the association between hypertension and brain β-amyloidosis in vivo, utilising
amyloid PET imaging [385–391] in cognitively normal individuals. Whilst several have shown an
association between raised BP and β-amyloidosis [386–389], others have failed to replicate this
[385,391]. These earlier studies have all been limited by relatively small sample sizes and the
use of concurrent cross-sectional measures of hypertension, with epidemiological evidence
suggesting a stronger influence of midlife BP on AD risk [17]. Post mortem studies are also
inconsistent: the Honolulu-Asia Aging study found an association between increased midlife BP
late and late life neuritic plaque burden [12] but this has not been replicated in other studies
[392,393].
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I sought to determine the relationship between BP and longitudinal changes in BP over a ~33
year period (ages 36 to 69 years) and b-amyloid burden at age ~70 years.

5.5.2

Methods

Participants were required to be dementia-free with useable PET data for inclusion in these
analyses. BP measurement and other clinical measures used as independent variables in this
analysis are described in chapter 2. The approach to calculating BP trajectories is described in
section 5.4.2. Binary amyloid status was determined as detailed in section 2.4.5.
Statistical methods
Logistic regression models were used to investigate the relationship between BP at ages 36
through to 69 years and binary amyloid status at age ~70 years. Four models were investigated:
•

Model 1 adjusted for sex. Unlike WMHV and brain volume analyses, to limit unnecessary
additional covariates which might cause overfitting of the models, age at scanning was
not included. In univariate analysis no association was seen between age at scanning
and amyloid status (OR 0.93; 95% CI 0.65, 1.33; p=0.69), likely due to the close age range
of individuals and the use of a binary, rather than a continuous, amyloid variable.

•

Model 2 further adjusted for APOE e4 status that is known to strongly influence amyloid
status.

•

Model 3 additionally adjusted for use of BPLM in case this had a modifying influence on
the relationship between BP and amyloid status.

•

Model 4 additionally adjusted for BP at 69 years to explore the relationship between
earlier BP values and amyloid status independently of ‘current’ BP.

The relationship between a binary hypertensive status at each age and subsequent amyloid
status was also investigated using logistic regression with Models 1 and 2 (Model 3 was not
used due to co-linearity between hypertensive status and BPLM status).
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BP trajectories and amyloid status were also investigated using logistic regression and three
models:
•

Model 1 included all trajectories (either SBP or DBP) within the same model and
adjusted for sex.

•

Model 2 additionally included adjustment for APOE e4 status.

•

Model 3 used each trajectory separately as the predictor and adjusted for sex, APOE
e4 status and change in BPLM.

The possibility of a differential influence of BP or hypertensive status on b-amyloid burden in
APOE e4 carriers versus non-carriers was tested by an interaction term in all models including
APOE e4 status. Potential differential influences of BP on amyloid status by sex were investigated
by introducing an interaction term in fully-adjusted models. Possible non-linear relationships
between BP and amyloid status were explored through the introduction of a quadratic term.

5.5.3

Results

460 participants had useable amyloid PET data. 3 participants were excluded based on a
diagnosis of dementia so a total of 457 participants were included in this set of analyses.
Participant characteristics are summarised in section 4.3.1 and Table 5-1.

5.5.3.1 Association between amyloid status and blood pressure at various ages

There was no evidence of an association between BP (either SBP or DBP) or hypertensive status
at any age and amyloid status at age ~70 years (Table 5-8 and Table 5-9, Figure 5-6). There was
no evidence of a differential influence of BP or hypertensive status on b-amyloid burden in APOE
ε4 carriers versus non-carriers, when using an interaction term in the analysis (interaction p
values 0.13 to 0.79). There was no evidence of a differential effect by sex apart from at age 69
years, when for both SBP and DBP there was evidence of a significant interaction effect (p=0.007,
p=0.002 respectively). In women, lower SBP and DBP at age 69 years were associated with an
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increased OR of being amyloid positive, reaching statistical significance for DBP (SBP: OR 0.81,
95% CI 0.64, 1.02, p=0.08; DBP: OR 0.57, 95% CI 0.37, 0.86, p=0.008) whilst in men there was
positive association between higher SBP and DBP at age 69 years and being amyloid positive,
reaching statistical significance for SBP (SBP: OR 1.28, 96% CI 1.02, 1.62, p=0.04; DBP: OR 1.34,
95% CI 0.96, 1.87, p=0.08). To investigate whether the association in women might be driven by
MCI participants in the prodromal phase of AD, these individuals were excluded, which did not
substantially alter the interaction (interaction effect SBP: p=0.016; DBP p=0.003), or effect size
in women (SBP: OR 0.80; 95% CI 0.63, 1.02; p=0.07; DBP: OR 0.57; 95% CI 0.37, 0.87; p=0.009),
whilst in men, the significant positive association with SBP was lost (SBP: OR 1.22; 95% CI 0.96,
1.55; p=0.10; DBP: OR 1.27; 95% CI 0.91, 1.78; p=0.16). There was no evidence of a non-linear
relationship between SBP or DBP and amyloid status at age ~70 years on introduction of a
quadratic term to fully-adjusted models (quadratic p values >0.28).
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0.40

0.80

0.54

0.95 (0.83, 1.08)

0.98 (0.85, 1.13)

1.05 (0.90, 1.22)

0.96 (0.75, 1.25)

1.04 (0.82, 1.32)

Age 60-64

Age 69
0.73

0.79

0.80

0.97 (0.76, 1.25)

0.92 (0.70, 1.21)

0.92 (0.73, 1.16)

0.91 (0.67, 1.21)

0.91 (0.69, 1.21)

1.01 (0.86, 1.18)

0.94 (0.81, 1.09)

0.91 (0.79, 1.04)

0.99 (0.81, 1.20)

0.83

0.53

0.48

0.51

0.52

0.92

0.41

0.17

0.90

0.96 (0.75, 1.24)

0.93 (0.71, 1.23)

0.92 (0.73, 1.16)

0.91 (0.68, 1.22)

0.92 (0.69, 1.22)

1.02 (0.87, 1.20)

0.95 (0.82, 1.11)

0.91 (0.79, 1.05)

0.99 (0.81, 1.20)

0.77

0.62

0.50

0.52

0.55

0.83

0.54

0.18

0.88

Amyloid positive adjusted OR (95% CI) (per 10mmHg increase )
Model 2:
p value
Model 3:
p value
Model 1 + adjusted for
Model 2 + adjusted for
concurrent BPLM
APOE e4 status
1.06 (0.87, 1.30)
0.55
1.07 (0.87, 1.31)
0.52

NR

0.92 (0.69, 1.25)

0.93 (0.73, 1.17)

0.92 (0.68, 1.24)

0.93 (0.70, 1.24)

NR

0.93 (0.78, 1.11)

0.89 (0.76, 1.04)

0.98 (0.80, 1.20)

Model 4:
Model 3 + adjusted
for BP at 69
1.07 (0.87, 1.32)

-

0.61

0.51

0.59

0.61

-

0.42

0.14

0.84

0.52

p value

Table 5-8 Results from logistic regression models showing associations between SBP or DBP (per 10mmHg increase) and amyloid status at age ~70 years. BPLM, blood-pressure
lowering medication; CI, confidence interval; DBP, diastolic blood pressure; NR, not relevant; OR, odds ratio; SBP, systolic blood pressure; DBP models have same n as SBP models.

0.97 (0.79, 1.20)

Age 53

0.53

0.43

0.67

0.96 (0.79, 1.16)

0.90 (0.69, 1.17)

0.96

p value

1.01 (0.83, 1.22)

0.91 (0.69, 1.21)

DBP

SBP

Age 43

Age 36
Model 1: n = 416
Model 2: n = 414
Model 3: n = 413
Model 4: n = 409
Age 43
Model 1: n = 434
Model 2/3: n = 432
Model 4: n= 426
Age 53
Model 1: n = 444
Model 2/3: n = 442
Model 4: n = 436
Age 60-64
Model 1: n = 456
Model 2/3: n = 454
Model 4: n = 448
Age 69
Model 1: n = 451
Model 2: n = 449
Model 3: n = 443
Age 36

Model 1:
Adjusted for sex

Amyloid positive adjusted OR (95% CI)
Hypertension

Model 1:

p value

p value

Model 1 plus adjusted for APOE e4 status

Adjusted for sex only

Age 36
Model 1: n= 414
Model 2: n = 412
Age 43
Model 1: n = 434
Model 2: n = 432
Age 53
Model 1: n = 447
Model 2: n = 445
Age 60-64
Model 1: n = 457
Model 2: n = 455
Age 69
Model 1: n = 452
Model 2: n = 450

Model 2:

0.93 (0.46, 1.88)

0.85

0.94 (0.45, 1.95)

0.86

1.31 (0.74, 2.32)

0.35

1.23 (0.68, 2.23)

0.50

0.80 (0.49, 1.31)

0.38

0.70 (0.41, 1.18)

0.18

0.70 (0.43, 1.13)

0.14

0.62 (0.37, 1.03)

0.06

0.93 (0.58, 1.51)

0.77

0.84 (0.50, 1.39)

0.49

Table 5-9 Results from logistic regression models showing associations between hypertensive status and amyloid
status at age ~70 years. CI, confidence interval; OR, odds ratio.

5.5.3.2 Evidence for a rate-sensitive period in midlife influencing amyloid status at age ~70
years

There was no evidence of an association between BP trajectories (either SBP or DBP) at any age
and amyloid status at age ~70 years (Table 5-10, Figure 5-6). There was no evidence of a
differential influence of BP trajectories on b-amyloid burden in APOE ε4 carriers versus noncarriers, when using an interaction term in the analysis (interaction p values 0.17 to 0.93). There
was evidence of a sex interaction for both SBP and DBP trajectories between ages 60-64 and 69,
(p=0.001, p<0.001 respectively) whereby in females, higher trajectory standardised residuals
were associated with less likelihood of being amyloid positive (SBP trajectory: OR 0.66, 95% CI
0.43, 1.02, p=0.06; DBP trajectory: OR 0.55, 95% CI 0.36, 0.84, p=0.006), with the opposite
association in males (SBP trajectory: OR 1.77, 95% CI 1.18, 2.67, p=0.006; DBP trajectory: OR
1.58, 95% CI 1.07, 2.34, p=0.02). Excluding MCI individuals did not substantially alter this finding
for either SBP or DBP (interaction effect p=0.003, p=0.001 respectively). In an exploratory
analysis, MMSE score and hippocampal volume (treated as a surrogate marker of
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neurodegeneration) were introduced into the model to see whether differences were due to
sex differences in preclinical disease stage. This did not influence the interaction. There is some
literature that suggests angiotensin receptor blocker (ARB) usage is protective against b-amyloid
accumulation [166]. Adjustment for ARB usage at age ~70 years did not influence the
relationship and ARB usage was not independently associated with amyloid status (ARB usage
OR for amyloid positivity in SBP trajectory model: OR 0.63; 95% CI 0.17, 2.30; p=0.49).

Because the trajectories do not reflect absolute values, and the trend is for BP to decline
between 60-64 and 69 years (Figure 5-1), individuals with a positive trajectory may have an
absolute increase in BP, or may have a less steep decline. Therefore, to investigate whether the
relationship in men was driven by those individuals with an absolute increase in BP between 6064 and 69 years, the analysis was re-run sub-categorised by whether there was an absolute
increase or decrease in BP (for SBP: declining n=224; increasing n=164; for DBP: declining n=256;
increasing n=132): the interaction only persisted in the group where BP had declined. Men, but
not women, with a less steep decline in BP, compared with a larger decline had higher odds of
being amyloid positive (SBP interaction p = 0.022; DBP interaction p = 0.015), and no evidence
of an interaction in those with an absolute increase in BP (SBP interaction p = 0.53; DBP
interaction p = 0.069). The smaller number of individuals in the absolute BP groups may however
explain this through loss of power to detect an interaction effect.

There was no evidence of a non-linear relationship between BP trajectories at any point and
subsequent amyloid status at age ~70 years, as assessed using the introduction of a quadratic
term (all quadratic p values >0.13).
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Model 1:

Model 3:

SBP

SBP

1.03 (0.79, 1.34)

0.89 (0.69, 1.16)

0.95 (0.74, 1.23)

0.18

0.84

0.39

0.72

0.97 (0.73, 1.27)

1.16 (0.88, 1.54)

0.96 (0.72, 1.27)

0.80 (0.60, 1.06)

0.97 (0.74, 1.26)

0.50

0.80

0.30

0.77

0.13

0.80

1.00 (0.76, 1.31)

0.91 (0.69, 1.20)

0.97 (0.73, 1.27)

1.12 (0.84, 1.48)

0.95 (0.72, 1.25)

0.80 (0.60, 1.06)

0.96 (0.73, 1.26)

0.93

0.99

0.50

0.81

0.43

0.72

0.12

0.79

p value

Amyloid positive adjusted OR (95% CI)
Model 2:

SBP
1.19 (0.92, 1.55)

0.83

0.91 (0.69, 1.20)

1.00

0.99 (0.75, 1.30)

p value

SBP

0.97 (0.75, 1.26)

0.79

1.00 (0.76, 1.31)

0.82

p
value

DBP

0.96 (0.74, 1.25)

0.82

1.03 (0.79, 1.35)

Each trajectory modelled separated and
adjusted for Model 2 + change in BPLM status

36 - 43 years
Model 1: n = 388
Model 2/3: n = 386
43 - 53 years
Model 1: n = 388
Model 2/3: n = 386
53 - 60/64 years
Model 1: n = 388
Model 2/3: n = 386
60/64 years – 69
years
Model 1: n = 388
Model 2: n = 386
Model 3: n= 382
36 - 43 years
DBP

1.03 (0.80, 1.33)

0.45

Model 1 plus adjustment for
APOE e4 status

43 - 53 years
DBP

1.10 (0.86, 1.42)

Period of rate of
change in blood
pressure

53 - 60/64 years
DBP

All trajectories included in
single model and adjusted for
sex

60/64 years – 69
years

Table 5-10 Results from logistic regression models showing associations between blood pressure trajectories (SBP and DBP) and amyloid status. BPLM, blood-pressure lowering
medication; CI, confidence interval; DBP, diastolic blood pressure; NR; OR, odds ratio; SBP, systolic blood pressure
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BP at age 36
SBP

1.07
0.94

Hypertensive at age 36

0.93

DBP
BP at age 43
SBP

0.98

1.23

Hypertensive at age 43

0.92

DBP
BP at age 53
SBP

0.89

0.70

Hypertensive at age 53

0.93

DBP
BP at age 60-64
SBP

0.93

0.62

Hypertensive at age 60-64

0.93

DBP
BP at age 69
SBP

1.02

0.84

Hypertensive at age 69
0.97

DBP
0.60

0.80

1.00
Adjusted odds ratio

BP trajectory between
ages 36 and 43
SBP

1.20

1.40

0.50

1.00
1.50
2.00
Adjusted odds ratio

2.50

0.96
0.97

DBP
BP trajectory between
ages 43 and 53
SBP

0.80
0.91

DBP
BP trajectory between
ages 53 and 60-64
SBP

0.95
1.00

DBP
BP trajectory between
ages 60-64 and 69
SBP

1.12
0.99

DBP
0.60

0.80

1.00
1.20
Adjusted odds ratio

1.40

Figure 5-6 Plots summarising the adjusted odds ratios (ORs) of being amyloid positive at age ~70 years associated
with BP (SBP and DBP (top left)) and hypertension status (top right) at ages 36, 43, 53, 60-64 and 69 years, and
associated with BP (both SBP and DBP) trajectories (bottom left) . ORs for single time-point BP measurements are
quoted per 10mmHg increase. All ORs are plotted with 95% confidence intervals. Continuous BP measurement
(single time point or trajectory) ORs are shown using Model 4 (single time point) and Model 3 (trajectory); binary
hypertensive ORs are shown using Model 2.

5.5.3.3 Associations between other covariates and amyloid status at age ~70 years

There was no association between sex and amyloid status, nor BPLM at any age and amyloid
status at age ~70 years. Presence of 1 or 2 APOE e4 alleles was consistently strongly associated
with amyloid status at age ~70 years across models (e.g. SBP at age 36, Model 3: presence of
APOE e4 OR 5.0; 95% CI: 3.0, 8.6; p<0.001).

5.5.4

Discussion

I did not find evidence to support an association between BP, or hypertensive status, at any time
point from 36 to 69 years, and fibrillar amyloid status at age ~70 years. The results did not
suggest a sensitive window where change in BP influences risk of increased amyloid burden.
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There was no evidence of a differential influence of BP, BP trajectory or hypertension status on
amyloid status in APOE ε4 carriers versus non-carriers.

Contrary to the findings reported here, several cross-sectional studies have shown an
association between BP and amyloidosis [386–389]. The absence of an association between BP
and fibrillar b-amyloid in this cohort is unlikely to be driven by a lack of power as the number of
subjects is higher than in those studies that did find an association, but the cohort examined and
statistical methods differ from these other studies. For instance, one of the studies that found a
cross-sectional association between SBP and regional b-amyloid distribution volume ratio (DVR)
used a cohort with a family history of probable AD, the sample size was small, and used a voxelbased approach but did not correct for multiple comparisons [389]. Another study used a
vascular risk factor enriched cohort [394], whilst one study was performed in the ADNI cohort,
which exclude individuals with significant vascular disease [388], limiting the generalisability of
their findings. These studies all treated their amyloid PET measurement as a continuous variable.
As discussed in Methods section 2.4.5 I decided not to use this approach due to the highly
skewed nature of the data, the suggestion of a bimodal distribution and the significant noise-tosignal ratio particularly in those individuals with lower SUVR measurements.

My observations are however consistent with two large cohort studies that have recently
reported relationships between midlife vascular risk factors and later-life fibrillar b-amyloid
status [395,396]. The ARIC cohort study found no direct association between midlife
hypertension and later-life amyloidosis, nor evidence of an interaction between APOE e4 status
and hypertension on b-amyloid burden. They did, however, see increasing risk of b-amyloid
deposition with increasing number of midlife vascular risk factors, suggesting hypertension may
be important, if not sufficient, to enhance b-amyloid accumulation [395]. This possibility is
investigated further in chapter 7. The Mayo Clinic of Aging study found no association between
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midlife hypertension and later-life b-amyloid burden, with the only significant association seen
with midlife dyslipidaemia [396].

A differential effect of BP between men and women at age 69 years emerged, whereby in
women higher BP was associated with reduced odds of being amyloid positive at age ~70 years,
and women with a steeper decline in BP between ages 60-64 and 69 years were more likely to
be amyloid positive; whilst in men steeper declines in BP were associated with reduced odds of
being amyloid positive. It is recognised that BP may decline in the years preceding dementia [92]
and therefore the association in women may be driven by the presence of b-amyloid, or perhaps
downstream neurodegeneration, in regions of autonomic control. Alternatively, declining BP in
later-life, when it may be associated with relative cerebral hypoperfusion, could drive increased
b-amyloid deposition. Cerebral hypoperfusion has been associated with increased APP
expression in rats [397]. In men, a more positive BP trajectory between 60-64 and 69 years was
associated with increased risk of being amyloid positive at age ~70 years. Interpretation should
however be taken in the context of Figure 5-1, whereby it can be seen that the pattern is for
declining SBP and DBP between 60-64 and 69 years, and therefore an increased trajectory may
reflect increasing BP over this period, but may also reflect a less steep decline. The association
is particularly apparent in men who have a less steep decline in BP, rather than those with an
absolute increase in BP. One possible explanation for this observation is that cerebral b-amyloid
is driving systemic changes in BP, which are relatively small and therefore only detectable in
individuals whose BP would otherwise be declining. Infusion of intraventricular Ab40 has been
shown to induce hypertension in animal models, presumed to be mediated via angiotensin
converting enzyme (ACE) induced raised cerebral vascular resistance, with compensatory
systemic BP changes [398]. In humans, increased cerebral vascular resistance has been shown
to predict hypertension [399]. Why the association should differ in men and women is unclear,
although it is recognised that the physiological mechanisms that control BP differ by sex [366].
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The findings from this analysis suggest that the association between BP and later-life cognition
and dementia risk is not driven by an increased risk of cerebral fibrillar b-amyloid deposition,
although possible sex differences, which are unexpected, need to be examined in more detail in
longitudinal analyses.

5.6 Blood pressure influences on brain volumes
5.6.1

Introduction

Accumulating evidence generally supports the concept that BP influences brain volumes in laterlife [400]. However, questions over relative importance of systolic and diastolic blood pressure,
hyper- versus hypotension, and the relative timing of changes on subsequent brain volume
remain unanswered, along with the pathophysiological mechanisms through which BP may
cause brain atrophy. Possible pathways include CVD, an influence on b-amyloid pathology, or
via neuroinflammation [401].

Midlife BP may have more of an influence than later-life measures on brain volumes [402,403],
although this has not been consistently seen [372], and there is limited literature on longitudinal
changes in BP and subsequent brain volumes [332,404,405].

In this study the relationships between BP and longitudinal changes in BP over a ~33 year period
(ages 36 to 69) and whole brain and hippocampal volumes (WBV and HV) at age ~70 years were
investigated, to determine whether a “sensitive period” model best explains the relationship
between BP and brain volumes. This included evaluating the influence of BP on brain volumes
whilst accounting for cerebral SVD and b-amyloid burden. I also assessed the impact of BPlowering treatment in the same individuals over the same period.
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5.6.2

Methods

Participants were excluded if they had a diagnosis of dementia. Participants were also excluded
if they had brain pathology which confounded the WMHV calculated by BaMoS (for instance,
demyelination). Otherwise all participants were included for generalisability. In a sensitivity
analysis, all participants with major neurological diagnoses (including, but not limited to clinical
stroke, epilepsy on active treatment, major psychiatric diagnosis) and a consensus diagnosis of
MCI were excluded, as these individuals may have cerebral atrophy due to other pathologies.
WBV was calculated using MAPS [304], and mean HV generated by calculating the mean of an
individual’s left and right hippocampal volumes segmented using STEPS [315]. Global WMHV
were derived as outlined in section 2.4.2. Binary amyloid status was determined as detailed in
section 2.4.5. BP measurement and other clinical measures used as independent variables in
this analysis are described in section 2.6. The approach to calculating BP trajectories is described
in section 5.4.2.
Statistical methods
Linear regression was used to investigate the relationship between BP (SBP and DBP separately)
and WBV and mean HV at age ~70. Four models were investigated:
•

Model 1 adjusted for sex, TIV and age at time of imaging.

•

Model 2 further adjusted for use of BPLM.

•

Model 3 additionally adjusted for BP at 69 to explore the relationship between earlier
BP values and brain volumes independently of ‘current’ BP.

•

Model 4 finally adjusted for other potential vascular confounders: smoking status,
current BMI, current diabetic status, current hypercholesterolaemia status and adult
SEP. In order to explore the influence of BP independently of other brain pathologies,
model 4 also adjusted for global WMHV and amyloid status to account for any possible
direct influence of these pathologies on brain volumes.
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To further investigate the influence of BPLM on later-life brain volumes a categorical variable
dividing individuals by hypertensive status (normotensive vs. hypertensive) and medication
status (on BPLM versus not) was created and this categorical variable was used as the
independent variable within a linear regression to look specifically at whether there was a
difference in brain volumes between medication ‘responders’ (normotensive on medication)
and ‘non responders’ (hypertensive on medication).

BP trajectories as independent variables and brain volumes as the dependent variables were
investigated in separate linear regressions using two models:
•

Model 1 fitted all SBP or DBP trajectories within the model and adjusted for sex, TIV and
age at scanning.

•

Model 2 assessed each trajectory individually and adjusted for change in BPLM status,
and other potential confounders as outlined in Model 4 of the cross-sectional BP
analyses. BP at age ~70 years was not used within the trajectory work due to its lack of
equivalence with previous measures (see section 5.3.3).

In both cross-sectional BP and BP trajectory models, to investigate whether BP influences on HV
were independent of WBV, WBV was additionally included as a co-variate in the fully-adjusted
HV models. Regression diagnostics were performed to check model assumptions, including
checks of linearity by examination of residuals. Interactions between each BP measure and sex
were investigated, and testing performed separately if significant interactions are found. Nonlinear relationships between BP and BP trajectory variables and brain volumes were investigated
through the introduction of a quadratic term. If there was a suggestion of a non-linear
relationship (p<0.05), this was investigated using linear spline modelling, with introduction of
appropriate knot points.
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5.6.3

Results

445 participants were eligible for inclusion in this analysis. 407 participants were eligible for the
sensitivity analysis. Participant characteristics are summarised in section 4.3.1 and Table 5-1.

5.6.3.1 Associations between brain volumes and blood pressure at various ages

There was a significant negative association between SBP at ages 43 and 53 years and WBV at
age ~70 years, which was strongest at age 53 years (Table 5-11). These associations were
unchanged by adjustment for BPLM (model 2) and attenuated by additional adjustment for SBP
at age 69 years (model 3), although remained significant. The negative association between SBP
at age 43 years and WBV was not significant when additionally adjusting for BMI at age ~70
years, smoking status at age 68 years, presence of diabetes and hypercholesterolaemia at age
~70 years, adult SEP, global WMHV and amyloid status (p=0.085). The comparable model at age
53 years became borderline significant (p=0.051). There was a strong negative association
between DBP at age 43 years and WBV, which remained significant in the fully-adjusted model
(Figure 5-7). At that age, a 10mmHg increase in DBP was associated with a 6.8 ml reduction in
WBV after adjustment for sex, TIV, age at scanning, BPLM, DBP at age 69 years, diabetic status
at age ~70 years, cholesterol status at age ~70 years, BMI at age ~70 years, smoking status at
age 68 years, amyloid status and WMHV.

At age 53 years, there was evidence of a non-linear relationship between SBP and WBV at age
~70 years using a fully adjusted model (quadratic term p=0.005). Introduction of two knot points
at 120 and 140mmHg to investigate a differential effect of SBP<120mmHg, SBP between 120
and 140mmHg and SBP>140mmHg revealed an absence of association between SBP and WBV
below 140mmHg, but a strong negative association between higher SBP and WBV above this
level (b coefficient -8.9; 95% CI: -14.1, -3.7; p=0.001), suggesting a critical threshold above which
SBP at age 53 years adversely affects later-life WBV (Figure 5-8).
194

Higher SBP at age 43 years was associated with smaller mean HV at age ~70 years (Table 5-12),
although this was attenuated to borderline significance (p=0.055) in fully-adjusted model 4.
There was evidence of a non-linear relationship between SBP at age 53 years and mean HV at
age ~70 years, on introduction of a quadratic term (p=0.025). Introduction of two knot points
at 120 and 140mmHg (as done in the WBV analysis) revealed an absence of association between
SBP and HV below 140mmHg, but a significant negative association between higher SBP and HV
above this level (b coefficient -0.04; 95% CI: -0.08, -0.01; p=0.011). When WBV was included as
an additional co-variate in the HV models, both the association with SBP at age 43 and nonlinear relationship with SBP at 53 years were substantially attenuated and no longer significant
(p=0.16; quadratic p value 0.17, respectively).

In a sensitivity analysis, excluding all participants with major brain disorders, the associations
between SBP at ages 43 and 53 years and WBV at age ~70 years were strengthened (model 4:
SBP at age 43: b coefficient -3.3; 95% CI: -6.6, -0.02; p=0.048; SBP at age 53: b coefficient -3.4;
95% CI: -5.9, -0.8; p=0.009) and remained unchanged for DBP at age 43 years (model 4: b
coefficient -6.7; 95% CI: -11.8, -1.6; p=0.010). The borderline association between SBP at age 43
years and mean HV was not substantially altered (model 4:b coefficient -0.021; 95% CI: -0.042,
0.001; p=0.06)

There was no suggestion of a differential influence of BP on WBV by sex (interaction p values
>0.10). At age 36 years only, there was a suggestion of a differential influence of DBP, but not
SBP, in men and women (p=0.016) on mean HV, but although there was a trend in opposite
directions, in neither sex did the association reach significance (women: b coefficient -0.043;
95% CI: -0.088, 0.0011; p=0.056; men: b coefficient 0.031; 95% CI: -0.010, 0.072; p=0.14). There
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was no suggestion of an interaction at any other time point (interaction p values 0.15 to 0.97)
suggesting that the finding at age 36 years is a Type 1 error.
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BPLM

DBP

SBP

Independent variable

Age 36
Model 1: n= 405
Model 2: n=404
Model 3/4: n =400

Age 43
Model 1/2: n= 422
Model 3/4: n= 416

Age 53
Model 1/2: n= 433
Model 3/4: n =427

Age 60-64
Model 1/2: n= 444
Model 3/4: n =438

Age 69
Model 1: n= 439
Model 2/4: n= 433

Age 36
Age 43
Age 53
Age 60-64
Age 69
Age 36
Model 1: n=408

Age 43
Model 1: n=429

Age 53
Model 1: n=437

Age 60-64
Model 1: n=445

Age 69
Model 1: n=433

-2.9 (-5.2, -0.7)

-3.8 (-7.1, -0.5)

-2.2 (-5.6, 1.3)

Model 1:
Adjusted for sex,
TIV and age at MRI

0.17

0.011

0.024

0.22

p
value

-1.7 (-4.3, 1.0)

-1.4 (-4.0, 1.1)

-3.1 (-5.4, -0.8)

-3.8 (-7.1, -0.5)

0.21

0.26

0.007

0.024

NR

-0.9 (-3.7, 1.9)

-3.1 (-5.6, -0.6)

-3.4 (-6.8, -0.07)

β coefficient (95% CI)
Model 2:
p
Model 3:
Model 1 + adjustment for BPLM at
value
Model 2 + BP at 69
given age (for SBP/DBP) or Model 1 +
SBP at given age (for BPLM)
-2.1 (-5.6, 1.4)
0.23
-2.1 (-5.7, 1.5)

NR

0.54

0.014

0.045

0.26

-2.1 (-4.7, 0.6)

-0.31 (-3.1, 2.5)

-2.5 (-5.1, 0.0)

-2.9 (-6.3, 0.4)

Model 4:
Model 3 + Adult SE, smoking,
cholesterol and diabetes status,
BMI, amyloid status and WMHV
-2.1 (-5.6, 1.4)

0.13

0.83

0.051

0.085

0.24

3.1 (-10.5, 16.6)

4.8 (-28.8, 38.4)

-0.3 (-5.0, 4.5)
-6.5 (-11.4, -1.5)
-2.3 (-6.1, 1.5)
-0.6 (-5.1, 3.9)
-0.4 (-4.6, 3.7)
0.09 (-33.8, 34.0)

0.075

0.66

0.78

0.91
0.010
0.23
0.80
0.83
1.00

-5.0 (-13.8, 3.7)

-7.7 (-17.2, 1.80)

7.0 (-6.8, 20.8)

3.5 (-30.2, 37.1)

-0.2 (-5.0, 4.6)
-6.5 (-11.4, -1.6)
-2.4 (-6.3, 1.4)
-0.2 (-4.7, 4.3)
-0.5 (-4.7, 3.7)
2.4 (-31.8, 36.6)

0.26

0.11

0.32

0.84

0.93
0.010
0.21
0.94
0.82
0.89

-5.3 (-14.0, 3.5)

-9.0 (-18.5, 0.6)

4.0 (-10.0, 18.0)

6.4 (-27.4, 40.2)

-0.3 (-5.3, 4.6)
-6.8 (-11.9, -1.8)
-2.7 (-6.8, 1.3)
-0.16 (-5.1, 4.8)
-0.5 (-4.7, 3.7)
0.02 (-34.4, 34.4)

0.24

0.066

0.57

0.71

0.89
0.008
0.19
0.95
0.82
1.00

-1.1 (-10.2, 8.0)

-4.8 (-14.7, 5.0)

9.0 (-5.0, 23.1)

7.0 (-26.8, 40.8)

0.49 (-4.4, 5.3)
-6.8 (-11.8, -1.8)
-1.9 (-6.0, 2.2)
0.51 (-4.4, 5.5)
-1.4 (-5.7, 2.8)
-5.7 (-39.7, 28.4)

0.82

0.34

0.21

0.68

0.84
0.008
0.37
0.84
0.51
0.74

p
value

-1.7 (-4.2, 0.8)
0.20

-8.5 (-17.9, 0.9)

0.24

p
value

-1.7 (-4.3, 0.9)

-5.3 (-14.0, 3.5)

Table 5-11 Results from linear regression models assessing BP (per 10mmHg change) and BPLM at five time-points and whole brain volume age ~70 years. DBP models have same n as for
SBP models. BPLM models 2, 3 + 4 have same n as for SBP models 2, 3 + 4. BMI, body mass index; BPLM, blood-pressure lowering medication; CI, confidence interval; DBP, diastolic blood
pressure; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

197

Model 1: n=433

Age 69

Model 1: n=445

Age 60-64

Model 1: n=437

Age 53

Model 1: n=429

Age 43

Model 1: n=408

Age 36
Age 43
Age 53
Age 60-64
Age 69
Age 36

Model 1: n= 439
Model 2/4: n= 433

Age 69

Model 1/2: n= 444
Model 3/4: n =438

Age 60-64

Model 1/2: n= 433
Model 3/4: n =427

Age 53

Model 1/2: n= 422
Model 3/4: n= 416

Age 43

BPLM

DBP

0.021 (-0.034, 0.076)

0.033 (-0.026, 0.093)

0.089 (0.003, 0.17)

0.039 (-0.17, 0.25)

0.0009 (-0.028, 0.030)
-0.009 (-0.039, 0.022)
-0.0036 (-0.028, 0.021)
0.017 (-0.011, 0.046)
0.005 (-0.021, 0.032)
-0.12 (-0.33, 0.089)

-0.007 (-0.024, 0.009)

-0.010 (-0.026, 0.005)

-0.008 (-0.023, 0.006)

-0.021 (-0.041, -0.0006)

-0.005 (-0.027, 0.016)

SBP

Age 36

Model 1: n= 405
Model 2: n=404
Model 3/4: n =400

Model 1:
Adjusted for sex, TIV
and age at scanning

Independent variable

0.46

0.27

0.042

0.72

0.95
0.58
0.77
0.24
0.69
0.26

0.38

0.20

0.26

0.043

0.62

p value

0.022 (-0.033, 0.077)

0.040 (-0.020, 0.10)

0.11 (0.02, 0.19)

0.03 (-0.18, 0.24)

0.0031 (-0.027, 0.033)
-0.0089 (-0.040, 0.022)
-0.006 (-0.030, 0.018)
0.016 (-0.013, 0.044)
0.0034 (-0.023, 0.030)
-0.12 (-0.33, 0.094)

-0.009 (-0.025, 0.008)

-0.012 (-0.028, 0.004)

-0.012 (-0.026, 0.003)

-0.021 (-0.041, -0.0005)

0.43

0.19

0.017

0.77

0.84
0.57
0.61
0.29
0.80
0.27

0.30

0.14

0.12

0.045

NR

0.034 (-0.027, 0.094)

0.093 (0.004, 0.18)

0.031 (-0.18, 0.24)

-0.003 (-0.033, 0.027)
-0.017 (-0.048, 0.014)
-0.010 (-0.035, 0.016)
0.015 (-0.016, 0.046)
NR
-0.11 (-0.33, 0.097)

NR

-0.011 (-0.028, 0.007)

-0.011 (-0.027, 0.005)

-0.021 (-0.042, 0.0002)

β coefficient (95% CI)
Model 2:
p
Model 3:
Model 1 + adjustment for BPLM at value Model 2 + BP at 69
given age (for SBP/DBP) or Model
1 + SBP at given age (for BPLM)
-0.0038 (-0.025, 0.018)
0.73
-0.005 (-0.027, 0.017)

-

0.27

0.040

0.77

0.85
0.29
0.46
0.34
0.29

-

0.24

0.16

0.048

0.67

p
value

0.016 (-0.042, 0.074)

0.028 (-0.035, 0.091)

0.090 (-0.0005, 0.18)

0.027 (-0.19, 0.24)

-0.003 (-0.034, -0.027)
-0.018 (-0.050, 0.013)
-0.012 (-0.038, 0.014)
0.014 (-0.018, 0.046)
0.0038 (-0.023, 0.031)
-0.11 (-0.32, 0.11)

-0.008 (-0.025, 0.009)

-0.012 (-0.030, 0.006)

-0.014 (-0.030, 0.002)

-0.021 (-0.042, 0.0005)

Model 4: :
Model 3+Adult SEP, smoking,
cholesterol and diabetes status,
BMI, amyloid & WMHV
-0.006 (-0.028, 0.017)

0.59

0.38

0.051

0.81

0.83
0.26
0.37
0.38
0.78
0.32

0.34

0.19

0.095

0.055

0.62

p
value

Table 5-12 Results from linear regression models assessing BP (per 10mmHg change) and BPLM at five time-points and mean hippocampal volume age ~70 years. DBP models have same n
as SBP models. BPLM models 2, 3 + 4 have same n as for SBP Models 2, 3 + 4. BMI, body mass index; BPLM, blood-pressure lowering medication; CI, confidence interval; DBP, diastolic blood
pressure; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume
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Figure 5-7 Scatter plots showing relationship between systolic (top panel) and diastolic (bottom panel) BP at age
43 and whole brain volume (WBV) at age ~70 years. WBV is adjusted for total intracranial volume (TIV), sex and
age at scanning. Line of best fit and 95% confidence intervals (CI) are plotted using model 4.
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Figure 5-8 Scatter plots showing relationship between systolic BP at age 53 and whole brain volume (WBV) at age
~70 years using a linear spline model with knot points at SBP=120 and SBP=140mmHg. WBV is adjusted for total
intracranial volume (TIV), sex and age at scanning. Line of best fit and 95% confidence intervals (CI) are plotted
using model 4.

5.6.3.2 Associations between brain volumes and blood pressure lowering treatment at
various ages

There was no evidence of any association between the use of BPLM at any age and WBV at age
~70 years, taking account of contemporaneous BP. BPLM at age 53 years was associated with
larger HV at age ~70 years. This relationship was strengthened when contemporaneous SBP was
accounted for (model 2), although lost statistical significance in fully-adjusted model 4 (Table
5-12).

There were no differences in WBV or mean HV at age ~70 years between medication
‘responders’ and ‘non-responders’, between normotensive individuals and medication
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‘responders’ or between normotensive individuals and medication ‘non-responders’, at any
time point (Table 5-13 and Table 5-14).

b coefficient for
difference in WBV
between
medication ‘nonresponders’ and
‘responders’ (95%
CI)
‘Responders’ are
the reference
group
-27.0 (-94.8, 40.7)

p
value

b coefficient for
difference in WBV
between medication
‘responders’ and
normotensive
individuals (95% CI)
Normotensives are
the reference group

p
value

b coefficient for difference
in WBV between
medication ‘nonresponders’ and
normotensive individuals
(95% CI)
Normotensives are the
reference group

p
value

0.43

11.7 (-33.1, 56.5)

0.61

-15.3 (-66.9, 36.2)

0.56

-62.2 (-157.7,
33.2)

0.20

11.9 (-24.4, 48.2)

0.52

-50.4 (-138.8, 38.0)

0.26

53
years

-23.2 (-49.1, 2.8)

0.08

13.9 (-6.0, 33.9)

0.17

-9.2 (-27.7, 9.2)

0.33

60/64
years

0.2 (-16.0, 16.3)

0.98

-11.6 (-24.2, 1.0)

0.07

-11.4 (-24.7, 1.8)

0.09

-9.2 (-24.0, 5.7)

0.23

-2.7 (-13.3, 7.8)

0.61

-11.9 (-25.8, 2.0)

0.09

36
years
N=344
NR=4
H=53
HNR=3

43
years
N=347
NR=6
H=68
HNR=1

N=242
NR=21
H=145
HNR=25

N=211
NR=62
H=116
HNR=56

69
years

N=185
NR=114
H=83
HNR=51

Table 5-13 Difference in WBV between hypertensive and normotensive individuals, according to treatment
status. Models adjusted for TIV, sex and age at scanning. CI, confidence interval; H, hypertensive unmedicated
individual; HNR, hypertensive ‘non-responder’; N, normotensive unmedicated individual; NR, normotensive
medication ‘responder’; TIV, total intracranial volume; WBV, whole brain volume.
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36
years

b coefficient for
difference in HV
between
medication ‘nonresponders’ and
‘responders’ (95%
CI)
‘Responders’ are
the reference
group
-0.11 (-0.53, 0.30)

p
value

b coefficient for
difference in HV
between medication
‘responders’ and
normotensive
individuals (95% CI)
Normotensives are
the reference group

p
value

b coefficient for
difference in HV
between medication
‘non-responders’ and
normotensive
individuals (95% CI)
Normotensives are the
reference group

p
value

0.59

-0.07 (-0.35, 0.21)

0.62

-0.18 (-0.50, 0.13)

0.26

-0.52 (-1.12, 0.07)

0.08

0.11 (-0.12, 0.34)

0.34

-0.41 (-0.97, 0.14)

0.14

0.07 (-0.10, 0.23)

0.43

0.05 (-0.08, 0.17)

0.47

0.11 (-0.005, 0.23)

0.061

-0.06 (-0.16, 0.04)

0.26

0.06 (-0.02, 0.14)

0.16

-0.001 (-0.09, 0.08)

0.98

-0.04 (-0.13, 0.06)

0.44

0.05 (-0.02, 0.11)

0.18

0.008 (-0.08, 0.10)

0.85

N=344
NR=4
H=53
HNR=3

43
years
N=347
NR=6
H=68
HNR=1

53
years
N=242
NR=21
H=145
HNR=25

60/64
years
N=211
NR=62
H=116
HNR=56

69
years
N=185
NR=114
H=83
HNR=51

Table 5-14 Difference in mean HV between hypertensive and normotensive individuals, according to treatment
status. Models adjusted for TIV, sex and age at scanning. CI, confidence interval; N, normotensive unmedicated
individual; NR, normotensive medication ‘responder’; H, hypertensive unmedicated individual; HNR,
hypertensive ‘non-responder’; HV, hippocampal volume; TIV, total intracranial volume.

5.6.3.3 Evidence for a rate-sensitive period in midlife influencing brain volumes at age ~70
years

There was a trend towards greater increases in SBP between 36 and 43 years being associated
with smaller WBV at age ~70 years but this did not reach statistical significance (Model 1:
p=0.055). Greater increases in SBP between 43 and 53 years were associated with smaller WBV
at age ~70 years (model 1: p=0.049). However, the association did not survive adjustment for
change in BPLM status, adult SEP, smoking status at age 68 years, BMI at age ~70 years, presence
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of diabetes and hypercholesterolaemia at age ~70 years, global WMHV and amyloid status
(Model 2: p=0.2). There was a strong negative association between greater increases in DBP
between 36 and 43 years and WBV at age ~70 years (model 2: p=0.006) (Table 5-15, Figure 5-9).

Introduction of a quadratic term revealed the possibility of a non-linear relationship between
SBP trajectories between 36 and 43 years (p=0.046), and 43 and 53 years (p=0.012) and WBV.
Use of linear spline modelling using a knot point at the standardised trajectory residual=0
revealed that having a greater than expected increase in SBP between 36 and 43 years (b
coefficient -10.5; 95% CI: -18.4, -2.5; p=0.010), and 43 and 53 years (b coefficient -11.6; 95% CI:
-19.6, -3.7; p=0.004) was associated with a smaller WBV at age ~70 years (Figure 5-10). There
was no association between SBP trajectory and WBV in individuals who had a less than expected
increase or decrease in SBP between these ages (p=0.18; p=0.10, respectively).

A greater increase in SBP between 36 and 43 years was associated with smaller HV at age ~70
years, an effect only slightly attenuated by adjustment for change in BPLM status, adult SEP,
current smoking status, BMI, presence of diabetes and hypercholesterolaemia, global WMHV
and amyloid status (Table 5-16, Figure 5-9) . WBV was included as an additional co-variate in HV
model 2 and the significant negative association between 36-43 SBP trajectory and HV was lost
(p=0.098). There was no evidence of a non-linear relationship on introduction of a quadratic
term (all quadratic p values >0.17).

In the sensitivity analyses excluding participants with major neurological disorders, the negative
association between increasing SBP between 43 and 53 years and WBV at age ~70 years was
strengthened (model 2: b coefficient -4.9; 95% CI: -9.6, -0.3; p=0.038), and the negative
association between increasing DBP between ages 36 and 43 years and WBV persisted (model
2: b coefficient -6.7; 95% CI: -11.5,-2.0; p=0.006). The association between increasing SBP
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between 36 and 43 years and mean HV was not altered (model 2: b coefficient -0.030; 95% CI: 0.058,-0.001; p=0.043).

There was no suggestion of a differential influence of BP trajectories on brain volumes by sex,
on introduction of an interaction term (all interaction p values >0.09).

β coefficient (95% CI)
Period of rate
of change in
blood
pressure
36 - 43 years
Model 1/2:
n=378
43 - 53 years
Model 1/2:
n=378
53 - 60/64
years
Model 1/2:
n=378
60/64 years –
69 years
Model 1:
n=378
Model 2:
n=374
36 - 43 years
43 - 53 years

SBP

DBP

Model 1:
All trajectories included
in single model and
adjusted for sex, TIV and
age at scanning

p
value

p
value

0.055

Model 2:
Each trajectory modelled separately and
adjusted as for Model 1 + Adult SEP,
smoking status, cholesterol status,
diabetic status, BMI, amyloid status,
WMHV, change in BPLM status
-3.0 (-7.5, 1.5)

-4.4 (-9.0, 0.1)
-4.5 (-9.0, -0.0)

0.049

-3.1 (-7.7, 1.6)

0.20

0.5 (-4.2, 5.2)

0.84

0.5 (-4.1, 5.2)

0.82

-0.3 (-4.9, 4.2)

0.89

-1.8 (-6.5, 2.9)

0.45

-6.3 (-11.0, -1.7)

0.008

-6.4 (-11.0, -1.9)

0.006

-2.1 (-6.8, 2.5)

0.37

-0.9 (-5.7, 3.9)

0.72

0.19

53 - 60/64
-0.8 (-5.4, 3.9)
0.74
-0.8(-5.5, 3.8)
0.71
years
60/64 years –
1.1 (-3.5, 5.6)
0.65
-0.2 (-4.9, 4.5)
0.94
69 years
Table 5-15 Results from linear regressions assessing associations between BP trajectories and whole brain
volume at age ~70 years. All DBP models have the same n as the SBP models. BMI, body mass index; BPLM,
blood-pressure lowering medication; CI, confidence interval; DBP, diastolic blood pressure; SBP, systolic blood
pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity
volume.
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β coefficient (95% CI)
Period of rate
of change in
blood
pressure

Model 1:
All trajectories included
in single model and
adjusted for sex, TIV and
age at scanning

p
value

36 - 43 years
Model 1/2:
n=378
43 - 53 years
Model 1/2:
n=378
53 - 60/64
years
Model 1/2:
n=378
60/64 years –
69 years
Model 1:
n=378
Model 2:
n=374
36 - 43 years

SBP

-0.03 (-0.06, -0.003)

0.028

Model 2:
Each trajectory modelled separately and
adjusted as for Model 1 + Adult SEP,
smoking status, cholesterol status,
diabetic status, BMI, amyloid status,
WMHV, change in BPLM status
-0.03 (-0.06, -0.0005)

p
value

SBP

-0.005 (-0.03, 0.02)

0.70

-0.008 (-0.04, 0.02)

0.59

SBP

-0.02 (-0.04, 0.01)

0.29

-0.01 (-0.04, 0.01)

0.33

SBP

0.005 (-0.02, 0.03)

0.72

0.005 (-0.02, 0.03)

0.74

DBP

-0.02 (-0.05, 0.009)

0.17

-0.02 (-0.05, 0.008)

0.17

43 - 53 years

DBP

-0.009 (-0.04, 0.02)

0.52

-0.010 (-0.04, 0.02)

0.51

0.046

53 - 60/64
DBP 0.01 (-0.01, 0.04)
0.35
0.01 (-0.02, 0.04)
0.41
years
60/64 years –
DBP 0.02 (-0.01, 0.04)
0.25
0.01 (-0.02, 0.04)
0.37
69 years
Table 5-16 Results from linear regressions assessing associations between BP trajectories and mean hippocampal
volume at age ~70 years. All DBP models have the same n as the SBP models. BMI, body mass index; BPLM,
blood-pressure lowering medication; CI, confidence interval; DBP, diastolic blood pressure; SBP, systolic blood
pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity
volume.
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Figure 5-9 Scatter plot showing relationship between DBP trajectory between ages 36 and 43 years and whole
brain volume (WBV) at age ~70 years (top panel) and relationship between SBP trajectory between ages 36 and
43 years and mean hippocampal volume (HV) . WBV and HV are adjusted for total intracranial volume, sex and
age at scanning. Line of best fit and 95% confidence intervals (CI) are shown using fully-adjusted model 2.
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Figure 5-10 Scatter graphs showing non-linear relationships between WBV at age ~70 years and SBP trajectories
between ages 36 and 43 years (top panel) and 43 and 53 years (bottom panel). Adjusted WBV are used for
graphical purposes to clarify the association and are adjusted for total intracranial volume, sex and age at
scanning. Lines of best fit and 95% confidence intervals (CI) are plotted using fully-adjusted linear spline models
with knot point at trajectory=0.
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5.6.3.4 Associations of potential confounders with brain volumes at age ~70 years

In the fully-adjusted model 4, consistent significant associations were seen between several
variables and WBV and mean HV. Being male (b coefficient -15.1; 95% CI: -27.2, -3.1, p=0.014;
values quoted using model 4 for DBP at age 43 which are representative) and diabetic at age
~70 years (b coefficient -18.6; 95% CI: -32.8, -4.4, p=0.010) were associated with smaller WBV.
Increasing age at scanning was associated with smaller WBV (b coefficient -12.1; 95% CI: -18.7,
-5.6, p<0.001) and mean HV (b coefficient -0.042; 95% CI: -0.084, -0.001, p=0.04), in spite of the
fact participants were all within a very narrow age range, only differing by the date they were
scanned. As anticipated, TIV was positively associated with WBV (b coefficient 0.71; 95% CI:
0.66, 0.75, p<0.001) and mean HV (b coefficient 0.001; 95% CI: 0.0009, -0.001, p<0.001). Neither
amyloid status (WBV: b coefficient 6.2; 95% CI: -5.0, 17.4, p=0.28; HV: b coefficient -0.057; 95%
CI: -0.13, 0.014, p=0.11) or WMHV (WBV: b coefficient 0.18; 95% CI: -0.61, 0.98, p=0.65; HV: b
coefficient -0.002; 95% CI: -0.007, 0.003, p=0.54) were associated with WBV or mean HV.

5.6.4

Discussion

Higher BP in midlife, not late-life, predicts smaller whole brain and hippocampal volume at age
~70 years, and this association is independent of current BP. Additionally, I identified that the
period between ages 36 to 43 years, and to a lesser extent 43 to 53 years, might be sensitive
windows when increasing BP is particularly detrimental to subsequent brain volumes.

Higher DBP and SBP at age 43 years, and higher SBP at age 53 years were associated with smaller
WBV at age ~70 years, independently of contemporaneous BP. The relative importance of SBP
and DBP on brain volumes remain controversial with some studies finding an association with
SBP, DBP, and others both [400]. Possible suggestions for differences include the impact of
antihypertensive treatment, different ages at time of measurement, and different patterns of
changes in BP over age, with DBP known to decline from the sixth decade onwards due to
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increasing arterial stiffness, whilst SBP continues to increase [114]. This study supports the role
of both midlife raised SBP and DBP in negatively influencing later-life WBV, although the effect
size was larger for DBP in linear models. However, there appeared to be non-linear relationship
with SBP at age 53 years, whereby SBP above 140mmHg were particularly detrimental to laterlife WBV, suggesting there may be a threshold effect for SBP, if not for DBP. This threshold effect
however is not observed for SBP at age 43 years, raising the possibility it is a statistically spurious
finding. These negative association were significant when adjusting for other vascular risk
factors, WMH load and b-amyloid burden, suggesting the negative impact of midlife BP is not
entirely mediated through “typical” cerebral SVD pathology. It has been suggested that
hypertension can induce neurodegeneration through altered levels of neurotrophic factors,
such as BDNF [15], or via neuroinflammation [401] and tau pathology [406]. Alternatively it may
be that it is mediated through hypertension-related microstructural damage which is not
detected by WMH quantification, which will be explored in more detail in chapter 7.

Similar associations were observed between SBP and mean HV at age ~70 years, including a
detrimental effect of SBP above 140mmHg at age 53 years. There were however no associations
between DBP and HV. This may be due to greater interindividual variability in HV, and less
variance in DBP than SBP, reducing the power to detect an effect using only a cross-sectional
measure. Although I found more extensive associations with WBV, a meta-analysis by Beauchet
et al [400] reported more consistent negative associations between raised BP and HV, rather
than WBV. They suggested a regional vulnerability of the hippocampus to BP damage. However,
when I included WBV in the HV models, all associations with HV were substantially attenuated
and lost significance, suggesting that associations with HV are more likely to be driven by global
changes rather than regional vulnerability. In fact a number of studies examined in the metaanalysis did not account for the relationship between WBV and HV in their analyses, noting that
they are strongly correlated.
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Through examination of BP trajectories over a ~33 year period, I demonstrate that the fourth
and fifth decade may be a sensitive window when increases in BP are particularly detrimental
to subsequent brain volumes. Other longitudinal studies have suggested that hypotension,
rather than hypertension, may be more critical in late-life, perhaps due to shifts in the
autoregulatory curve and relative cerebral hypoperfusion. Falling DBP over a 20 year period was
associated with smaller brain volumes, regardless of earlier hypertensive status in one study
[404], whilst the AGES-Reykjavik study and ARIC study found that in those who were
hypertensive in midlife, lower DBP in later-life was associated with lower grey matter volume
[332] and reduced brain volumes in regions preferentially affected by Alzheimer’s disease,
including the hippocampus [405]. Whilst I did not observe a statistically significant effect to
support this hypothesis, it is interesting to note that the direction of association between DBP
and HV reversed direction from negative to positive at later time points in both the single timepoint and trajectory models. The ARIC and AGES-Reykjavik cohorts [332,405] are substantially
larger than Insight 46, and it may be that this study lacked the power to detect this effect.
Additionally, their cohorts were on average older than ours, with larger age ranges, and the
influence of lower DBP on brain volumes may only become apparent at older ages.

BPLM was not associated with WBV at any time point, but at age 53 years, BPLM usage was
associated with larger HV, independently of BP, although the association was substantially
attenuated in the fully-adjusted model. This does suggest that BP treatment may be protective
against hippocampal damage independently of its effect on BP, although one might expect this
association to persist across multiple time points. It has previously been reported that use of
anti-hypertensive treatment modifies the association between midlife BP and later-life
hippocampal atrophy [402], with animal models suggesting calcium channel blockers can
increase volume in the CA1 region of the hippocampus [407], and angiotensin receptor blockers
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promote BDNF expression in the hippocampus [408]. Unfortunately I am not able to investigate
this at earlier time points as detailed information on medication usage is not available. There
was no significant difference in brain volumes between normotensive medication ‘responders’
and those who were unmedicated normotensive, supporting the idea that effective
hypertension treatment may be protective against brain volume changes. Conversely, I did not
observe differences between hypertensive medication ‘non-responders’ and normotensive
medication ‘responders’. This may be because the sensitive period where higher BP negatively
impacts brain volume was when relatively few individuals were on medication, reducing the
power to detect a difference between groups at these earlier time points. It is of course
challenging to interpret the modifying influences of hypertension treatment in a study of this
type, lacking detail on timing, duration, class and intensity of treatment, and having only single
time-point cross-sectional imaging measures rather than a direct measure of atrophy calculated
through longitudinal change.

In this study I demonstrate that higher BP in midlife, and greater increases in BP in the fourth
and fifth decade are particularly detrimental to brain volumes in early late-life, independently
of contemporaneous BP. This reinforces the importance of screening BP in midlife and also
suggests that BP monitoring should account for previous measurements, to identify individuals
at particular risk. Furthermore, associations exist independently of b-amyloid and WMH
pathology suggesting that BP influences brain volumes via additional pathophysiological
pathways. Further study is required to understand the mechanisms by which BP may influence
brain volumes.

5.7 Discussion
Sections 5.4 to 5.6 describe the relationships between BP and BP trajectories and WMHV,
fibrillar b-amyloid and whole brain volume and hippocampal volumes. The findings are
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supportive of a sensitive window in midlife between the fourth and sixth decades, when higher
BP, and greater increases in BP, detrimentally influence cerebral SVD and brain volumes at age
~70 years. BP however does not appear to influence b-amyloid pathology directly. Furthermore,
associations between higher BP and smaller brain volumes were independent of WMHV
suggesting atrophy is not simply a consequence of cerebral SVD. These findings provide evidence
to support the hypothesis that midlife BP influences late-life dementia risk through
pathophysiological mechanisms such as cerebral SVD with consequent loss of cognitive reserve,
but does not facilitate b-amyloid deposition at this age.

The finding of steeper increases in BP in midlife influencing brain volumes and cerebral SVD are
consistent with epidemiological studies, which have observed more marked increases in SBP in
midlife in individuals who go on to develop dementia in later-life, regardless of subsequent BP
[111,112]. This work extends these observations by allowing the pathways by which steeper BP
potentially influence cognition to be investigated. It has also been reported that steeper declines
in BP precede the onset of dementia [92,409]. This in part may be related to declining BP in the
prodrome of dementia, so called ‘reverse causality’. I observed greater cerebral WMHV in
cognitively normal individuals who had a steeper increase in BP followed by a steeper decrease
in BP between 53 and 60-64 years, long before one might imagine reverse causality to
contribute, suggesting declining BP in a subset of individuals may be particularly detrimental to
the evolution of vascular pathology, perhaps mediated via increased arterial stiffness.

This study has a number of strengths. It has a large number of individuals, who are broadly
representative of the population of mainland Britain born in 1946. They are all of a similar age,
which helps to limit the confounding effect of age on imaging measures, and have been scanned
with a single PET-MR machine. Furthermore, when assessing the influence of BP on brain
volumes I have accounted for WMHV and b-amyloid pathology, to interrogate influences
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independently of these other pathologies. Study members have had multiple BP measures
collected, which has allowed me to investigate the possibility of sensitive ‘windows’ within this
33 year period. As can be seen from Figure 5-1, the general trend is that BP increases over time,
and then latterly begins to decrease. With larger intervals between BP measurements, this
changing trajectory over time may not have been captured. Having multiple measures has also
allowed me to investigate the influence of earlier measures independently of ‘current’ BP,
enabling me to disentangle associations which are complicated by the tracking of BP over time.

There are however limitations to this study: the study has only collected single BP readings, as
opposed to ambulatory BP measurements, which have been shown to more closely correlate
with hypertension-related end organ damage and cardiovascular events [379]. Even though
associations are still detected, the effect size may be underestimated. From ages 36 to 69, BP
was measured in the sitting position. This was not repeated at the Insight 46 visit, where
participants had a recumbent BP, which is not directly comparable, although the gap between
the age 69 home visit and subsequent Insight 46 visit was relatively short (mean time 1.2 years).
This however, has been rectified for the Phase 2 visit, so that ongoing BP trajectories can be
calculated. Other limitations which are shared across the work presented in the following
chapters are discussed in section 10.4.

This work highlights the importance of BP and increases in BP in midlife on cerebral pathology
in later-life, and suggests that the detrimental impact of BP on late-life dementia risk is mediated
through cerebrovascular disease and influences on brain volumes, but not b-amyloid pathology.
It reinforces the importance of early screening and frequent monitoring for hypertension in
midlife, and supports the development of an individualised approach whereby initiation of antihypertensive treatment is based not just on absolute BP values, but also change over time.
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Measures of adiposity (BMI and AC) have also been recorded at similar time-points to BP. In
view of the reported association between midlife obesity and later-life dementia risk [410], the
next chapter uses a similar analysis approach to investigate whether there are sensitive periods
when obesity, or changes in adiposity, are associated with brain pathology and brain volumes in
early late-life. Analyses will also investigate the relationships between raised adiposity and other
vascular risk factors including hypertension and diabetes, and whether associations between
obesity and brain imaging measures are mediated by these.
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6. Influences of adiposity across the life course on brain health at age
~70 years
6.1 Introduction
Obesity, a global health problem with rapidly rising prevalence, is a cause of major morbidity
and mortality [411], in large part through its associations with hypertension, insulin resistance,
dyslipidaemia and cardiovascular risk [412]. Obesity negatively influences cardiovascular health
through multiple routes, not limited to its impact on other vascular risk factors, but also via
endothelial dysfunction and pro-inflammatory routes [413]. Interest is growing in the potential
role of obesity in dementia risk, particularly because it has scope for intervention on a
population level.

Epidemiological studies have examined the influence of increased adiposity (defined as the
amount of adipose tissue in the body, which can be quantified using a number of measures
including BMI and abdominal circumference, discussed in more detail in section 6.2) on
dementia

incidence

[121–134],

focusing

on

both

all-cause

dementia

diagnosis

[121,127,129,131,132] and clinically-diagnosed AD dementia [124,126,133,134] and VaD
[123,130], with similar findings. More consistent findings are between overweight/obesity in
midlife, rather than late-life, and late-life dementia risk [138,139,410]. However, a large UK
study involving over two million individuals found increased risk of all-type dementia with being
underweight, not overweight. It should be noted however that in this study, the age range was
broad, capturing mid and late-life measurements of BMI [86].

The pathophysiological mechanisms mediating the link between obesity and dementia are not
well understood. Caution over interpretation of the link between life course variables and
subsequent clinically-diagnosed AD dementia has been discussed in Chapter 4 in the context of
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hypertension. Risk of mis-diagnosis, or the co-existence of cerebral SVD and b-amyloid
pathology must be considered.

Obesity may impact later-life cognitive health via its modification of other vascular risk factors
such as hypertension. Indeed, the association between hypertension and dementia mirrors that
seen with obesity and dementia: the strongest association is seen with midlife hypertension,
with conflicting findings in late life considered to be due to reverse causality [414] that might in
part suggest that obesity is driving dementia risk through its tracking with BP [415], and
hypertension-mediated cerebral pathology, which is discussed in detail in Chapter 4.
Alternatively, obesity may influence brain health via its association with Type 2 diabetes
mellitus. Possible mechanisms for the observed relationships between obesity and late-life
dementia risk have been described in more detail in sections 1.4.2 and 1.4.3.

It remains to be elucidated to what extent higher adiposity influences later-life b-amyloid
pathology, cerebral SVD and brain volumes. Outstanding questions also include whether there
are sensitive periods when adiposity, or change in adiposity are particularly damaging to laterlife cerebral structure, or whether cumulative exposure to elevated adiposity (accumulation
model) is a more appropriate framework.

Over the following sections I will outline the BMI and abdominal circumference profiles of the
study members seen in Insight 46, and the influence of these measures of adiposity and
longitudinal changes over a 34 year period (age 36 to ~70 years), on cerebral SVD, fibrillar bamyloid pathology and whole brain and hippocampal volumes at age ~70 years.

Hypotheses include:
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•

Excessive adiposity, or increase in adiposity during a sensitive window in midlife is
associated with more cerebral SVD at age ~70 years, as measured by WMH volume on
FLAIR imaging.

•

Excessive adiposity, or increase in adiposity during a sensitive window in midlife is
associated with greater b-amyloid burden at age ~70 years, as determined by florbetapir
PET imaging.

•

Excessive adiposity, or increase in adiposity during a sensitive window in midlife is
associated with smaller hippocampal and whole brain volumes at age ~70 years, as
measured on T1 volumetric imaging.

•

Influences of excess adiposity on hippocampal and whole brain volumes are mediated
though WMH or b-amyloid pathology, or both.

•

Influences of excess adiposity on subsequent cerebral pathology are only partially
attenuated by adjustment for contemporaneous BP and other available vascular risk
factors (including dyslipidaemia and diabetic status).

6.2 Approaches to measuring adiposity
There are a number of ways in which adiposity can be measured. Body mass index (BMI) is a
popular measure, requiring no specific equipment or expertise. It is derived from the
anthropometric measures of height (in metres) and weight (in kilograms) using the equation
BMI = weight (kg)/(height (m))2, and has been shown to be a good indirect measure of adiposity
[416]. However it may not correlate well with central, or abdominal adiposity, which is a better
indicator of visceral adiposity. Abdominal adiposity, which can be measured by abdominal
circumference (AC), waist-to-height ratio (WHR) or direct CT imaging visualisation of visceral
adiposity (VAT) has been shown to be more closely related to the risk of cardiovascular disease
and stroke than BMI [417–419]. This is thought to be because visceral fat is more metabolically
active than subcutaneous fat. Visceral adipocytes have higher lipolytic activity and therefore
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generate free fatty acids at a faster rate, delivered directly to the liver due to its venous drainage.
Consequently, hepatic insulin clearance is depressed, resulting in hyperinsulinaemia, and
release of very LDL cholesterol is enhanced [420,421].

Longitudinal monitoring of BMI is not without limitations, as BMI measurements taken at
different ages may not be directly comparable. BMI does not distinguish between fat loss and
non-fat loss, which typically occurs in older age (i.e. sarcopaenia). It has been demonstrated that
despite a static BMI, AC can significantly increase [142], suggesting BMI may be a less good
measure of ‘bad’ adiposity as people age.

Adiposity is a continuous variable, and whilst the healthy range will vary depending on age,
gender and ethnicity, above certain thresholds there is a clear association with negative health
effects, including insulin resistance, hypertension, dyslipidaemia and cardiovascular disease,
which can be captured by BMI and AC [412]. Consequently thresholds have been determined
for both, calculated predominantly using research from Caucasian populations. Caution must be
taken when applying these thresholds to non-Caucasian populations, as risk profiles are likely to
differ by ethnicity. For instance, it has been shown that for a given BMI, Asian individuals have
a higher proportion of body fat compared to Caucasian individuals [422,423], whilst Asian
people have also been demonstrated to have a higher amount of visceral fat for a given AC
measurement [424]. The generalisability of results from the following sections to nonCaucasian populations may therefore be limited. Thresholds for BMI and AC are summarised in
Table 6-1.
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Body mass index
(kg/m2)

Weight category

Abdominal
Circumference (cm)

Risk of metabolic
complications

<18.5

Underweight

18.5-24.9

Normal

25.0-29.9

Overweight

>94 (M); >80 (F)

Increased

>30

Obese

>102 (M); >88 (F)

Substantially
increased

Table 6-1 BMI and AC cut-points as specified by the WHO [48]. AC, abdominal circumference; BMI, body mass
index; F, female; M, male; WHO, World Health Organisation.

6.3 Descriptive statistics
6.3.1

Methods

In order to investigate whether the study members in Insight 46 differed significantly from the
whole NSHD cohort with regards to adiposity measures across the life course, unadjusted linear
mixed effect modelling was performed in men and women separately, using all available data in
the two groups. An unstructured residual variance-covariance matrix was used to account for
correlation between repeated measures in an individual.

To investigate how BMI tracks over time, the relationship between BMI at age ~70 years and
previous BMI measures was investigated by categorising individuals by the age at which they
were first defined as obese, and then performing unadjusted linear mixed-effect modelling,
separately in men and women.

Some individuals did not have a measure of BMI at every time point. To establish whether there
were any differences between these individuals and those who had measurements at every time
point, individuals were categorised according to whether they had missing measurements.
Linear regression was then used to investigate whether individuals who had missing measures
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differed in BMI from those who had complete BMI data at all time points when BMI was
measured, adjusting for sex.

Because BMI may influence cerebral outcome measures via its influence on BP, it is important
to understand the relationship between the two measures. The association between BMI and
SBP at each available time point was therefore investigated using linear regression models
accounting for sex. Associations between weight status and other vascular risk factors (diabetes
and hypercholesterolaemia status at age ~70 years, and smoking status at age 68 years) were
investigated using Chi2 testing.

To investigate whether adiposity measures (BMI and AC) differed significantly between amyloid
positive and negative groups at any age, appropriate statistical tests were used to compare the
groups using all available individuals with useable amyloid PET scans (n=460) i.e. continuous
non-parametric variables tested using the Mann-Whitney two sample statistic (BMI) and
continuous parametric variables tested using the unpaired t-test (AC).

6.3.2

Results

The graphical output in Figure 6-1 shows estimated values for BMI and AC from ages 36 to 69
years comparing those in Insight 46 (n = 502) against those in the full cohort (n = 3188 (BMI),
n=3193 (AC)). There was a small, but significant, difference in BMI between female members of
Insight 46 and those in the full cohort (p=0.03) with a predicted BMI 0.8kg/m2 lower at any given
age in female members of Insight 46. BMI trajectories however did not differ between females
in the full cohort and those in Insight 46. In males, whilst there was a trend to lower BMI in those
individuals in Insight 46, this did not reach significance (p=0.2) and there was no difference in
BMI trajectories between males in Insight 46 and those in the full cohort.
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A similar pattern was observed for AC, whereby in females there was a small but significant
difference between those in Insight 46 and those in the full cohort (p=0.01): females in Insight
46 had a predicted AC 2.5 cm less those in the full cohort. In males, while there was a trend to
lower AC in those in Insight 46, this did not reach statistical significance (p=0.2). In both males
and females, AC trajectories were very similar between those in Insight 46 and the full cohort,
with no significant differences demonstrated.

In individuals in both Insight 46 and the full cohort, AC increased fairly steadily to age 60-64
years, at which time it appears to plateau in both men and women. Most marked increases in
BMI were between ages 43 and 53 years in both males and females in Insight 46 and the full
cohort (Figure 6-1), after which rates of increase slowed down. Between ages 60-64 and 69 years
there was a suggestion of BMI plateauing within members of Insight 46 whilst there was ongoing
BMI increase in the rest of the cohort, more marked in males. However, on comparing
individuals in Insight 46 versus the full cohort, there were no statistically significant differences
in trajectories between 60-64 and 69 years in either sex (females, p=0.33, males, p=0.08).

Comparing differences by sex in Insight 46 participants, men had significantly higher BMI than
women (p<0.01) at age 36 and 43, after which the difference attenuated, driven by steeper
increases in BMI in women between 36 and 43, and 43 and 53 years (p<0.01). In contrast, AC
was consistently higher in men than women across time points (p<0.001), although in women,
steeper increases in AC were observed between 43 and 53, and 53 and 60-64 years (p<0.001).

Prevalence of obesity increased progressively over time from 3.7% at age 36 years to 28.1% of
Insight 46 members at age ~70 years, consistent with the BMI trajectories visualised in Figure
6-1.
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Figure 6-1 Line graphs showing mean predicted BMI (kg/m2) (top panel) and abdominal circumference (cm) (bottom panel) from ages 36 to 69 years in males (left) and females
(right) in Insight 46 compared with the complete NSHD cohort. Bars represent 95% confidence intervals. BMI, body mass index.

Figure 6-2 Line graphs showing mean BMI (kg/m2) trajectories in males (left) and females (right) by age at which first obese. Bars represent 95% confidence intervals. BMI, body
mass index
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As can be seen in Figure 6-2, BMI tracks across midlife, and BMI at age ~70 years reflects the
accumulation of time spent obese – women who became obese at age 36 had the highest BMI
at age ~70 years (mean BMI age ~70 years = 39.2kg/m2), whilst in men the trend across time
points was the same it was less marked and men who became obese at age 43 had the highest
BMI at age ~70 years (mean BMI age ~70 years = 32.7kg/m2).

Of the 471 individuals who had imaging data, 64 (13.6%) were missing a BMI measurement at
some point. The majority were missing a single measure (54), 9 individuals were missing BMI
measures at two time points and 1 individual was missing measures at three time points (Table
6-2). Table 6-3 summarises mean BMI measurements according to whether individuals had
complete or missing BMI measurements. Individuals who had missing measures did not differ in
BMI from those who had complete BMI data, at time points where it had been collected (Table
6-4).
Number with missing
data
Male:female (total)
Age 36

21:32 (53)

Age 43

8:12 (20)

Age 53

6:3 (9)

Age 60-64

0:0 (0)

Age 69

2:5 (7)

Age 70

0:0 (0)

Table 6-2 Summary of missing BMI measurements in Insight 46 individuals
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Complete BMI
data

Missing BMI data
Mean (s.d)

Mean (s.d.)
Age 36

23.7 (3.1)

23.5 (2.9)

24.9 (3.2)

24.8 (3.2)

27.1 (4.1)

26.4 (3.8)

27.6 (4.3)

27.4 (3.9)

27.6 (4.5)

27.4 (4.2)

27.6 (4.4)

27.7 (4.8)

n=432
Age 43
n=451
Age 53
n=462
Age 60-64
n=471
Age 69
n=464
Age 70
n=471
Table 6-3 BMI measurements from age 36 to ~70 years according to whether individuals have missing BMI data
(at any time point) or a complete BMI dataset in those with imaging at age ~70 years. BMI, body mass index; s.d.,
standard deviation.

p value

b coefficient

(95% CI)
Age 36

-0.09 (-1.30, 1.12)

0.89

Age 43

-0.12 (-1.11, 0.88)

0.82

Age 53

-0.72 (-1.88, 0.44)

0.23

Age 60-64

-0.26 (-1.38, 0.87)

0.65

Age 69

-0.22 (-1.46, 1.03)

0.73

Age 70

0.12 (-1.06, 1.30)

0.84

Table 6-4 Comparison of BMI at each age between those missing BMI data (at any time point) and those with a
complete BMI dataset. b coefficients reflect the difference in BMI (in kg/m2) between individuals who have no
missing data and individuals with missing BMI data, adjusted for sex. BMI, body mass index; CI, confidence
interval.

225

Higher BMI from age 53 years onwards was associated with significantly higher concurrent SBP,
although in the models investigated, also accounting for sex and use of blood pressure-lowering
medication (BPLM), BMI explained less than 4% of the variance in SBP at any given time point
(Table 6-5), with similar findings with DBP (data not shown). Obese participants at age ~70 years
were significantly more likely to be diabetic (Table 6-6).

b coefficient

p value

Squared
semi-partial
correlation

(95% CI)
Age 36

0.02 (-0.38, 0.43)

0.91

0.0000

Age 43

0.09 (-0.30, 0.48)

0.64

0.0004

Age 53

0.96 (0.55, 1.38)

<0.001

0.04

Age 60-64

0.71 (0.35, 1.07)

<0.001

0.03

Age 69

0.37 (0.04, 0.70)

0.03

0.01

Age 70

0.39 (0.04, 0.73)

0.03

0.01

Table 6-5 Relationship between BMI at each age and concurrent SBP value. Linear regression models used also
adjusted for sex and use of BPLM.b coefficients are shown with 95% CI. The squared semi-partial correlation is
also shown to demonstrate how much variance in SBP is explained by BMI. BMI, body mass index; BPLM, blood
pressure-lowering medication; CI, confidence interval; SBP, systolic blood pressure

Non-Obese

Obese

p value

Diabetes at age 70, n (%)

28 (8.2)

23 (18.5)

0.001

Hypercholesterolaemia at age 70, n (%)

270 (78.0)

104 (83.2)

0.22

Smoking status at age
68, n (%)

Current

10 (2.9)

6 (4.8)

Ex-smoker

215 (62.1)

76 (60.8)

Never

121 (35.0)

43 (34.4)

0.60

Table 6-6 Summary of vascular risk factors according to obesity status at age ~70 years. Differences between
obese and non-obese individuals compared using Chi2 tests.
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There was no significant difference in BMI, AC, or weight category at any age between
individuals in Insight 46 who were amyloid positive and those who were amyloid negative at age
~70 years (Table 6-7).
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Aβ-positive

Male:Female (total), total n 460
BMI age 36, mean (s.d.), total

Aβnegative
186:188
23.7 (3.1)

47:39
23.7 (3.0)

p
value
0.4
0.7

BMI age 43, mean (s.d.), total

24.8 (3.2)

25.1 (3.2)

0.7

BMI age 53, mean (s.d.), total

27.0 (4.1)

27.0 (4.3)

0.8

BMI age 60-64, mean (s.d.),

27.7 (4.2)

27.3 (4.5)

0.6

BMI age 69, mean (s.d.), total

27.7 (4.5)

27.2 (4.5)

0.3

BMI age 70, mean (s.d.), total

27.7 (4.5)

27.1 (4.6)

0.2

AC age 36, mean (s.d.), total n

81.2 (11.2)

82.9 (10.0)

0.2

AC age 43, mean (s.d.), total n

82.9 (11.3)

83.7 (10.5)

0.5

AC age 53, mean (s.d.), total n

90.4 (12.1)

90.4 (11.7)

1.0

AC age 60-64, mean (s.d.),

95.8 (11.7)

94.6 (11.6)

0.4

AC age 69, mean (s.d.), total n

95.4 (12.4)

94.4 (12.3)

0.5

7 (2.0)
248 (72.3)
76 (22.2)
12 (3.5)
3 (0.8)
194 (54.0)
139 (38.7)
23 (6.4)
0 (0.0)
118 (32.2)
184 (50.3)
64 (17.5)
0 (0.0)
112 (30.0)
159 (42.5)
103 (27.5)
2 (0.5)
108 (29.4)
155 (42.2)
102 (27.8)
2 (0.5)
112 (30.0)
155 (41.4)
105 (28.1)

2 (2.6)
51 (65.4)
24 (30.8)
1 (1.3)
0 (0.0)
47 (57.3)
26 (31.7)
9 (11.0)
0 (0.0)
34 (40.0)
33 (38.8)
18 (21.2)
0 (0.0)
28 (32.6)
38 (44.2)
20 (23.3)
0 (0.0)
31 (36.1)
36 (41.9)
19 (22.1)
0 (0.0)
29 (33.7)
39 (45.4)
18 (20.9)

0.3

n 421
n 441
n 451

total n 460
n 453
n 460
421
443
452

total n 460
454

Weight status age 36

Weight status age 43

Weight status age 53

Weight status age 60-64

Weight status age 69

Weight status age 70

Underweight, n (%)
Normal weight, n (%)
Overweight, n (%)
Obese, n (%)
Underweight, n (%)
Normal weight, n (%)
Overweight, n (%)
Obese, n (%)
Underweight, n (%)
Normal weight, n (%)
Overweight, n (%)
Obese, n (%)
Underweight, n (%)
Normal weight, n (%)
Overweight, n (%)
Obese n (%)
Underweight, n (%)
Normal weight, n (%)
Overweight, n (%)
Obese, n (%)
Underweight, n (%)
Normal weight, n (%)
Overweight, n (%)
Obese, n (%)

0.3

0.2

0.7

0.5

0.5

Table 6-7 Summary of body mass index (BMI), abdominal circumference (AC) and weight categories from age 36
to ~70 years by amyloid status in Insight 46 participants. s.d., standard deviation.
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6.3.3

Discussion

Increasing adiposity across midlife in the NSHD cohort is likely to reflect a combination of ageing
phenomenon, including slowing metabolism, and a complex genotypic-phenotypic interaction
[425] related to changing lifestyle practices – particularly a more sedentary lifestyle, eating out
more and increased availability of low-cost, high calorie food [426,427]. The increases in the
proportion of individuals defined as “overweight” or “obese” in Insight 46 over time reflect the
global pattern of increasing obesity rates both in developed and developing countries [426].

BMI measures steadily increase from age 36 to 53 years, after which rates of increase appear to
slow down. AC, in contrast, continues to increase until age 60-64 years, highlighting the
discordance between the two measures. These findings are consistent with previous population
studies that have shown weight gain is most marked in people’s 20, 30s and 40s before
plateauing by age 60 years [428]. The earlier plateauing of BMI may reflect the fact the BMI is
not just influenced by adiposity, but also muscle mass, and therefore with age, increases in
adipose tissue to some extent may be masked by concurrent sarcopaenia, when BMI is used as
a proxy measure of adiposity.

Observed increases in BMI and AC across midlife were greater in females than males, which is
consistently demonstrated in epidemiological studies [429]. Little research has been undertaken
on these sex differences, but in developed countries, where physical activity rates are similar
between the sexes, this difference has been attributed to different patterns of dietary intake
[430]. This may have implications for interpretation of trajectory analyses within this body of
work, where there may be differences between the sexes, and therefore sex interactions are
tested for.
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Whilst trajectories of BMI and AC are similar between those in the complete cohort and those
in Insight 46, individuals in Insight 46 are generally leaner than the full cohort, which is more
marked in female than male study members, although the absolute differences between the
two groups are small. Consistent with this, prevalence of overweight and obese individuals in
the Insight 46 study group are lower than UK population estimates (78% overweight, 33% obese
in UK individuals aged 65-74 compared with 42% overweight, 28% obese at age ~70 years in
Insight 46) [431]. This should be considered in subsequent sections, where any relationships
identified between measures of adiposity during the life course and cerebral imaging measures
may be underestimated due to the “healthier” nature of those individuals in Insight 46. A recent
large retrospective cohort study of over two million individuals in the UK found that being
underweight, rather than overweight, increased the risk of dementia over the subsequent two
decades [86]. It was not possible to investigate this hypothesis as the proportion of underweight
individuals was extremely low across available time points in participants in Insight 46 and
therefore any analysis would be underpowered. For the purposes of subsequent categorical
analyses, underweight individuals are grouped with normal weight individuals. In a sensitivity
analysis, underweight individuals are removed to determine whether this alters results.

The tracking of BMI across midlife and the observation that BMI at age ~70 years in part
represents the accumulation of time spent obese critically highlights the importance of being
able to investigate the relationship between cerebral pathology and measures of adiposity at
multiple earlier time points, in order to try and disentangle whether relationships that may be
observed in both midlife and later-life are related to this tracking, or whether influences
represent risk exposure in a critical sensitive period.

BMI measures did not differ significantly between those individuals who were missing
measurements at any time point and those with a complete data set. It is not clear why
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individuals have missing values, which are related to missing clinic visits. However, the fact that
these individuals did not differ in BMI at other time points when it was measured mean it is
reasonable to infer that these individuals are broadly similar to the rest of the Insight 46 cohort,
and complete case analysis is a reasonable approach to take, without introducing significant bias
into the analysis.

As anticipated, higher BMI was associated with higher BP, but this was only statistically
significant from age 53 years onwards. Despite a statistically significant relationship, the models
investigated only explained a small amount of the variance in BP (<5%), suggesting that the
contribution of BMI to BP is relatively small in this cohort. Interestingly, previous work
comparing the 1946 and 1958 British birth cohorts found that the strength of associations
between BMI and BP was greater in the later cohort. This was attributed to improved diet
(particularly reduced salt intake) and reduced smoking in the 1958 cohort, therefore
accentuating the direct influence of BMI on BP [432]. If raised BMI does influence later-life
cerebral pathology in this cohort of individuals, it is unlikely to be mediated purely through an
adverse effect on BP. Obese individuals at age ~70 years had a higher prevalence of diabetes,
which is another route via which elevated adiposity might adversely influence subsequent
cerebral pathology. Associations between adiposity and imaging measures are investigated in
subsequent sections both without and with adjustment for other vascular risk factors, to
establish how these other factors act as confounders within any relationships observed.

There were no significant differences in adiposity measures, both continuous and categorical,
between amyloid positive and amyloid negative individuals at any time point. The potential
relationships between adiposity across the life course and subsequent amyloid accumulation
will be further explored in section 6.5.
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6.4 Influences of adiposity on cerebral small vessel disease
6.4.1

Introduction

An association between midlife obesity and late life dementia is well reported. In view of
obesity’s well-recognised role in the development of hypertension, type 2 diabetes and
dyslipidaemia and cardiovascular disease, it is plausible that the link between midlife obesity
and subsequent dementia is mediated through cerebrovascular disease. However, there has
been limited investigation exploring the association between adiposity and cerebral SVD, and
findings have been conflicting. Whilst one study found a positive association between midlife
adiposity and increasing WMH burden [90], this has not been replicated in two larger studies
[91,372]. The relationship between obesity and cerebrovascular disease in late-life is potentially
even more complex, with both positive [433] and negative [434] associations between obesity
and WMHV observed: the latter thought to represent reverse causality, whereby increasing BMI
in later-life reflects generally better health.

I therefore sought to investigate the relationship between BMI across the life course, and
longitudinal changes in BMI over a 34 year period (aged 36 to ~70 years) and WMHV at age ~70
years, and establish whether any relationships are independent of other obesity-linked vascular
risk factors. I sought to explore whether any associations might be best explained by either a
sensitive period model or accumulation model: whether there is a sensitive period when
increases in BMI have particularly strong associations with later WMHV, regardless of earlier
increases; or whether exposure to increased adiposity across adulthood results in a cumulative
increase in risk. Finally, because BMI does not necessarily reflect central adiposity, which may
be more closely tied with adverse outcomes, I also explored the relationship between AC across
adulthood, and longitudinal changes in AC, and WMHV at age ~70 years.
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6.4.2

Methods

Global WMHV were derived using the BaMoS algorithm from the volumetric FLAIR and T1 MR
sequences (section 2.4.2). TIV was calculated using SPM 12. Participants with dementia,
demyelination, total brain injury and cortical strokes or vascular abnormalities inappropriately
segmented by the BaMoS algorithm were excluded. BMI and AC measurement and other clinical
measures used as independent variables in this analysis are described in section 2.6.
Statistical methods
Generalised linear models (GLM) using the gamma distribution and log link were used to
investigate the relationship between BMI and WMHV at age ~70 years, given the nonparametric distribution of WMHV (please see section 2.7.1 for a full description of statistical
rationale). Four models were investigated:
•

Model 1 included adjustment for sex, TIV and age at time of imaging.

•

Model 2 further adjusted for SBP (contemporaneous with BMI measurement), to
explore the relationship of BMI with WMHV independently of BP, which is known to be
a key risk factor for WMHV, and which correlates with BMI.

•

Model 3 additionally adjusted for BMI at ~70 years to explore the relationship between
earlier BMI and WMHV independently of ‘current’ BMI.

•

Model 4 finally adjusted for other potential cardiovascular confounders: current
smoking status, current diabetic status, current hypercholesterolaemia status and adult
SEP.

Regression diagnostics were performed to check the assumptions of the models, including
checks of linearity by examination of residuals. Interactions between BMI and sex at each time
point were investigated, and models performed separately by sex if significant interactions were
found.

Potential non-linear relationships between BMI and WMHV were explored by

introducing a quadratic term and through the creation of a categorical variable defining
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individuals as normal weight (BMI < 25 kg/m2), overweight (25 < BMI < 30 kg/m2) or obese (BMI
> 30 kg/m2) which was then used in models 1-4, replacing BMI as the independent variable.

To investigate whether rate of change at a particular period of life was associated with WMHV
at age ~70 years, I calculated the change in BMI for the periods 36-43 years, 43-53 years, 5360/64 years, 60/64-69 years and 69-70 years conditional on earlier BMI by modelling each BMI
measure (from 43 years onwards) on the earlier measure(s) for each sex and saving the
residuals, for all individuals with available data for each time point. The residuals represent
mean rate of change in BMI and can therefore be interpreted as the change in BMI above or
below that expected on average, given the earlier BMI. The residuals were then standardised,
allowing comparison of the relative strength of associations between periods. This approach to
modelling BMI trajectories has been developed by the NSHD [435] and was also used for
exploring BP trajectories in Chapter 5. These variables were then treated as independent
variables within GLM using two models:
•

Model 1: all BMI trajectories were included within the model and adjusted for sex, TIV
and age at scanning.

•

Model 2 assessed each trajectory individually and adjusted for contemporaneous SBP
(e.g. in the model examining change in BMI between 36 and 43 years, SBP at age 43
years was included in the model), and other potential confounders as outlined in model
4 of the cross-sectional BMI analyses.

These models address whether, regardless of previous weight gain, there is a period when
change in weight has a particularly strong association with WMHV at age ~70 years.

In order to explore the potential influence of cumulative adiposity on WMHV at age ~70 years
individuals were categorised by obese status at each time point and then a cumulative score
was generated using the sum of the number of time points that an individual was classed as
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obese. Model 1 adjusted for TIV, age at scanning and gender. Model 2 also adjusted for smoking
status at age 68 years, diabetic status at age ~70 years, hypercholesterolaemia status at age ~70
years, SBP at age ~70 years and adult SEP. Analyses were performed separately by sex if a
significant sex interaction was found. Individuals with missing data points were excluded.

In the event that BMI at multiple time points was found to influence WMHV at age ~70 years,
further analysis was performed to investigate whether a critical period or accumulation model
best explained the relationship [436]. An obesity trajectory was defined for each individual
based on their status (obese/non-obese) at age 36 years (early midlife), age 53 years (late
midlife), and age ~70 years (early late life) and estimated the mean WMHV at age ~70 years
using a GLM for each of the eight possible trajectories. I then contrasted a saturated model
against alternative specifications corresponding to the accumulation and critical-period
hypotheses (treating age 36, age 53 and age ~70 as three potential critical periods), using the
Akaike information criterion (AIC) to estimate the fit of each model. Using this approach, the
model with the lowest AIC is considered the most appropriate. A nested approach allows direct
comparison of the goodness of fit of the models using likelihood ratios. These statistical models
were adjusted for potential confounders as described in cross-sectional model 4.

All analyses were repeated replacing BMI with AC to determine whether central adiposity may
be more detrimental to late life WMHV than a global measure of adiposity (measures available
at ages 36, 43, 53, 60-64 and 69 years). The influence of cumulative central adiposity was also
investigated categorising individuals according to whether they had increased AC at each age
(as defined by the WHO cut points: >80cm in women, >94cm in men), and then creating a
cumulative variable by summing the number of time points a person was defined as having
increased AC.
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Associations between WMHV and other model co-variates are not reported as they are very
similar to those reported in chapter 5.

6.4.3

Results

453 participants who completed the imaging protocol, whose T1 and FLAIR images passed QC
and whose BaMoS WMH segmentation was considered acceptable following visual review were
included in this analysis. Participant characteristics are summarised in section 4.3.1, section
4.3.2 and Table 6-7.

6.4.3.1 Association between WMHV and measures of adiposity at various ages across the life
course

There was no association between continuous measures of BMI or AC at any time point and
WMHV at age ~70 years, in any of the four models investigated (Table 6-8, Table 6-10). There
was no association between a categorical weight variable (normal weight, overweight, obese)
at any time point and WMHV at age ~70 years (Table 6-9). There was no evidence of a sex
interaction in analyses using continuous and categorical variables and therefore results for
males and females are pooled (interaction p values all >0.16). Introduction of a quadratic term
to fully-adjusted models suggested a borderline non-linear relationship between BMI at age 53
years and WMHV (p=0.042), but further investigation by categorising individuals according to
whether normal weight, overweight or obese did not support this, with no evidence of an
association between weight category and WMHV. There was no suggestion of a non-linear
relationship between AC at any time point and WMHV (quadratic p values all >0.22). Removing
underweight individuals from the categorical analysis (who would otherwise be classed as
normal weight) did not influence the results. Results did not differ if WMHV was treated as a
dichotomised variable (categorised as ‘high WMHV’ if in the top quintile of WMHV volume and
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otherwise categorised as ‘low WMHV’) using logistic regression models with continuous and
categorical measures of adiposity as the independent variable of interest (data not shown).
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1.01 (0.98, 1.03)

1.00 (0.98, 1.03)

1.01 (0.98, 1.03)

1.00 (0.98, 1.03)

1.01 (0.97, 1.04)

0.99 (0.95, 1.02)

Model 1:
Adjusted for sex, TIV
and age at MRI scan

0.60

0.80

0.55

0.80

0.68

0.49

p
value

1.00 (0.98, 1.03)

1.00 (0.98, 1.03)

1.01 (0.98, 1.03)

1.00 (0.97, 1.02)

1.00 (0.97, 1.04)

0.99 (0.95, 1.02)

Model 2:
Model 1 + adjustment for
contemporaneous SBP

0.85

0.91

0.67

0.84

0.89

0.42

p
value

NR

0.98 (0.89, 1.07)

1.01 (0.95, 1.06)

0.99 (0.95, 1.03)

1.00 (0.95, 1.04)

0.97 (0.93, 1.01)

Model 3:
Model 2 + BMI at age
70 years

NR

0.59

0.80

0.71

0.90

0.17

p
value

Relative increase in WMHV per 1kg/m2 increase in BMI (95% CI)

1.00 (0.97, 1.02)

0.98 (0.89, 1.07)

1.00 (0.95, 1.06)

0.99 (0.95, 1.03)

1.00 (0.95, 1.04)

Model 4:
Model 3 + Adult SEP,
smoking status at age 68,
cholesterol status at age 70,
diabetes status at age 70
0.97 (0.92, 1.01)

0.85

0.64

0.98

0.60

0.89

0.12

p
value

Table 6-8 Results from GLM investigating associations between WMHV at age ~70 years and BMI at six time points. BMI, body mass index; CI, confidence interval; GLM, generalised
linear model; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

Model 1: n = 453
Model 2: n = 452
Model 3: NR
Model 4: n = 448

Age 70

Model 1/2/3/4: n = 446

Age 69

Model 1: n 453
Model 2/3: n = 452
Model 4: n = 448

Age 60-64

Model 1: n = 444
Model 2/3: n = 440
Model 4: n=436

Age 53

Model 1: n = 434
Model 2/3: n = 428
Model 4: n=424

Age 43

Model 1: n = 415
Model 2/3: n = 411
Model 4: n=409

Age 36

BMI (kg/m2)

BMI (kg/m2)

Age 36
Model 1: n=415
Model 2/3: n=411
Model 4: n=409

Age 43
Model 1: n=434
Model 2/3: n=428
Model 4: n=424

Age 53
Model 1: n=444
Model 2/3: n=440
Model 4: n=436

Age 60-64
Model 1: n=453
Model 2/3: n=452
Model 4: n=448

Age 69
Model 1/2/3/4: n
= 446

Age 70
Model 1: n=453
Model 2: n=452
Model 3: NR
Model 4: n=448

Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese

p
value

p
value

Relative increase in WMHV per change in weight status (95% CI)

p
value

p
value

Model 3:
Model 2 + BMI at age
70 years

Model 4:
Model 3 + Adult SEP,
smoking status at age 68,
cholesterol status at age 70,
diabetes status at age 70
Ref

0.57
0.76

Model 2:
Model 1 + adjustment for
contemporaneous SBP

0.92 (0.69, 1.23)
0.91 (0.48, 1.71)
Ref

Model 1:
Adjusted for sex, TIV
and age at MRI scan

0.81
0.77

0.97
0.76

Ref
0.97 (0.72, 1.29)
0.91 (0.48, 1.73)
Ref

1.00 (0.79, 1.28)
0.93 (0.57, 1.50)
Ref

Ref
0.96
0.93

0.94
0.68

Ref
1.01 (0.78, 1.30)
0.97 (0.53, 1.78)
Ref

1.01 (0.79, 1.29)
0.91 (0.57, 1.45)
Ref

0.91
0.98

0.77
0.81

1.02 (0.78, 1.32)
0.99 (0.54, 1.82)
Ref
1.03 (0.83, 1.29)
0.95 (0.62, 1.45)
Ref

0.57
0.50

0.66
0.90

1.08 (0.83, 1.41)
0.86 (0.56, 1.33)
Ref

1.05 (0.84, 1.31)
1.03 (0.68, 1.56)
Ref

0.46
0.57

1.13 (0.90, 1.41)
0.93 (0.69, 1.25)
Ref

1.10 (0.85, 1.43)
0.89 (0.58, 1.35)
Ref

0.16
0.88

0.30
0.61

1.18 (0.94, 1.48)
0.98 (0.73, 1.32)
Ref

0.32
0.34

0.38
0.32

1.16 (0.87, 1.56)
1.25 (0.79, 1.97)
Ref

1.11 (0.88, 1.42)
1.15 (0.88, 1.50)
Ref

0.25
0.23

0.42
0.25

0.95 (0.69, 1.30)
0.84 (0.49, 1.43)
NR

1.19 (0.89, 1.59)
1.31 (0.84, 2.04)
Ref

1.11 (0.87, 1.42)
1.18 (0.89, 1.54)
Ref

0.89
0.93

0.79
0.55

1.02 (0.80, 1.29)
0.99 (0.76, 1.29)
Ref

NR
NR

0.95 (0.70, 1.30)
0.85 (0.50, 1.44)
Ref

0.95
0.97

0.28
0.40

0.73
0.52

1.01 (0.79, 1.29)
1.00 (0.77, 1.32)
Ref

1.14 (0.89, 1.45)
1.12 (0.86, 1.47)

0.35
0.61

0.25
0.27

1.12 (0.88, 1.43)
1.07(0.82, 1.41)

1.15 (0.90, 1.47)
1.16 (0.89, 1.53)

Table 6-9 Results from GLM investigating associations between WMHV at age ~70 years and weight status at six time points.BMI, body mass index; CI, confidence interval; GLM,
generalised linear model; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume
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1.00 (0.99, 1.01)

1.00 (0.99, 1.01)

1.00 (0.99, 1.01)

1.00 (0.99, 1.01)

0.99 (0.98, 1.00)

Model 1:
Adjusted for sex,
TIV and age at
MRI scan

0.69

0.72

0.50

0.78

0.17

p
value

1.00 ( 0.99, 1.01)

1.00 (0.99, 1.01)

0.99 (0.98, 1.00)

1.00 (0.98, 1.01)

0.99 (0.98, 1.00)

Model 2:
Model 1 +
adjustment for
contemporaneous
SBP

0.70

0.57

0.26

0.59

0.18

p
value

NR

1.00 (0.98,
1.01)

0.99 (0.98,
1.01)

1.00 (0.98,
1.01)

0.99 (0.98,
1.00)

Model 3:
Model 2 + AC
at age 69
years

NR

0.79

0.33

0.64

0.13

p value

Relative increase in WMHV per 1cm increase in AC (95% CI)

1.00 (0.99, 1.01)

1.00 (0.98, 1.01)

0.99 (0.98, 1.01)

1.00 (0.98, 1.01)

Model 4:
Model 3 + Adult
SEP, smoking status
at age 68,
cholesterol status at
age 70, diabetes
status at age 70
0.99 (0.98, 1.00)

0.46

0.64

0.32

0.54

0.11

p
value

Table 6-10 Results from GLM investigating associations between WMHV at age ~70 years and abdominal circumference (AC) at five time points.AC,
abdominal circumference; CI, confidence interval; GLM, generalised linear model; NR, not relevant; SBP, systolic blood pressure; SEP,
socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

Model 1/2/4: n =
447
Model 3: NR

Age 69

Model 1: n = 453
Model 2: n = 452
Model 3/4: n = 446

Age 60-64

Model 1: n = 445
Model 2: n = 441
Model 3/4: n = 435

Age 53

Model 1: n = 436
Model 2: n = 429
Model 3/4: n = 423

Age 43

Model 1: n = 415
Model 2: n = 411
Model 3/4: n = 407

Age 36

Abdominal
circumference
(cm)

6.4.3.2 Evidence for a rate-sensitive period in midlife influencing WMHV at age ~70 years

There was no association between BMI or AC trajectories at any time-point and WMHV at age
~70 years (Table 6-11, Table 6-12). There was no evidence of a sex interaction in any of the
models investigated (all interaction p values >0.08), nor a non-linear relationship on introduction
of a quadratic term to fully-adjusted models (all quadratic p values >0.09).

6.4.3.3 Duration of obesity and white matter hyperintensity volume at age ~70 years

There was no association between duration of time classed as obese or classed as having
increased AC and WMHV at age ~70 years, with no suggestion of a trend (cumulative obesity
model 1: exponentiated coefficient 0.99; 95% CI 0.91, 1.09; p=0.87; cumulative increased AC
model 1: 1.09; 0.82, 1.44; p=0.56). There was no evidence of a sex interaction (interaction p
values >0.76).

6.4.3.4 Obesity trajectories and white matter hyperintensity volume at age ~70 years

The work above did not reveal any significant relationships between BMI or AC across the life
course and WMHV at age ~70 years. It was therefore not appropriate to employ this modelling
approach, which was designed to investigate whether a critical period or accumulation model
best explains associations between a life course variable and outcome measure, when the
association is seen at multiple time points.
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Period of rate of
change in BMI

36 - 43 years

Relative increase in WMHV (95% CI)
Model 1:
All trajectories included in
single model and adjusted for
sex, TIV and age at scanning

p value

p value

0.19

Model 2:
Each trajectory modelled
separately and adjusted as for
Model 1 + contemporaneous SBP,
adult SEP, smoking status at age
68, cholesterol status, diabetes
status at age 70
1.06 (0.94, 1.19)

1.08 (0.96, 1.21)

1.02 (0.91, 1.14)

0.71

0.99 (0.89, 1.11)

0.89

1.06 (0.95, 1.18)

0.34

1.04 (0.93, 1.15)

0.53

1.01 (0.91, 1.13)

0.83

1.00 (0.89, 1.11)

0.94

1.01 (0.91, 1.12)

0.87

1.00 (0.90, 1.11)

1.00

0.33

Model 1: n = 391
Model 2: n = 386

43 - 53 years
Model 1: n = 391
Model 2: n = 387

53 - 60/64 years
Model 1: n = 391
Model 2: n = 390

60/64 years – 68
years
Model 1/2: n = 391

69 – 70 years
Model 1: n = 391
Model 2: n = 390

Table 6-11 Results from GLM investigating associations between WMHV at age ~70 years and BMI trajectories.
BMI, body mass index; CI, confidence interval; GLM, generalised linear model; SBP, systolic blood pressure; SEP,
socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

Period of rate of
change in AC

36 - 43 years

Relative increase in WMHV (95% CI)
Model 1:
All trajectories included in
single model and adjusted
for gender, TIV and age at
scanning

p
value

p
value

0.88

Model 2:
Each trajectory modelled separately
and adjusted as for Model 1 +
contemporaneous SBP, adult SEP,
smoking status at age 68, cholesterol
status at age 70, diabetes status at age
70
0.98 (0.89, 1.09)

1.01 (0.91, 1.11)

0.97 (0.87, 1.09)

0.64

0.96 (0.86, 1.08)

0.49

1.02 (0.91, 1.15)

0.70

1.01 (0.90, 1.13)

0.92

1.01 (0.90, 1.13)

0.84

1.00 (0.89, 1.12)

0.97

0.78

Model 1: n = 395
Model 2: n = 390

43 - 53 years
Model 1: n = 395
Model 2: n = 391

53 - 60/64 years
Model 2: n = 395
Model 2: n = 394

60/64 years – 69
years
Model 1/2: n = 395

Table 6-12 Results from GLM investigating associations between WMHV at age ~70 years and abdominal
circumference (AC) trajectories. AC, abdominal circumference; CI, confidence interval; GLM, generalised linear
model; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white
matter hyperintensity volume
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6.4.4

Discussion

I examined whether there was a relationship between increased adiposity, changes in adiposity
or a cumulative influence of increased adiposity between the ages of 36 and ~70 years on
cerebral SVD at age ~70 years, as measured using global WMHV. There was no relationship
between continuous measures of adiposity, using BMI and abdominal circumference, nor
overweight and obesity status and subsequent WMHV. There was no evidence to support a
sensitive period when increasing adiposity is particularly detrimental to the development of
subsequent cerebral SVD, and sustained exposure to increased adiposity was not associated
with greater WMHV burden.

Just as there are conflicting reports regarding the relationship of midlife obesity and late-life
dementia risk, there have been patchy findings when the relationship between elevated
adiposity and cerebral SVD has been investigated in several population studies. Neither the
AGES-Reykjavic study [91], Framingham cohort [372] nor the ARIC study [143] found an
association between adiposity in midlife and subsequent WMHV, although the ARIC study did
find an association between measures of central adiposity and incident lacunes, suggesting a
role of adiposity in a sub-class of cerebral SVD, but not WMH evolution. A further cross-sectional
study in the Framingham cohort failed to find an association between WMH and obesity using
visceral and subcutaneous fat measured by CT, in addition to BMI measure [437]. In contrast,
the CAIDE study reported an association between both midlife and late-life obesity and late-life
WML, even accounting for other vascular risk factors. The risk however was mitigated in those
who lost weight by late-life [90], which may suggest the mid-life association was driven by the
tendency for BMI to track over time, and accumulation of risk may be critical. I however did not
find evidence to support this theory either.
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Possible mechanisms by which obesity has been suggested to influence cerebrovascular disease
include via its relationship with other vascular risk factors such as hypertension, insulin
resistance and hyperlipidaemia [412]. Interestingly, even in models not accounting for other
vascular risk factors, increased adiposity was not related to higher burdens of WMH, despite my
previous finding that higher midlife BP is associated with greater WMHV in late-life. However,
BMI only accounted for a small amount of variance in BP, suggesting adiposity has insufficient
influence on BP in this cohort to effect a significant association driven by BP confounding.

Although epidemiological evidence largely supports an association between midlife obesity and
increased late-life dementia risk, I failed to find evidence to support that this influence is
mediated via increased WMHV, a key marker of cerebral SVD. Obesity may have a detrimental
impact on other markers however, such as lacunes or microbleeds for which this study was not
powered.

6.5 Influences of adiposity on fibrillar b-amyloid burden
6.5.1

Introduction

The association between obesity and late-life dementia risk is not just reported for all-cause
dementia, but extends to clinically diagnosed AD dementia [138]. The pathophysiological links
between obesity and AD dementia are yet to be elucidated, and there remains a question over
whether increased adiposity may have a direct influence on the accumulation of cerebral bamyloid pathology. This may be through the association between elevated adiposity with the
metabolic syndrome (hypertension, insulin resistance, dyslipidaemia), which may facilitate bamyloid accumulation via cerebrovascular damage and impaired b-amyloid clearance [13].
Alternative mechanisms suggested include altered clearance of b-amyloid secondary to
competitive inhibition of insulin-degrading enzyme (IDE) in the context of hyperinsulinaemia.
IDE is recognised to degrade cerebral b-amyloid and therefore relative inhibition would enable
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b-amyloid protein to accumulate, increasing the likelihood for toxic oligomers to form. There
has been limited work exploring the association between obesity and b-amyloid pathology in
vivo, particularly exploring the relationship between the two across the life course. The
association is complicated by the possibility in later-life that b-amyloid pathology in the brain
causes weight loss, confounding any previous positive relationship that may exist. Indeed,
several studies have demonstrated an inverse relationship between b-amyloid biomarkers and
BMI in later-life [438–440]. One study has reported an association between midlife obesity and
later-life b-amyloid deposition [136], although this has not been replicated to date [396].

There remains controversy over whether increased adiposity does enhance b-amyloid
accumulation, and it remains to be determined whether there is a sensitive period in midlife
when obesity, or change in adiposity, is particularly detrimental to accumulation of b-amyloid
pathology, or whether accumulation of exposure to raised adiposity is particularly detrimental
to subsequent b-amyloid burden. Therefore I sought to explore the relationships between BMI
and AC across the life course (from age 36 to ~70 years) and amyloid status at age ~70 years.

6.5.2

Methods

Participants were required to be dementia-free with useable PET data for inclusion in these
analyses. BMI measurement and other clinical measures used as independent variables in this
analysis are described in section 2.6. Binary amyloid status was determined as detailed in section
2.4.5.
Statistical methods
Logistic regression was used to investigate the relationship between BMI and amyloid status at
age ~70 years. Three models were investigated:
•

Model 1 includes adjustment for sex.
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•

Model 2 additionally adjusts for APOE e4 status.

•

Model 3 additionally adjusts for BMI at age ~70 years to explore the relationship
between earlier BMI and amyloid status independently of ‘current’ BMI.

Interactions between BMI and sex, and BMI and APOE e4 status at each time point were
investigated, and models performed separately by sex or APOE e4 status if significant
interactions were found. Potential non-linear relationships were investigated by introduction
of a quadratic term, and further explored through the creation of a categorical variable defining
individuals as normal weight (BMI < 25 kg/m2), overweight (25 < BMI < 30 kg/m2) or obese (BMI
> 30 kg/m2) that was then used in models 1, 2 and 3, replacing BMI as the independent variable.

To investigate whether rate of change at a particular period of life was associated with amyloid
status at age ~70 years, I calculated the change in BMI for the periods 36-43 years, 43-53 years,
53-60/64 years, 60/64-69 years and 69-70 years conditional on earlier BMI as described in
Section 6.4.2. These variables were then treated as independent variables within logistic
regression analyses using Models 1 and 2 defined for the cross-sectional analyses. This model
addresses whether, regardless of previous weight gain, there is a period when change in weight
has a particularly strong association with amyloid status at age ~70 years.

To explore the potential influence of cumulative adiposity on amyloid status at age ~70 years a
cumulative obesity variable was generated as described in section 6.4.2. The model was
adjusted for sex and APOE e4 status and the analysis performed separately by sex if evidence of
a significant sex interaction.

As described in Section 6.4.2, if associations between measures of adiposity at multiple ages and
amyloid status at age ~70 years were observed, obesity trajectories for each individual would
be defined and a saturated model contrasted against alternative specifications corresponding
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to the accumulation and critical period hypotheses. These statistical models would be adjusted
for potential confounders as described in cross-sectional model 2.

All analyses were repeated replacing BMI with AC to determine whether central adiposity may
be more detrimental to late life amyloid status than a global measure of adiposity. The influence
of cumulative central adiposity was also investigated using the methodology described in
section 6.4.2.

6.5.3

Results

457 individuals were included in this study (460 participants had useable amyloid-PET data, of
which 3 were excluded due to a diagnosis of dementia). Participant characteristics are
summarised in section 4.3.1, section 4.3.2 and Table 6-7.

6.5.3.1 Associations between amyloid status and measures of adiposity at various ages

There was no evidence of an association between BMI at any age and amyloid status at age ~70
years, although there was a trend at age ~70 years for higher BMI to be associated with
decreased likelihood of being amyloid positive at age ~70 years (Model 2: p=0.07) (Table 6-13,
Figure 6-3). Although introduction of a quadratic term did not provide evidence for a non-linear
relationship (quadratic p values 0.59 to 0.82), treating BMI as a categorical variable revealed a
significantly reduced likelihood of being amyloid positive in those overweight, but not obese,
compared with normal weight individuals at age 53 (Model 2: OR 0.49, p=0.02) (Table 6-14), but
this association was substantially attenuated when BMI at age ~70 years was accounted for
(Model 3: OR 0.64; p=0.19). The suggestion of a negative association between BMI at age ~70
years and amyloid status at age ~70 years was also observed in the categorical analysis, with
obese individuals having a reduced likelihood of being amyloid positive compared with normal
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weight individuals, although this did not reach statistical significance (Model 2: OR 0.55, p=0.09)
(Figure 6-3). Repeating categorical analyses without underweight individuals did not alter
observed relationships.

There was no evidence of a differential influence of BMI on b-amyloid burden in APOE ε4
carriers versus non-carriers (interaction p values > 0.43) There was no evidence of a differential
effect by sex in the continuous BMI analyses (interaction p values > 0.11), nor in the categorical
weight analysis (interaction p values > 0.08).

Treating AC as the continuous predictor, findings tracked BMI findings, with a trend towards
decreased likelihood of being amyloid positive at age ~70 years with increasing AC latterly
(Model 2: p=0.12 at age 69) (Table 6-15, Figure 6-4). There was no evidence of an interaction
between AC and APOE ε4 status (interaction term p values > 0.55) nor a differential effect by
sex (interaction term p values > 0.10), and no evidence of a non-linear relationship on
introduction of a quadratic term (quadratic p values > 0.19).
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BMI (kg/m2)

Adjusted OR (95% CI) (per 1 kg/m2 increase)
Model 1:
Adjusted for
sex

p
value

Model 2:
Model 1 +
adjustment for APOE
e4 status
0.98 (0.89, 1.08)

p
value

Model 3:
Model 2 +
adjustment for BMI
at age 70
1.06 (0.94, 1.20)

p
value

Age 36
0.99 (0.91,
0.84
0.68
0.32
Model 1: n = 418 1.08)
Model 2/3: n =
416
Age 43
1.00 (0.93,
0.98
0.99 (0.92, 1.08)
0.88
1.08 (0.96, 1.20)
0.21
Model 1: n = 438 1.08)
Model 2/3: n =
436
Age 53
0.98 (0.92,
0.48
0.97 (0.91, 1.03)
0.34
1.05 (0.94, 1.16)
0.39
Model 1: n = 448 1.04)
Model 2/3: n =
446
Age 60-64
0.96 (0.90,
0.14
0.95 (0.89, 1.01)
0.11
1.00 (0.87, 1.15)
0.97
Model 1: n = 457 1.02)
Model 2/3: n =
455
Age 69
0.96 (0.90,
0.13
0.95 (0.90, 1.01)
0.12
1.08 (0.85, 1.38)
0.54
Model 1: n = 450 1.01)
Model 2/3: n =
448
Age 70
0.95 (0.90,
0.08
0.94 (0.89, 1.00)
0.07
NR
Model 1: n = 457 1.01)
Model 2: n = 455
Model 3: NR
Table 6-13 Results from logistic regression models showing adjusted odds ratios of being amyloid positive
associated with BMI at six time points. BMI, body mass index; CI, confidence interval; NR, not relevant; OR, odds
ratio
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Adjusted OR (95% CI) per weight category change

Age 36
Model 1:
n=418
Model
2/3:
n=416

Age 43
Model 1:
n=438
Model
2/3:
n=436

Age 53
Model 1:
n=448
Model
2/3:
n=446

Age 6064
Model 1:
n=457
Model
2/3:
n=455

Age 69
Model 1:
n=450
Model
2/3:
n=448

Age 70
Model 1:
n=457
Model 2:
n=455

Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese
Normal
weight
Overweight
Obese
Normal
weight
Overweight

Model 1:
Adjusted for
sex

p
value

p
value

-

Model 2:
Model 1 +
adjustment for
APOE e4 status
Reference

p
value

-

Model 3:
Model 2 +
adjustment for
BMI at age 70
Reference

Reference
1.39 (0.78,
2.49)
0.41 (0.05,
3.20)
Reference

0.26

1.26 (0.68, 2.33)

0.47

1.75 (0.88, 3.49)

0.11

0.39

0.50 (0.06, 4.14)

0.52

1.07 (0.12, 9.8)

0.95

-

Reference

-

Reference

-

0.70 (0.41,
1.21)
1.26 (0.51,
3.13)
Reference

0.20

0.73 (0.41, 1.28)

0.27

0.94 (0.49, 1.80)

0.81

0.61

1.21 (0.47, 3.12)

0.70

1.89 (0.63, 5.71)

0.26

-

Reference

-

Reference

-

0.56 (0.33,
0.97)
0.85 (0.44,
1.67)
Reference

0.039

0.49 (0.27, 0.88)

0.017

0.64 (0.32, 1.26)

0.19

0.65

0.73 (0.36, 1.48)

0.38

1.28 (0.45, 3.58)

0.64

-

Reference

-

Reference

-

0.89 (0.51,
1.55)
0.68 (0.36,
1.31)

0.69

0.87 (0.48, 1.56)

0.63

1.21 (0.59, 2.49)

0.61

0.25

0.66 (0.33, 1.31)

0.24

1.40 (0.44, 4.50)

0.57

Reference

-

Reference

-

Reference

-

0.76 (0.44,
1.32)
0.57 (0.29,
1.09)

0.34

0.78 (0.44, 1.40)

0.36

0.92 (0.42, 2.03)

0.84

0.09

0.55 (0.28, 1.10)

0.09

0.81 (0.20, 3.33)

0.77

Reference

-

Reference

-

NR

-

-

0.92 (0.54,
0.78
0.86 (0.48, 1.53)
0.60
NR
1.60)
Obese
0.58 (0.30,
0.11
0.55 (0.27, 1.11)
0.09
NR
1.13)
Table 6-14 Results from logistic regression models showing adjusted odds ratios of being amyloid positive
associated with weight status at six time points. BMI, body mass index; CI, confidence interval; NR, not relevant;
OR, odds ratio
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1.06

BMI at age 36
1.08

BMI at age 43
1.05

BMI at age 53
1.00

BMI at age 60-64
1.08

BMI at age 69
0.94

BMI at age 70
0.80

1.00
1.20
Adjusted odds ratio

1.40

Figure 6-3 Plots showing adjusted odds ratios (ORs) of being amyloid positive at age ~70 years with 95%
confidence intervals associated with BMI (top plot) and categorical weight status (bottom) at multiple ages across
the life course, using model 3. Bottom plot shows ORs versus normal weight status (BMI<25). BMI, body mass
index.
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Abdominal
circumference
(cm)

Adjusted OR (95% CI) (per 1 cm increase)

Model 1:
Adjusted for sex

p
value

Model 2:
Model 1 +
adjustment for
APOE e4 status
1.01 (0.98, 1.04)

p value

Model 3:
Model 2 +
adjustment for
AC at age 69
1.02 (0.99,
1.06)

p value

Age 36
1.01 (0.99,
0.34
0.62
0.18
Model 1: n = 418
1.04)
Model 2: n = 416
Model 3: n = 412
Age 43
0.99 (0.97,
0.67
0.99 (0.96, 1.02) 0.65
1.01 (0.97,
0.50
Model 1: n = 440
1.02)
1.05)
Model 2: n = 438
Model 3: n = 432
Age 53
0.99 (0.96,
0.31
0.98 (0.96, 1.01) 0.16
0.99 (0.96,
0.74
Model 1: n = 449
1.01)
1.03)
Model 2: n = 447
Model 4: n = 441
Age 60-64
0.98 (0.96,
0.081
0.98 (0.95, 1.00) 0.058
0.98 (0.94,
0.35
Model 1: n = 457
1.00)
1.02)
Model 2: n = 455
Model 3: n = 449
Age 69
0.98 (0.96,
0.091
0.98 (0.96, 1.00) 0.12
NR
Model 1: n = 451
1.00)
Model 2: n = 449
Model 3: NR
Table 6-15 Results from logistic regression models showing adjusted odds ratios of being amyloid positive
associated with abdominal circumference (AC) at five time points. CI, confidence interval; NR, not relevant; OR,
odds ratio
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1.02

AC (cm) at age 36

1.01

AC (cm) at age 43

0.99

AC (cm) at age 53

0.98

AC (cm) at age 60-64

0.98

AC (cm) at age 69
0.95

1.00
Adjusted odds ratio

1.05

Figure 6-4 Plots showing adjusted odds ratios (ORs) of being amyloid positive at age ~70 years with 95%
confidence intervals associated with abdominal circumference (AC) at multiple ages across the life course using
model 3.

6.5.3.2 Evidence for a rate-sensitive period in midlife when change in adiposity influences
amyloid status at age ~70 years

There was evidence of a positive association between the BMI trajectory between ages 69 and
70 years and amyloid status at age ~70 years, whereby those with greater increases in BMI were
less likely to be amyloid positive (model 2: OR 0.69, p=0.01) (Table 6-16, Figure 6-5).
Alternatively, those individuals with a less steep/declining BMI trajectory between ages 69 and
70 years were more likely to be amyloid positive. Excluding individuals with a diagnosis of MCI
did not change the result (data not shown), suggesting it was not driven by early symptomatic
individuals. In a further exploratory analysis, a binarised measure of anxiety/depression
measured at the home visit at age 69 years was introduced to the model to see if mood
disturbance might explain the association but this did not attenuate the relationship
(anxiety/depression OR 2.08; 95% CI 0.80, 5.44; p=0.13).
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There was no evidence of a differential association between BMI trajectories and amyloid status
in APOE ε4 carriers versus non-carriers (interaction p values > 0.31). Examining potential
differences by sex, there was a borderline significant interaction term at 69-70 (p=0.049),
whereby in both men and women decelerating/declining BMI trajectory was associated with
increased likelihood of being amyloid positive, but only reached significance in women (women:
OR 0.49, 95% CI 0.31, 0.77; p=0.002; men: OR 0.89; 95% CI 0.61, 1.29; p=0.53), otherwise there
was no evidence of difference by sex (p values > 0.36). Introducing a quadratic term to fullyadjusted models there was a borderline significant suggestion of a non-linear relationship
between change in BMI between 60-64 and 69 years and amyloid status (p=0.045) only. On
further investigation, when BMI trajectories were categorised into quintiles there was no
evidence to support a non-linear relationship and the finding was felt to be more suggestive of
a spurious type 1 error (quintile data not shown).

There was no significant association between AC trajectories and amyloid status at age ~70 years
(Table 6-17, Figure 6-5). There was no evidence of a differential association according to APOE
ε4 carrier status (interaction p values > 0.20) or sex (interaction p values 0.12 to 0.99) and no
suggestion of a non-linear relationship (quadratic p values > 0.20).
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Period of rate of
change in BMI

Adjusted OR (95% CI) per standardised BMI trajectory change
p
value

Model 2:
Model 1 + adjustment for
APOE e4 status

p value

36 - 43 years

Model 1:
All trajectories included in
single model and adjusted
for sex
1.08 (0.83, 1.40)

0.58

1.05 (0.80, 1.37)

0.74

43 - 53 years

0.93 (0.72, 1.19)

0.57

0.88 (0.68, 1.14)

0.34

53 - 60/64 years

0.86 (0.66, 1.12)

0.27

0.89 (0.67, 1.18)

0.42

60/64 years – 69
years

0.92 (0.71, 1.20)

0.53

0.91 (0.69, 1.19)

0.49

69 – 70 years

0.74 (0.57, 0.97)

0.028

0.69 (0.52, 0.92)

0.011

Table 6-16 Results from logistic regression models showing adjusted odds ratios of being amyloid positive
associated with BMI trajectories. Model 1: n=393; Model 2: n=391. BMI, body mass index; OR, odds ratio

Period of rate of
change in
abdominal
circumference (AC)

Adjusted OR (95% CI) per standardised AC trajectory change

p value

Model 2:
Model 1 + adjustment for
APOE e4 status

p value

36 - 43 years

Model 1:
All trajectories included in
single model and adjusted
for sex
0.90 (0.69, 1.16)

0.40

0.94 (0.71, 1.25)

0.68

43 - 53 years

0.89 (0.66, 1.15)

0.36

0.83 (0.63, 1.09)

0.17

53 - 60/64 years

0.79 (0.61, 1.03)

0.08

0.81 (0.62, 1.07)

0.14

60/64 years – 69
years

0.93 (0.71, 1.21)

0.58

0.95 (0.72, 1.25)

0.72

Table 6-17 Results from logistic regression models showing adjusted odds ratios of being amyloid positive
associated with abdominal circumference (AC) trajectories. Model 1: n=398; Model 2: n=396. AC, abdominal
circumference; OR, odds ratio
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Figure 6-5 Plots demonstrating ORs (odds ratios) of being amyloid positive at age ~70 years with 95% confidence
intervals associated with BMI (top plot) and abdominal circumference (AC) (bottom plot) trajectories across the
life course, adjusting for sex and APOE e4 status (model 2)
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6.5.3.3 Evidence for a cumulative influence of increased adiposity across the life course on
amyloid status at age ~70 years

There was no evidence to suggest that increased duration defined as obese, or having increased
AC, increased the chance of being amyloid positive at age ~70 years (cumulative obesity model:
OR 0.95; 95% CI 0.81, 1.12; p=0.55; cumulative increased AC model: OR 0.95; 0.80, 1.13; p=0.59).
There was no evidence of a sex (p=0.85; p=0.25 respectively) or APOE e4 (p=0.77; p=0.87
respectively) interaction.

6.5.3.4 Obesity trajectories and amyloid status at age ~70 years

The work above did not reveal any consistent relationships between BMI or AC across the life
course and amyloid status at age ~70 years. It was therefore not appropriate to employ this
modelling approach, which was designed to investigate whether a critical-period or
accumulation model best explains associations between a life course variable and outcome
measure when the association is seen at multiple time points.

6.5.4

Conclusions

These findings are not supportive of a significant detrimental influence of increased adiposity at
any stage on subsequent fibrillar b-amyloid burden. Overweight, but not obese, individuals, at
age 53 were less likely to be amyloid positive at age ~70 years, but there was no relationship
between midlife continuous measures of adiposity (BMI or AC) and subsequent amyloid status.
On a cross-sectional basis, at age ~70 years, there was a trend towards lower BMI being
associated with greater likelihood of being amyloid positive, and in keeping with this, those
individuals who had a decelerating/declining BMI trajectory in the year prior to being imaged
were more likely to be amyloid positive. Trends seen across midlife and early late-life between
adiposity and b-amyloid burden were all in the same direction.
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Epidemiological evidence largely supports increased adiposity in midlife adversely influencing
later-life dementia risk, with a reversal of direction closer to dementia diagnosis, the so called
‘obesity paradox’, thought to reflect an influence of neurodegeneration on food intake and body
composition [137–139]. Associations have been consistently stronger for all-cause dementia
than AD dementia [130,133], indicating that obesity may adversely influence brain health via
multiple routes including cerebrovascular disease and inflammatory pathways [437], not
necessarily via enhanced b-amyloid deposition.

I did not find evidence to support a negative relationship between midlife measures of increased
adiposity and later-life amyloid status, nor an adverse influence of increasing adiposity in midlife
on later-life b-amyloid pathology. Furthermore, there was no evidence to suggest that
prolonged exposure to elevated adiposity (an accumulation model) is detrimental to the
subsequent development of fibrillar b-amyloid. Some researchers have suggested that central
adiposity may be more detrimental than elevated BMI due to a stronger relationship with
metabolically active visceral fat [128,129], but using the AC as a proxy measure of central
adiposity also did not reveal an association with fibrillar b-amyloid. There was no evidence of a
threshold effect: being obese in midlife was not adversely associated with amyloid status at age
~70 years, which is in contrast to findings reported by the ARIC study [395]. One possibility for
this difference was a higher prevalence of obesity in their cohort in midlife (25.8%), compared
with 18.4% in the 1946 cohort at age 53 years, perhaps reducing the power in this study to
detect a significant association. Another population study, the Mayo Clinic Study of Aging failed
to observe an association between midlife obesity and later-life amyloid status, and they had a
higher proportion of midlife obesity (33%) [396]. Differences in the populations studied is likely
to be an important factor in differences observed.
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There is a suggestion in the data that being overweight, compared with normal weight at age 53
years, was protective against the development of subsequent fibrillar b-amyloid. This
association however was not seen in the continuous BMI or AC analysis, and there were not
similar trends at adjacent time points, and therefore the finding should be treated with caution.
Further, the association was significantly attenuated when current BMI was accounted for,
suggesting the finding may be driven by the tracking of BMI over time. Although many studies
have found a negative association between midlife obesity and late-life dementia risk, a recent
large UK based population study examining almost two million individuals reported the reverse:
it found that being underweight in midlife was associated with increased dementia risk, with
decreasing risk with increasing adiposity [86]. This association however was seen with all cause
dementia risk, and therefore may be driven by multiple pathological pathways not restricted to
b-amyloid deposition. It was not possible to investigate the influence of being underweight on
b-amyloid pathology as very few individuals were classed as such at any time.

There was a trend in the cross-sectional analysis that those with lower BMI at age ~70 years
were more likely to be amyloid positive, but this did not reach significance. However, individuals
with decelerating/declining BMI trajectories between 69 and 70 years of age were more likely
to be amyloid positive at age ~70 years. I was unable to confirm if this was also reflected in
changes in central adiposity as measures of abdominal circumference at age ~70 years were not
available. It is well reported that BMI declines in the preceding years prior to the clinical
manifestation of dementia, both all-cause, and clinically diagnosed AD dementia [93,140]. In the
preclinical phase of AD, an inverse relationship between BMI and b-amyloid burden has been
reported in ADNI subjects [439]. The Harvard Aging Brain study also reported an inverse
relationship between BMI and b-amyloid burden, but only in APOE e4 allele carriers [440]. I
specifically tested for an APOE e4 interaction, with no evidence to support this. This significant
association with declining BMI trajectory suggests this may be a feature of early b-amyloid
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pathology in individuals who are still cognitively normal, particularly since the result did not
change when individuals with MCI were excluded from the analysis. The ADNI study failed to
observe a change in BMI longitudinally between amyloid positive and negative individuals [439],
although the approach employed here, which assesses how an individual’s trajectory has
changed compared with what would be expected based on previous trajectory, might be more
sensitive to early changes in slope rather than assessing absolute value change.

Possible mechanisms linking changes in body composition with AD pathology include b-amyloid
adversely influencing hypothalamic satiety mechanisms. Corticolimbic structures are involved in
modulating hypothalamic control of food intake [441], including the orbitofrontal cortex and the
cingulate cortex [442], both areas affected by early b-amyloid deposition [225,443]. b-Amyloid
pathology within the hypothalamus may also disrupt leptin (an appetite regulating adipokine)
mediated metabolic control [444]. A reduction in olfaction in the preclinical phase of AD has
been shown to correlate with b-amyloid burden in asymptomatic individuals with evidence of
early neurodegeneration [445]. This may reduce the desirability of food, with consequent
reduction in calorie intake. Neuropsychiatric changes such as depression may precede cognitive
symptoms in the preclinical phase [446] also influencing dietary behaviour, although including a
measure of affective symptoms in the analysis did not influence the relationship, arguing against
this explanation. Alternatively, physical frailty, a phenomenon in older age that includes reduced
gait speed and reduction in BMI, and b-amyloid accumulation may share a common underlying
pathophysiological mechanism, such as inflammation [447].

This study failed to demonstrate a negative influence of raised adiposity in midlife on fibrillar bamyloid in early late life, which suggests that if obesity in midlife is adversely associated with
later-life dementia risk, it is not mediated via an influence on b-amyloid pathology, but rather
through other pathophysiological mechanisms. I did however observe a change in BMI trajectory
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in cognitively normal individuals in the one to two years prior to being identified as amyloid
positive. Combining information about BMI and BMI trajectories with other measures,
particularly genetic information such as APOE e4 status, may enable better stratification of
individuals allowing detection of ‘high risk’ individuals who are important candidates for future
preclinical AD trials.

6.6 Influences of adiposity on brain volumes
6.6.1

Introduction

The observed association between increased adiposity in midlife and late-life dementia risk has
been suggested to be mediated via multiple pathological pathways, including via influences on
b-amyloid pathology, cerebrovascular disease and inflammation. Ultimately these pathological
processes would be expected to converge on neurodegeneration, reflected in reduced brain
volume, an important predictor of subsequent cognitive impairment [448].

Several large population studies have investigated the relationship between midlife adiposity
and brain volumes [91,372,437]. Whilst some have found a negative association [372,437], this
is inconsistent across studies [91,372]. Differences may be related to different ways of
measuring adiposity and whether other vascular risk factors are accounted for. Very little has
been reported on changes in adiposity across the life course, and their associations with laterlife brain volumes.

I sought to explore the associations between elevated adiposity, using both BMI and AC, across
the life course, and their trajectories, and hippocampal volume and whole brain volume at age
~70 years. I aimed to investigate whether there is a sensitive period when increased adiposity
negatively influences later-life brain volumes, or whether there is an accumulation of increased
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risk over time, and if any associations are independent of other vascular risk factors and amyloid
status and WMHV.

6.6.2

Methods

WBV and mean HV were generated with BMAPS and STEPS respectively, as described in Section
2.4.1. Global WMHV were derived using the BaMoS algorithm from volumetric FLAIR and T1 MR
sequences (section 2.4.2). Amyloid status was derived as described in section 2.4.5. TIV was
calculated using SPM 12. Participants were excluded if they had a diagnosis of dementia.
Participants were also excluded if they had brain pathology which confounded the WMHV
calculated by BaMoS (for instance, demyelination). Otherwise all participants were included for
generalisability. In a sensitivity analysis, all participants with major neurological diagnoses
(including, but not limited to clinical stroke, epilepsy on active treatment, major psychiatric
diagnosis) and a consensus diagnosis of MCI were excluded. BMI and AC measurement and other
clinical measures used as independent variables in this analysis are described in section 2.6.
Statistical methods
Linear regression was used to investigate the relationship between BMI and brain volumes (WBV
and HV) at age ~70 years. Four models were investigated:
•

Model 1 included adjustment for sex, TIV and age at time of imaging.

•

Model 2 further adjusted for contemporaneous SBP, to explore the relationship of BMI
with brain volumes independently of BP, which is associated with BMI.

•

Model 3 additionally adjusted for BMI at ~70 years to explore the relationship between
earlier BMI and brain volume independently of ‘current’ BMI.

•

Model 4 finally investigated the association between BMI and brain volumes
independently of other cerebral pathology and other potential cardiovascular
confounders:

current

smoking

status,

current

diabetic

status,

hypercholesterolaemia status, adult SEP, global WMHV and amyloid status.
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current

Potential non-linear relationships were explored through the creation of a categorical variable
defining individuals as normal weight (BMI < 25), overweight (25 < BMI < 30) or obese (BMI >
30) which was then used in models 1-4, replacing BMI as the independent variable.

To investigate whether rate of change at a particular period of life was associated with brain
volumes at age ~70 years, I calculated the change in BMI for the periods 36-43 years, 43-53
years, 53-60/64 years, 60/64-69 years and 69-70 years conditional on earlier BMI as described
in section 6.4.2. These variables were then treated as independent variables using two linear
regression models:
•

Model 1: all BMI trajectories were included within the model and adjusted for sex, TIV
and age at scanning.

•

Model 2 assessed each trajectory individually and adjusted for contemporaneous SBP
(e.g. in the model examining change in BMI between 36 and 43 years, SBP at age 43
years was included in the model), and other potential confounders as outlined in model
4 of the cross-sectional BMI analyses.

These models address the question, regardless of previous weight gain, is there a period when
change in weight has a particularly strong association with brain volume (WBV and HV) at age
~70 years. To further investigate whether associations between BMI and HV were independent
of WBV, WBV was also introduced into fully-adjusted model 4 for HV.

To further explore the potential influence of cumulative adiposity on WBV and HV at age ~70
years, a cumulative obesity variable was generated as described in section 6.4.2, based on how
many time points an individual was defined as obese. Model 1 adjusted for sex, TIV and age at
scanning. A fully-adjusted model 2 included diabetic status and hypercholesterolaemia status at
age ~70 years, hypertensive status at age ~70 years, smoking status at age 68 years, adult SEP
and amyloid status and global WMHV as additional potential confounders.
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Finally, if significant associations between an adiposity measure and brain volume metric were
seen at multiple time points, obesity trajectories for each individual were defined and a
saturated model contrasted against alternative specifications corresponding to the
accumulation and critical period hypotheses, as described in Section 6.4.2. These statistical
models were adjusted for potential confounders as described in cross-sectional model 4.

All analyses treating BMI as a continuous variable were repeated using AC to determine whether
central adiposity may be more detrimental to late life brain volumes than a global measure of
adiposity.

Regression diagnostics were performed to check the assumptions of the models, including
checks of linearity by examination of residuals. Interactions between BMI/AC (trajectories) and
sex at each time point were investigated, and models performed separately by sex if significant
interactions were found. Potential non-linear relationships were also explored by introducing a
quadratic term into models.

6.6.3

Results

445 participants were eligible for inclusion in this analysis. 407 participants were included in the
sensitivity analysis. Participant characteristics are summarised in section 4.3.1, section 4.3.2 and
Table 6-7.

6.6.3.1 Associations between brain volumes and measures of adiposity at various ages across
the life course

In fully-adjusted models higher BMI at ages 36, 43 and 53 years was associated with larger WBV
at age ~70 years, with the strongest association seen at age 43 years (Table 6-18, Figure 6-6).
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These associations only emerged when BMI at age ~70 years was included, with the direction of
association for BMI at age ~70 years in the opposite direction, and at age 43 years, this also
reached significance in model 3 (b coefficient for BMI at age ~70 years: -1.5; 95% CI -2.8, -0.2;
p=0.029). Categorical group analysis found overweight and obese individuals at age 43 years had
significantly higher WBV compared with normal weight individuals, and obese individuals at age
53 years had significantly higher WBV compared with normal weight individuals in the fullyadjusted models (Table 6-19). Similar findings were observed in the AC analysis, with significant
positive associations between AC at ages 36 and 43 years and WBV, when AC at age 69 years
was accounted for (Table 6-22, Figure 6-6). In these models, AC at age 69 years was associated
with significantly smaller WBV (e.g. age 43 model 4: b coefficient for AC at age 69 years: -0.5;
95% CI -1.0 -0.02; p=0.042). There was no evidence of a differential influence by sex on
introduction of an interaction term (interaction p values all >0.11), and the introduction of a
quadratic term to fully-adjusted models did not provide evidence to suggest a non-linear
relationship between BMI or AC and later-life WBV (quadratic term p values all >0.30).

There were no associations between BMI or AC at any time point and HV at age ~70 years (Table
6-20 and Table 6-23). At age 69 years, introduction of a BMI x sex interaction term suggested a
differential effect in men and women, albeit of borderline significance (p=0.048) and the
interaction effect was not significant at other time points (p>0.07, all tests). On further
examination of this potential difference by sex there was a positive association in women and a
negative association in men, but in neither sex did the association reach statistical significance
(p=0.34, p=0.86 respectively). In the AC models there was no evidence of a differential effect by
sex (interaction p values all >0.17).

Although there was no suggestion of a non-linear relationship on introduction of a quadratic
term to the BMI and AC models (quadratic term p values all >0.26), the categorical weight
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analysis showed a significant positive association between overweight status at age 60-64, 69
and 70 years and HV, in model 2 (Table 6-21). At age 69 years this association was attenuated
by adjustment for BMI at age ~70 years and was no longer significant, likely due to their colinearity (Pearson correlation coefficient between BMI at age 69 and age ~70 years: 0.96). The
association at age 60-64 years did not remain significant following adjustment for all co-variates
in model 4. The association between overweight at age ~70 years and HV however remained
significant in the fully-adjusted model. There was a less strong positive association between
obesity at age ~70 years and HV which lost significance in the fully-adjusted model. There was
also a positive association between obesity at age 36 years and HV which lost significance when
BMI at age ~70 years was accounted for. It should be noted there were only 13 individuals in
this group at age 36 years and the confidence interval is large. On adjusting for WBV in HV model
4, results in the continuous analyses did not substantially change, and in the categorical weight
analysis some associations were strengthened (at age ~70 years in model 4 categorical analysis:
overweight b coefficient 0.09; 0.03, 0.15; p=0.003; obese b coefficient 0.07; 0.007, 0.14;
p=0.031), suggesting the influence of adiposity on HV is independent of any influence on WBV.

On sensitivity analysis, excluding individuals with other brain pathologies, the positive
association between BMI at age 36 and WBV at age ~70 years persisted (Model 4: b coefficient
1.9; 0.02, 3.8; p=0.047), but at age 43 years the association only remained at trend level (b
coefficient 1.8; -0.06, 3.7; p=0.057). Associations between weight categories and WBV no longer
reached statistical significance. AC at age 36 years continued to be positively associated with
WBV at age ~70 years (b coefficient 0.8; 0.2, 1.4; p =0.008) but was no longer significant at age
43 years. Associations between BMI, AC or weight categories and HV were not substantially
altered. Dropping individuals who were underweight from categorical analyses did not alter
relationships.
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-0.2 (-1.1, 0.7)

-0.3 (-1.2, 0.7)

-0.2 (-1.2, 0.8)

0.3 (-0.7, 1.4)

1.0 (-0.3, 2.3)

1.1 (-0.3, 2.6)

Model 1:
Adjusted for sex, TIV and
age at MRI scan

0.69

0.60

0.72

0.53

0.14

0.13

p value

-0.1 (-1.1, 0.8)

-0.2 (-1.1, 0.8)

-0.05 (-1.1, 1.0)

0.6 (-0.4, 1.7)

1.1 (-0.3, 2.4)

1.1 (-0.4, 2.5)

Model 2:
Model 1 + adjustment
for contemporaneous
SBP

0.82

0.70

0.92

0.25

0.12

0.14

NR

-0.3 (-3.8, 3.1)

0.07 (-2.2, 2.3)

1.6 (-0.1, 3.4)

2.5 (0.6, 4.4)

1.9 (-0.03, 3.8)

Model 3:
Model 2 + BMI at age 70
years

β coefficient (95% CI)
p value

NR

0.84

0.95

0.067

0.008

0.054

p value

0.07 (-0.9, 1.0)

-0.2 (-3.6, 3.2)

0.60 (-1.7, 2.9)

1.9 (0.2, 3.7)

2.4 (0.5, 4.2)

Model 4:
Model 3 + Adult SEP, smoking
status at age 68, cholesterol
status at age 70, diabetes
status at age 70, amyloid
status at age 70, WMHV at age
70
2.0 (0.09, 3.9)

0.89

0.91

0.60

0.029

0.013

0.040

p value

Table 6-18 Results from linear regression models assessing associations between whole brain volume age ~70 years and BMI at six time points. BMI, body mass index; CI, confidence
interval; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

Model 1: n=445
Model 2: n=444
Model 3: NR
Model 4: n= 440

Age 70

Model 1/2/3/4: n=438

Age 69

Model 1: n=445
Model 2/3: n=444
Model 4: n=440

Age 60-64

Model 1: n=436
Model 2/3: n=432
Model 4: n=428

Age 53

Model 1: n=426
Model 2/3: n=420
Model 4: n=416

Age 43

Model 1: n=407
Model 2/3: n=403
Model 4: n=401

Age 36

BMI (kg/m2)

Age 36
Model 1: n=407
Model 2/3: n=403
Model 4: n=401

Age 43
Model 1: n=426
Model 2/3: n=420
Model 4: n=416

Age 53
Model 1: n=436
Model 2/3: n=432
Model 4: n=428

Age 60-64
Model 1: n=445
Model 2/3: n=444
Model 4: n=440

Age 69
Model 1/2/3/4:
n=438

Age 70
Model 1: n=445
Model 2: n=444
Model 3: NR
Model 4: n=440

0.77
0.14

p value

REF
6.3 (-2.9, 15.6)
17.4 (0.11, 34.7)

REF
1.6 (-9.2, 12.3)
19.2 (-5.8, 44.1)

Model 2:
Model 1 + adjustment
for contemporaneous
SBP

0.18
0.049

0.77
0.13

p value

REF
12.3 (1.6, 22.9)
28.7 (8.8, 46.7)

REF
3.3 (-8.4, 15.1)
23.1 (-4.1, 50.3)

Model 3:
Model 2 + BMI at
age 70 years

0.024
0.005

0.58
0.095

p value

REF
12.4 (1.9, 23.0)
26.6 (6.7, 46.6)

Model 4:
Model 3 + Adult SEP, smoking
status at age 68, cholesterol
status at age 70, diabetes status
at age 70, amyloid status at age
70, WMHV at age 70
REF
3.7 (-7.8, 15.3)
24.5 (-2.4, 51.3)

0.021
0.009

0.53
0.074

β coefficient (95% CI)

REF
1.6 (-9.1, 12.2)
18.9 (-6.0, 43.8)
0.21
0.053

p
value

Normal weight
Overweight
Obese
REF
5.6 (-3.4, 15.1)
16.8 (-0.2, 33.9)

Model 1:
Adjusted for sex,
TIV and age at
MRI scan

Normal weight
Overweight
Obese

0.97
0.97

0.51
0.043

REF
0.3 (-11.6, 12.1)
-0.3 (-18.8, 18.2)

0.73
0.85
0.40
0.81

REF
3.7 (-7.4, 14.8)
18.1 (0.6, 35.6)
0.94
0.96

REF
2.2 (-10.5, 15.0)
-2.1 (-23.5, 19.4)
REF
4.3 (-5.6, 14.2)
-1.4 (-12.6, 9.9)

0.58
0.054
REF
0.4 (-11.5, 12.4)
-0.5 (-18.9, 18.0)

0.86
0.78
-

REF
3.2 (-8.0, 14.3)
17.3 (-0.3, 34.9)
0.95
0.89

REF
1.2 (-11.7, 14.0)
-3.1 (-24.8, 18.7)
NR
NR
NR

0.95
0.13
REF
0.3 (-9.7, 10.3)
-0.8 (-12.1, 10.3)

0.78
0.67
0.36
0.61

REF
-0.3 (-9.9, 9.2)
9.9 (-2.9, 22.7)

0.93
0.71

REF
1.4 (-8.5, 11.4)
-2.4 (-13.6, 8.8)
REF
4.6 (-5.3, 14.6)
-2.9 (-13.9, 8.2)

0.69
0.29

REF
-0.4 (-10.3, 9.5)
-2.1 (-13.2, 8.9)
0.78
0.56
0.49
0.46

REF
-1.9 (-11.5, 7.6)
6.7 (-5.6, 19.1)

Normal weight
Overweight
Obese
REF
1.4 (-8.6, 11.4)
-3.3 (-14.4, 7.8)
REF
3.5 (-6.4, 13.3)
-4.1 (-15.1, 6.9)

Normal weight
Overweight
Obese

Normal weight
Overweight
Obese
Normal weight
Overweight
Obese

Table 6-19 Results from linear regressions investigating associations between whole brain volume at age ~70 years and weight status at six time points. BMI, body mass index; CI,
confidence interval; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume
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0.0043 (-0.0016, 0.010)

0.0040 (-0.0020, 0.010)

0.0046 (-0.0017, 0.011)

0.0041 (-0.0025, 0.011)

0.0058 (-0.0027, 0.014)

0.0096 (0.00056, 0.019)

Model 1:
Adjusted for sex, TIV and
age at MRI scan

0.15

0.19

0.15

0.22

0.18

0.037

p
value

0.0051 (-0.00080, 0.011)

0.0043 (-0.0017, 0.010)

0.0056 (-0.00081, 0.012)

0.0053 (-0.0015, 0.012)

0.0053 (-0.0031, 0.014)

0.0094 (0.00036, 0.018)

Model 2:
Model 1 + adjustment for
contemporaneous SBP

0.09

0.16

0.09

0.13

0.22

0.042

p
value

NR

0.0078 (-0.014, 0.029)

0.0032 (-0.011, 0.017)

0.0016 (-0.0096, 0.013)

0.0027 (-0.0090, 0.014)

0.0078 (-0.0040, 0.020)

Model 3:
Model 2 + BMI at age 70
years

β coefficient (95% CI)

-

0.48

0.66

0.78

0.65

0.20

p
value

0.0035 (-0.003, 0.0097)

0.0064 (-0.015, 0.028)

0.0031 (-0.011, 0.018)

0.0011 (-0.010, 0.012)

0.0024 (-0.0096, 0.014)

Model 4:
Model 3 + Adult SEP, smoking status
at age 68, cholesterol status at age
70, diabetes status at age 70,
amyloid status at age 70, WMHV at
age 70
0.0076 (-0.0044, 0.020)

0.26

0.56

0.68

0.85

0.70

0.21

p
value

Table 6-20 Results from linear regression models investigating associations between mean hippocampal volume age ~70 years and BMI at six time points. BMI, body mass index; CI,
confidence interval; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

Model 1: n=445
Model 2: n=444
Model 3: NR
Model 4: n= 440

Age 70

Model 1/2/3/4:
n=438

Age 69

Model 1: n=445
Model 2/3: n=444
Model 4: n=440

Age 60-64

Model 1: n=436
Model 2/3: n=432
Model 4: n=428

Age 53

Model 1: n=426
Model 2/3: n=420
Model 4: n=416

Age 43

Model 1: n=407
Model 2/3: n=403
Model 4: n=401

Age 36

BMI (kg/m2)

Age 36
Model 1: n=407
Model 2/3: n=403
Model 4: n=401

Age 43
Model 1: n=426
Model 2/3: n=420
Model 4: n=416

Age 53
Model 1: n=436
Model 2/3: n=432
Model 4: n=428

Age 60-64
Model 1: n=445
Model 2/3: n=444
Model 4: n=440

Age 69
Model 1/2/3/4:
n=438

Age 70
Model 1: n=445
Model 2: n=444
Model 3: NR
Model 4: n=440

Normal weight
Overweight
Obese

Normal weight
Overweight
Obese

REF
0.006 (-0.055, 0.066)
0.057 (-0.022, 0.14)

REF
0.040 (-0.018, 0.098)
0.065 (-0.042, 0.17)

REF
0.029 (-0.037, 0.095)
0.17 (0.015, 0.32)

0.016
0.091

0.86
0.15

0.17
0.23

0.39
0.031

p
value

REF
0.076 (0.013, 0.14)
0.045 (-0.025, 0.12)
REF
0.11 (0.043, 0.17)
0.086 (0.016, 0.15)

REF
0.083 (0.020, 0.15)
0.070 (-0.0006, 0.14)

REF
0.011 (-0.050, 0.072)
0.072 (-0.010, 0.15)

REF
0.042 (-0.016, 0.10)
0.050 (-0.058, 0.16)

REF
0.026 (-0.041, 0.092)
0.17 (0.012, 0.32)

Model 2:
Model 1 + adjustment
for contemporaneous
SBP

0.017
0.21
0.001
0.016

0.010
0.052

0.73
0.086

0.15
0.36

0.45
0.034

p
value

REF
0.064 (-0.016, 0.14)
0.018 (-0.12, 0.15)
NR
NR
NR

REF
0.075 (0.0006, 0.15)
0.054 (-0.061, 0.17)

REF
-0.005 (-0.077, 0.066)
0.038 (-0.075, 0.15)

REF
0.034 (-0.033, 0.10)
0.034 (-0.092, 0.16)

REF
0.014 (-0.058, 0.087)
0.14 (-0.027, 0.31)

Model 3:
Model 2 + BMI at age
70 years

0.12
0.80
-

0.048
0.36

0.88
0.51

0.32
0.60

0.70
0.099

p
value

REF
0.067 (-0.014, 0.15)
0.018 (-0.12, 0.15)
REF
0.099 (0.036, 0.16)
0.071 (-0.0003, 0.14)

REF
0.071 (-0.0040, 0.15)
0.050 (-0.068, 0.17)

REF
-0.013 (-0.085, 0.059)
0.036 (-0.078, 0.15)

REF
0.031 (-0.037, 0.098)
0.035 (-0.093, 0.16)

Model 4:
Model 3 + Adult SEP, smoking
status at age 68, cholesterol
status at age 70, diabetes status
at age 70, amyloid status at age
70, WMHV at age 70
REF
0.020 (-0.054, 0.094)
0.13 (-0.040, 0.30)

0.10
0.80
0.002
0.051

0.064
0.41

0.72
0.53

0.37
0.59

0.59
0.13

β coefficient (95% CI)

Normal weight
Overweight
Obese
REF
0.077 (0.015, 0.14)
0.060 (-0.010, 0.13)

0.018
0.25
0.003
0.036

p
value

Normal weight
Overweight
Obese
REF
0.076 (0.013, 0.14)
0.041 (-0.028, 0.11)
REF
0.094 (0.033, 0.16)
0.074 (0.0047, 0.14)

Model 1:
Adjusted for sex, TIV
and age at MRI scan

Normal weight
Overweight
Obese
Normal weight
Overweight
Obese

Table 6-21 Results from linear regressions investigating associations between mean hippocampal volume at age ~70 years and weight status at six time points. BMI, body mass index; CI,
confidence interval; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume
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-0.3 (-0.7, 0.1)

-0.2 (-0.5, 0.2)

-0.1 (-0.5, 0.4)

0.1 (-0.4, 0.6)

0.4 (-0.1, 0.9)

Model 1:
Adjusted for sex, TIV
and age at MRI scan

0.11

0.43

0.76

0.65

0.14

p
value

-0.3 (-0.7, 0.1)

-0.11 (-0.5, 0.3)

-0.003 (-0.4, 0.4)

0.2 (-0.4, 0.7)

0.3 (-0.2, 0.9)

Model 2:
Model 1 + adjustment
for contemporaneous
SBP

0.13

0.58

0.99

0.54

0.18

p
value

NR

0.3 (-0.4, 1.0))

0.4 (-0.2, 1.0)

0.6 (-0.02, 1.3)

0.6 (0.1, 1.2)

Model 3:
Model 2 + AC at
age 69 years

β coefficient (95% CI)

-

0.34

0.22

0.059

0.031

p
value

-0.2 (-0.5, 0.2)

0.5 (-0.2, 1.2)

0.6 (-0.07, 1.2)

0.7 (0.02, 1.3)

Model 4:
Model 3 + Adult SEP, smoking status at
age 68, cholesterol status at age 70,
diabetes status at age 70, amyloid
status at age 70, WMHV at age 70
0.7 (0.08, 1.2)

0.40

0.18

0.081

0.043

0.027

p
value

Table 6-22 Results from linear regression models assessing associations between whole brain volume age ~70 years and abdominal circumference at five time points. AC,
abdominal circumference; CI, confidence interval; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter
hyperintensity volume

Model 1/2/4: n=439
Model 3: NR

Age 69

Model 1: n=445
Model 2: n=444
Model 3/4: n=438

Age 60-64

Model 1: n=437
Model 2: n=433
Model 3/4: n=427

Age 53

Model 1: n=428
Model 2: n=421
Model 3/4: n=415

Age 43

Model 1: n=407
Model 2: n=403
Model 3/4: n=399

Age 36

Abdominal
circumference (cm)

Abdominal
circumference
(cm)

Age 36
Model 1: n=407
Model 2: n=403
Model 3/4: n=399

Age 43
Model 1: n=428
Model 2: n=421
Model 3/4: n=415

Age 53
Model 1: n=437
Model 2: n=433
Model 3/4: n=427

Age 60-64
Model 1: n=445
Model 2: n=444
Model 3/4: n=438

Age 69
Model 1/2/4:
n=439
Model 3: NR

0.0014 (-0.0018, 0.0045)

0.0015 (-0.0017, 0.0046)

0.93

0.40

0.36

p
value

0.0010 (-0.0015, 0.0035)

0.0005 (-0.0022, 0.0033)

0.0014 (-0.0018, 0.0046)

0.0016 (-0.0015, 0.0048)

Model 2:
Model 1 + adjustment
for contemporaneous
SBP

0.63

0.44

0.71

0.40

0.31

p
value

NR

0.0001 (-0.0043, 0.0046)

-0.0009 (-0.0050,
0.0032)

0.0014 (-0.0027, 0.0055)

0.0012 (-0.0024, 0.0048)

Model 3:
Model 2 + AC at age 69
years

-

0.96

0.67

0.50

0.53

p
value

0.0003 (-0.0021, 0.0027)

-0.0002 (-0.0047, 0.0043)

-0.0009 (-0.0051, 0.0032)

0.0013 (-0.0028, 0.0053)

Model 4:
Model 3 + Adult SEP, smoking status
at age 68, cholesterol status at age
70, diabetes status at age 70,
amyloid status at age 70, WMHV at
age 70
0.0014 (-0.0023, 0.0050)

0.83

0.94

0.66

0.55

0.46

β coefficient (95% CI)

0.00012 (-0.0025,
0.0027)

0.58

0.0006 (-0.0018, 0.0029)

p
value

0.0007 (-0.0018, 0.0032)

0.69

Model 1:
Adjusted for sex, TIV
and age at MRI scan

0.00049 (-0.0019,
0.0028)

Table 6-23 Results from linear regression models assessing associations between mean hippocampal volume age ~70 years and abdominal circumference at five time points. AC,
abdominal circumference; CI, confidence interval; NR, not relevant; SBP, systolic blood pressure; SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter
hyperintensity volume
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Figure 6-6 Scatter plots showing relationship between BMI and WBV (top panels), AC and WBV (bottom left and middle panels) and AC trajectory between age 60-64 and 69 (bottom
right panel) and WBV. For clarity, adjusted WBV is used, adjusted for sex, TIV and age at scanning. Lines of best fit and 95% confidence intervals are also shown, using Model 4 for
single time point relationships and Model 2 for trajectory work. AC, abdominal circumference; BMI, body mass index; CI, confidence interval; TIV, total intracranial volume; WBV,
whole brain volume

6.6.3.2 Evidence for a rate-sensitive period in midlife influencing brain volumes at age ~70
years

At trend level only, increasing BMI trajectory between 53 and 60-64 years was associated with
smaller WBV at age ~70 years (Model 1: p=0.077). Otherwise there were no associations
between BMI trajectories and WBV (Table 6-24), and no evidence of a non-linear relationship
between BMI trajectories and WBV (quadratic p values all >0.16). Greater increases in AC
between 60-64 and 69 years were associated with smaller WBV at age ~70 years, accounting for
other vascular risk factors, WMHV and amyloid status (Model 2: p=0.01) (Table 6-26, Figure 6-6).
There was no evidence of a differential influence of BMI or AC trajectories by sex (interaction p
values all >0.06).

There was a suggestion of a non-linear relationship between AC trajectory between ages 53 and
60-64 years (quadratic p=0.03) and WBV age ~70 years. Using a linear spline model with a knotpoint at AC trajectory=0, there was a negative association between decreasing AC trajectories
and WBV at age ~70 years (b coefficient -12.2; -21.1, -3.4; p=0.007), whilst there was no
significant association between increasing trajectories and WBV (b coefficient 8.1; -0.4, 16.7;
p=0.062). Alternatively, a less than expected increase or declining AC between 53 and 60-64
years was associated with larger WBV at age ~70 years, but greater than expected increases in
AC were not associated with WBV.

Measures of physical activity (PA) were available at age 53, 60-64 and 69 years (self-reported
participation in sports, vigorous leisure activities or exercises in spare time in the last 4 weeks
rated: 0; 1-4; 5 or more times; treated as a continuous variable). In exploratory analyses, to
determine whether the relationship between changing adiposity and WBV was mediated by PA,
contemporaneous measures of PA were introduced into models where a significant relationship
was observed, e.g. in the AC 60-64 - 69 trajectory model, the age 60-64 and age 69 years PA
275

variables were separately introduced. This did not alter associations observed, and the PA
variables themselves were not significantly associated with WBV (PA at age 53 years in 53 – 6064 trajectory AC model: b coefficient 1.5; -3.7, 6.7; p=0.57; PA at age 60-64 years in 60-64 – 69
trajectory AC model: b coefficient -0.4; -5.7, 4.8; p=0.87; PA at age 69 years in 60-64 – 69
trajectory AC model: b coefficient 2.1; -2.8, 7.1; p=0.40).

There were no associations between BMI or AC trajectories and HV at age ~70 years (Table 6-25
and Table 6-27). There was no evidence of a differential influence by sex (interaction p values
all >0.14), or a non-linear relationship on introduction of a quadratic term (quadratic p values all
>0.16).

With regards to sensitivity analysis, excluding all individuals with significant brain pathology, any
trend association between BMI trajectory and WBV was lost, but the non-linear relationship
between AC trajectory between 53 and 60-64 years and WBV (quadratic term p=0.01), and
negative association between increasing AC trajectory between 60-64 and 69 years and WBV
remained significant (b coefficient -5.4; -10.0, -0.8; p=0.022). Findings in the HV analysis were
not substantially altered.

6.6.3.3 Duration of obesity and brain volumes at age ~70 years

There was no evidence of a cumulative effect of increased adiposity on WBV at age ~70 years
(cumulative obesity model 2: b coefficient 0.35; -2.39, 3.10;p=0.80; increased AC cumulative
model 2: b coefficient 0.46; -2.47, 3.39; p=0.76). Similarly, there was no evidence of a cumulative
effect of increased adiposity on HV at age ~70 years (cumulative obesity model 2: b coefficient
0.0064; -0.011, 0.024; p=0.46; increased AC cumulative model 2: b coefficient -0.0078; -0.026,
0.011; p=0.40). There was no evidence of a differential influence by sex (interaction p values all
>0.15).
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Period of rate of
change in BMI

β coefficient (95% CI)
Model 1:
All trajectories included in
single model and adjusted for
sex, TIV and age at scanning

p
value

Model 2:
Each trajectory modelled separately
and adjusted as for Model 1 +
contemporaneous SBP, Adult SEP,
smoking status at age 68, cholesterol
status at age 70, diabetes status at age
70, amyloid status at age 70, WMHV at
age 70
1.9 (-2.7, 6.5)

p
value

36 - 43 years
1.0 (-3.6, 5.5)
0.68
0.42
Model 1: n=383
Model 2: n=378
43 - 53 years
-3.9 ( -8.3, 0.4)
0.077
-1.6 (-6.1, 2.9)
0.48
Model 1: n=383
Model 2: n=379
53 - 60/64 years
-4.1 (-8.8, 0.5)
0.079
-4.1 (-8.7, 0.5)
0.077
Model 1: n=383
Model 2: n=382
60/64 years – 69
-2.2 (-6.7, 2.2)
0.32
-2.3 (-6.7, 2,2)
0.32
years
Model 1/2: n=383
69 – 70 years
-0.07 (-4.6, 4.5)
0.98
-0.4 (-4.9, 4.2)
0.88
Model 1: n=383
Model 2: n=382
Table 6-24 Results from linear regressions assessing associations between whole brain volume at age ~70 years
and BMI trajectories. BMI, body mass index; CI, confidence interval; SBP, systolic blood pressure; SEP,
socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume
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Period of rate of
change in BMI

β coefficient (95% CI)
Model 1:
All trajectories included in
single model and adjusted for
sex, TIV and age at scanning

p
value

Model 2:
Each trajectory modelled separately
and adjusted as for Model 1 +
contemporaneous SBP, Adult SEP,
smoking status at age 68, cholesterol
status at age 70, diabetes status at age
70, amyloid status at age 70, WMHV at
age 70
-0.0089 (-0.038, 0.020)

p
value

36 - 43 years
-0.0055 (-0.034, 0.023)
0.70
0.54
Model 1: n=383
Model 2: n=378
43 - 53 years
-0.0069 (-0.034, 0.020)
0.62
-0.0016 (-0.030, 0.027)
0.91
Model 1: n=383
Model 2: n=379
53 - 60/64 years
0.0088 (-0.020, 0.038)
0.55
0.0094 (-0.020, 0.038)
0.52
Model 1: n=383
Model 2: n=382
60/64 years – 69
-0.0042 (-0.032, 0.023)
0.77
-0.0051 (-0.033, 0.023)
0.72
years
Model 1/2: n=383
69 – 70 years
-0.0011 (-0.029, 0.027)
0.94
-0.0013 (-0.030, 0.027)
0.93
Model 1: n=383
Model 2: n=382
Table 6-25 Results from linear regressions assessing associations between mean hippocampal volume at age ~70
years and BMI trajectories. BMI, body mass index; CI, confidence interval; SBP, systolic blood pressure; SEP,
socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume
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Period of rate of
change in abdominal
circumference

β coefficient (95% CI)

Model 1:
All trajectories included in
single model and adjusted
for sex, TIV and age at
scanning

p
value

Model 2:
Each trajectory modelled separately
and adjusted as for Model 1 +
contemporaneous SBP, Adult SEP,
smoking status at age 68, cholesterol
status at age 70, diabetes status at
age 70, amyloid status at age 70,
WMHV at age 70
1.4 (-3.2, 5.9)

p
value

36 - 43 years
-0.4 (-4.9, 4.1)
0.86
0.56
Model 1: n=387
Model 2: n=382
43 - 53 years
-3.2 (-7.7, 1.3)
0.16
-1.3 (-6.0, 3.3)
0.57
Model 1: n=387
Model 2: n=383
53 - 60/64 years
-1.6 (-6.2, 2.9)
0.48
-1.8 (-6.3, 2.8)
0.44
Model 1: n=387
Model 2: n=386
60/64 years – 69
-6.0 (-10.5, -1.4)
0.010
-5.9 (-10.5, -1.4)
0.010
years
Model 1/2: n=387
Table 6-26 Results from linear regressions assessing associations between whole brain volume at age ~70 years
and abdominal circumference trajectories. CI, confidence interval; SBP, systolic blood pressure; SEP,
socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

Period of rate of
change in abdominal
circumference

β coefficient (95% CI)

Model 1:
All trajectories included in
single model and adjusted
for sex, TIV and age at
scanning

p
value

Model 2:
Each trajectory modelled separately
and adjusted as for Model 1 +
contemporaneous SBP, Adult SEP,
smoking status at age 68, cholesterol
status at age 70, diabetes status at
age 70, amyloid status at age 70,
WMHV at age 70
0.0049 (-0.023, 0.033)

p
value

36 - 43 years
0.0055 (-0.022, 0.033)
0.70
0.73
Model 1: n=387
Model 2: n=382
43 - 53 years
-0.017 (-0.044, 0.011)
0.24
-0.013 (-0.043, 0.016)
0.37
Model 1: n=387
Model 2: n=383
53 - 60/64 years
0.0077 (-0.021, 0.036)
0.60
0.0056 (-0.023, 0.034)
0.70
Model 1: n=387
Model 2: n=386
60/64 years – 69
-0.0099 (-0.038, 0.018)
0.49
-0.011 (-0.039, 0.018)
0.45
years
Model 1/2: n=387
Table 6-27 Results from linear regressions assessing associations between mean hippocampal volume at age ~70
years and abdominal circumference trajectories. CI, confidence interval; SBP, systolic blood pressure; SEP,
socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity volume
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6.6.3.4 Obesity trajectories and brain volumes at age ~70 years

Given the finding of associations between higher BMI and WBV at multiple time points, with a
suggestion of differing associations at different time points (positive association in midlife,
negative association in late life) I decided to try and understand this better with the use of
obesity trajectories. The approach outlined can also be used to assess whether a critical period,
accumulation or effect modification (i.e. change in weight status) model best explains a
relationship that exists between a life course variable and outcome. Two trajectories lacked any
individuals (obese at ages 36 and 53 and non-obese at age ~70 years, and obese at ages 36 and
~70 years and non-obese at age 53) and three contained very few individuals (Table 6-28),
limiting the application of this approach. The lowest AIC was seen for the model investigating
change in obesity status between 53 and ~70 years, suggesting this model best explains WBV at
age ~70 years and was not a significantly worse fit compared with the saturated model (f test p
value 0.43). In this model, change from obese to non-obese was associated with larger WBV,
whilst transitioning from non-obese to obese was associated with smaller WBV, compared with
individuals whose weight status was stable (Table 6-29). It should be noted that numbers in each
group were relatively small compared with the stable group and confidence intervals were wide.
This approach was repeated for HV, where the lowest AIC was seen for a critical period model
at age 36 years (Table 6-30). However, none of the HV models accounted for more than ~27%
of the variance and none of the associations were significant, suggesting this approach was not
suitable.
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Trajectory (1=obese, 0=non-obese)

N (%)

Age 36 years
0
1
0
0
1
1
0
1

275 (69.4)
2 (0.5)
14 (3.5)
46 (11.6)
0 (0)
0 (0)
48 (12.1)
11 (2.8)

Age 53 years
0
0
1
0
1
0
1
1

Age 70 years
0
0
0
1
0
1
1
1

Table 6-28 Overview of obesity trajectories. Total n=396

WBV Model
Saturated model

Accumulation model
Critical period at age 36
Critical period at age 53
Critical period at age 70
Change in obesity status
36 to 53

Change in obesity status
53 to 70

β coefficient
(95% CI)
000
100
010
001
110
101
011
111

No
change
Increase
Decrease
No
change
Increase
Decrease

p
value

AIC

F test p
value

Ref
31.4 (-29.8, 92.6)
32.8 (9.1, 56.4)
-13.4 (-27.4, 0.6)
1.5 (-12.1, 15.2)
18.4 (-8.6, 45.3)
2.2 (-3.4, 7.8)
20.8 (-4.1, 45.6)
11.8 (0.3, 23.3)
-5.3 (-15.5, 4.9)
Ref

4120.4 Ref
0.31
0.01
0.06
0.82
0.18
0.44
0.10
0.045
0.31
-

4126.9
4124.7
4123.4
4126.4
4126.1

9.5 (-2.7, 21.6)
32.8 (-29.1, 94.6)
Ref

0.13
0.30
-

4117.3 0.43

-14.5 (-28.2, -0.8)
31.8 (8.3, 55.3)

0.038
0.01

0.01
0.02
0.03
0.01
0.01

Table 6-29 Comparison of different models (saturated versus critical period versus accumulation model versus
change in obesity status) exploring influence of obesity status over the life course on WBV at age ~70 years. The
saturated model trajectories are described in table 6-28. The coefficients for the critical period models reflect the
difference between “obese” and “non-obese” status with “non-obese” as the reference. The accumulation model
treats cumulative obesity status as a continuous variable and reflects the number of time points (at ages 36, 53
and ~70 years) a person was classed as “obese”. Appropriateness of the models is compared using the AIC. CI,
confidence interval; AIC, Akaike’s information criterion; WBV, whole brain volume
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HV Model

β coefficient (95%
CI)

Saturated model

000
100
010
001
110
101
011
111

Accumulation model
Critical period at age 36
Critical period at age 53
Critical period at age 70
Change in obesity status 36 No
to 53
change
Increase
Decrease
Change in obesity status 53 No
to 70
change
Increase
Decrease

p
value

AIC

F test p
value

Ref
0.13 (-0.26, 0.53)
0.04 (-0.11, 0.20)
-0.05 (-0.14, 0.04)
0.04 (-0.05, 0.13)
0.14 (-0.04, 0.31)
0.02 (-0.01, 0.06)
0.13 (-0.02, 0.29)
0.06 (-0.01, 0.14)
0.01 (-0.06, 0.07)
Ref

130.2 Ref
0.51
0.59
0.32
0.35
0.12
0.19
0.10
0.10
0.78
-

125.9
124.8
124.9
127.6
128.1

0.04 (-0.04, 0.12)
0.13 (-0.26, 0.53)
Ref

0.30
0.51
-

127.7 0.34

-0.06 (-0.15, 0.03)
0.03 (-0.12, 0.18)

0.20
0.79

0.47
0.65
0.63
0.27
0.29

Table 6-30 Comparison of different models (saturated versus critical period versus accumulation model versus
change in obesity status) exploring influence of obesity status over the life course on HV at age ~70 years. The
saturated model trajectories are described in table 6-28. The coefficients for the critical period models reflect
difference between “obese” and “non-obese” status with “non-obese” as the reference. The accumulation model
treats cumulative obesity status as a continuous variable and reflects the number of time points (at ages 36, 53
and ~70 years) a person was classed as “obese”. Appropriateness of the models is compared using the AIC. CI,
confidence interval; AIC, Akaike’s information criterion; HV, hippocampal volume.

6.6.4

Discussion

This analysis reveals a complex interplay between adiposity and brain volumes in later-life.
Higher BMI and AC in early midlife were associated with larger WBV, whilst there was a sensitive
window in later midlife when increasing adiposity was associated with smaller WBV at age ~70
years. In contrast, in midlife and early late life, being overweight, and to a lesser degree, obese,
is associated with larger HV. These relationships with brain volumes are independent of other
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vascular risk factors, amyloid status and WMHV. There was no evidence to support that
cumulative exposure to higher adiposity was detrimental to subsequent brain volumes.

To my knowledge, this is the first study to examine trajectories of change in measures of
adiposity, and the relationship between midlife adiposity measures and later-life brain volumes
accounting for late-life adiposity measures. The finding of a positive association between BMI
and AC in midlife and later-life WBV only became apparent when the most recent measure was
accounted for in the models (which was negatively associated in these models). According to
this, raised adiposity in midlife is beneficial to late-life global brain volume, whilst in late-life it
becomes detrimental. Because measures tend to track across the life course, in individuals
whose weight is stable from midlife into late-life the net effect on WBV is therefore neutral and
not detected when only one time-point measurement is used. There are several possible
explanations for this observation. Leptin, produced by adipose tissue, has been shown to have
an acute neurotrophic and neuroprotective effect in an APP/PS1 mouse model [449]. Although
circulating levels of leptin are higher in obesity, CSF levels of leptin have been shown to be
reduced in obesity, suggesting a central resistance [450]. Perhaps early on, leptin is still able to
enact its neuroprotective effect, but resistance develops in longer duration obesity whereby
that protective influence is lost. Alternatively, because BMI is not a direct measure of adiposity,
higher BMI in midlife may reflect greater lean muscle mass, rather than adipose tissue, which
might be protective to neuronal health, whilst in later-life higher BMI is more likely to reflect
adiposity, due to loss of muscle mass and bone density [142]. This of course does not account
for the relationship with AC, which is considered a more consistent marker of visceral adiposity
across the life course.

There was also evidence of a sensitive window in late midlife/early late-life when increasing
adiposity was particularly deleterious to WBV at age ~70 years, measured using the AC trajectory
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between ages 60/64 and 69 years. Although this was not also reflected in the BMI trajectory
work (although there was a trend in the same direction between 53 and 60-64 years), it was
borne out in the categorical analysis which showed becoming obese between age 53 and ~70
years was associated with smaller WBV, whilst those who went from obese to non-obese had
larger WBV at age ~70 years. This suggests a sensitive period in later midlife when increasing
adiposity, particularly in those previously not obese, is particularly detrimental to later-life WBV.
The stronger association with AC trajectory rather than BMI trajectory may be because AC is a
better marker of visceral adiposity, which is thought to be more metabolically active than
subcutaneous fat [437]. Whilst it is only possible to speculate on potential mechanisms, obesity
is associated with increased production of pro-inflammatory cytokines, such as IL-6 and TNFa,
which are associated with cognitive decline [451]. Since inflammatory stress increases with
ageing [452], this obesity-induced pro-inflammatory state may be more detrimental in later-life
to neuronal health. Support for the role of inflammation in obesity-related brain atrophy comes
from the Framingham study where associations between adiposity and brain volumes were all
attenuated when CRP was accounted for [437]. Mouse models have also demonstrated that
obesity is associated with enhanced microglial activation and neuroinflammation [151]. An
alternative explanation is that increases in adiposity are related to an unadjusted-for
confounder – I did however include a measure of physical activity in models which did not
substantially alter findings. I did not adjust for other co-morbidities such as cardiovascular
disease that might predispose individuals to increases in weight and may influence brain
volume, but since co-morbidities frequently result in decreased physical activity, this has been
indirectly accounted for.

Associations between measures of adiposity and HV at age ~70 years were more limited and
generally only restricted to the categorical weight analyses, where being overweight, and to a
lesser extent, obese, at age ~70 years was associated with larger HV. This is more in keeping
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with the obesity paradox observed in epidemiological studies of a ‘protective’ effect of adiposity
in later-life on dementia risk, thought to be caused by reverse causality whereby individuals on
a downward cognitive trajectory to dementia are more likely to lose weight. However the
association is independent of b-amyloid pathology and WMHV, and a sensitivity analysis that
excluded individuals with MCI did not eliminate this association, perhaps arguing against this.
Furthermore, the direction of association was opposite to that seen in the WBV analyses, was
not seen in the continuous measure analyses, and was not supported by any trajectory work,
suggesting this may be a spurious type 1 error.

Several large population-based studies have investigated the relationship between midlife
adiposity and brain volume with inconsistent findings. The Framingham Offspring Cohort found
an inverse cross-sectional relationship between measures of adiposity, particularly visceral fat,
and total brain volume in midlife, and larger temporal horn volume (THV) (a proxy, if poor,
marker of hippocampal volume) with greater waist:hip ratio (WHR), accounting for vascular risk
factors. Longitudinally they found an inverse relationship between midlife WHR, but not BMI,
and longitudinal global brain loss but no relationship with THV [372]. More recently, the AGESReykjavik study found no association between midlife increased adiposity and late-life total
brain volume [91], but as these data show, it may be necessary to have multiple measures of
adiposity in the model to unmask subtle relationships. Cross-sectional studies in late-life have
also reported a negative relationship between higher BMI and global brain volume [453], even
in elderly MCI and AD dementia patients in whom reverse causality might be an issue [454].

Whilst data presented in this chapter does to an extent support the findings of others, I also
observed positive relationships between midlife measures of adiposity and WBV. I have outlined
possible biological mechanisms for these findings, however the fact that this has not been
previously reported, particularly in studies that have examined the relationship between midlife
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adiposity and midlife imaging measures calls into question the biological plausibility of this
observation. It may reflect a survival bias in this study, whereby individuals who were
overweight/obese in midlife and susceptible to the negative impact of obesity on neuronal
health have been lost to follow up. This might also explain why a detrimental influence of
increasing adiposity is observed latterly, when it has had sufficient time to impact on brain
volumes but prior to the development of cognitive symptoms which might interfere with study
engagement. Alternatively the lack of corroborating evidence is secondary to publication bias.

In conclusion, increasing adiposity in late mid-life is associated with smaller WBV at age ~70
years. This relationship is independent of other vascular risk factors, and any potential influence
of increased adiposity on b-amyloid pathology or cerebral SVD. Midlife increases in adiposity
may have a detrimental impact on late-life dementia risk via non-amyloidogenic and
cerebrovascular routes, such as inflammation. Weight loss strategies targeted at individuals in
midlife and early late life may have a more marked impact on subsequent cognitive health than
interventions targeted earlier. Potential positive associations between midlife obesity and laterlife WBV however need to be treated with caution and may be attributable to survival/retention
bias.

6.7 Discussion
In sections 6.4 to 6.6, I investigated the relationship between measures of adiposity across
midlife and early late-life and subsequent cerebral pathology. Neither BMI, AC, or changes in
these measures was associated with global WMHV at age ~70 years, a marker of cerebral SVD.
Earlier measures of BMI and AC were not associated with amyloid status at age ~70 years, but
declining BMI trajectory in the 1-2 years prior to imaging was associated with increased risk of
being amyloid positive, suggestive of reverse causality, whereby b-amyloid pathology drives, or
is associated with, a decline in weight. A complex relationship emerges between adiposity and
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brain volumes suggesting, in this cohort, a protective influence of higher BMI/AC in early midlife
but a sensitive window in late-midlife/early late-life when increases in adiposity are particularly
detrimental to subsequent WBV at age ~70 years. These associations were independent of other
vascular risk factors, suggesting that increasing adiposity has a direct negative impact on global
brain volume, and (consistent with the analyses which found no relationship with cerebral SVD
and b-amyloid), this relationship was independent of amyloid status and global WMHV. There
was no evidence that sustained elevated adiposity was detrimental to subsequent cerebral
pathology.

A relationship between midlife obesity and late-life dementia risk has been reported across a
number of population studies, although this is not consistently the case [138], and a recent large
population-based study in the UK reported a protective influence of midlife obesity on late life
dementia risk with a detrimental impact of being underweight in midlife [86]. Relationships in
later-life are more mixed [137]. A large recent meta-analysis reported increasing risk of raised
BMI on subsequent dementia risk the longer the follow up period. Whilst they accounted for
diabetes, they did not adjust for hypertension, which may substantially confound their findings
[137]. There is limited literature on adiposity trajectories across midlife into late-life and their
association with dementia risk. The HAAS failed to find a relationship between BMI trajectories
in men and late-life all cause dementia (and indeed obesity in midlife and late-life dementia risk)
but greater BMI increase was seen in individuals who developed clinically diagnosed vascular
dementia, accounting for other vascular risk factors [455]. Although the work reported in this
chapter did not find increasing adiposity was associated with global WMHV, the negative
association with WBV may still be related to SVD, perhaps via microstructural changes, which
could influence neuronal loss, but are not captured using this measure. In contrast, a study in
Swedish women found slower BMI increases from 38 to 70 years in those who went on to
develop dementia [456]. Discrepancies between data reported here and others may arise due
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to differences in populations studied (including sex, sample size, age at baseline and length of
observation period) and methodological differences (including different approaches to
measuring adiposity and number of measurements collected).

Closer to dementia onset, a decline in BMI has been reported up to 6 years prior to development
of symptoms [140]. Consistent with this, I found a decelerating/declining BMI trajectory in the
1-2 years prior to scanning in amyloid positive individuals. This relationship was not appreciable
with other brain measures, notably brain volumes. However, since b-amyloid accumulation
precedes atrophy, it may be that b-amyloid pathology has an early influence on body
composition (as discussed in Section 6.5.4) prior to an impact on brain volume.

This study has a number of strengths, including the multiple time points at which adiposity is
measured, and the availability of both BMI and AC, a marker of visceral adiposity. Other
strengths are common to those described in section 5.7. Limitations include the possibility of
survival bias and loss of individuals with pre-existent significant cognitive symptoms, which may
mask possible associations between elevated obesity in early midlife and cerebral pathology at
age ~70 years. Furthermore, the prevalence of obesity in Insight 46 is lower than population
based estimates, reducing the ability to detect true relationships. There are few underweight
individuals, limiting the power to detect potential U-shaped relationships between adiposity and
late-life cerebral pathology. More accurate measures of subcutaneous and visceral adiposity,
such as abdominal CT-based measures, which have been reported to be more robustly related
to cerebral imaging measures [437], were not available. General limitations of the work
presented in this thesis are discussed in section 10.4.

In summary, there is a sensitive window in later-midlife when accumulation of adiposity is
particularly detrimental to global brain volume, but not b-amyloid pathology or cerebral SVD,
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supporting epidemiological evidence that obesity is detrimental to late-life cognitive health. The
work suggests that increasing adiposity does not exert its negative influence via amyloidogenic
nor traditional cerebral SVD pathways, and is not primarily mediated via other traditional
vascular risk factors, such as raised BP. Interventions to promote weight loss and avoid weight
gain in later-midlife may be beneficial in modifying late-life dementia risk.

There is insufficient biochemical profiling of glucose and cholesterol homeostasis in Insight 46
individuals to replicate the trajectory work performed in the last two chapters for other vascular
risk factors, but measures have been collected at age 53 (midlife) and age 69 years (early latelife). The next chapter aims to extend our understanding of the pathological mechanisms by
which vascular risk factors might increase dementia risk, by investigating the differential
influence of exposure to vascular risk factors (including diabetes, smoking and high cholesterol)
in midlife and early late-life on late-life cerebral imaging measures.
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7. Association between midlife and late-life vascular risk factors and
cerebral pathology at age ~70 years
7.1 Introduction
I have, to date, concentrated on the associations between BP and adiposity across the life course
and brain pathology, in view of their potential roles in the development of dementia. However,
epidemiological evidence suggests that diabetes [457], smoking [359] and high cholesterol [134]
may also all increase risk. Associations are observed not just for VaD and all-cause dementia,
but also clinically diagnosed AD dementia, although to a lesser extent. The pathological
mechanisms by which these other vascular risk factors mediate risk, and whether there is a
sensitive period (midlife versus late-life) when risk exposure is particularly damaging, are not
well understood. Furthermore, it is not clear whether increasing numbers of vascular risk factors
are more damaging to brain health.

The APOE e4 allele is the most significant genetic risk factor for the development of clinical AD,
outside of dominantly-inherited genetic familial AD, and is thought to influence b-amyloid
deposition via alterations in its clearance [34]. However, it is also involved in lipid metabolism
and has been demonstrated to enhance atheroma deposition [85]. Whether APOE e4 also
modulates dementia risk via non-amyloid mechanisms, and whether it modulates the influence
of vascular risk factors on cerebral pathology, which has been suggested [458], remains to be
clarified.

The multimodal imaging in Insight 46 allows the associations between midlife and late-life
vascular risk factors, APOE genotype and cerebral pathology at age ~70 years to be investigated,
in order to understand the mechanisms by which vascular risk factors might influence late-life
dementia risk.
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Recent work by the ARIC study has suggested that a higher number of vascular risk factors in
midlife is associated with increased b-amyloid burden in late-life [395], and therefore I sought
to investigate whether I could replicate and extend their findings in this cohort. I investigated
the associations between midlife and late-life vascular risk factors, individually and cumulatively,
with amyloid status, measured using florbetapir-amyloid PET. I extended the work by also
investigating associations with cerebral SVD, using global WMHV as a proxy measure. Finally, I
explored the association of vascular risk factors with downstream neuronal injury at age ~70
years, using brain volumes (whole brain volume (WBV) and hippocampal volume (HV)) and
diffusion tensor imaging (DTI) measures of white matter microstructural integrity in normal
appearing white matter (NAWM). Changes in white matter microstructural integrity are not
specific to a particular pathology, with changes having been demonstrated in the context of both
cerebral SVD and b-amyloid pathology [459]. These changes may be more sensitive to early
neuronal damage prior to the development of overt structural damage (such as WMH and
atrophy seen on classical structural MRI), and have been shown to be a better predictor of
longitudinal cognitive decline than WMHV [460] or presence of b-amyloid pathology [459].

Hypotheses include:
•

Midlife, rather than late-life, vascular risk factors are associated with imaging measures
of cerebral pathology (i.e. greater WMHV, amyloid positivity, smaller brain volumes,
impaired NAWM microstructure) at age ~70 years. This extends the work of the previous
two chapters by investigating the roles of midlife and late-life diabetes status, smoking
status, and hypercholesterolaemia.

•

Having a higher number of midlife vascular risk factors will be more strongly associated
with imaging measures of cerebral pathology at age ~70 years.
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•

Midlife vascular risk factors have a greater negative impact on imaging measures of
cerebral pathology at age ~70 years in those carrying an APOE e4 allele.

7.2 Methods
Amyloid status was determined as outlined in section 2.4.5. Global WMHV were derived using
the BaMoS algorithm from volumetric T1 and FLAIR MR sequences (section 2.4.2). Whole brain
volume (WBV) was derived using BMAPS and mean hippocampal volume using STEPS (section
2.4.1). Diffusion pre-processing is detailed in section 2.3.2. The mean values of diffusion metrics
(fractional anisotropy (FA), mean diffusivity (MD), neurite density index (NDI), orientation
dispersion index (ODI)) of normal appearing white matter (NAWM) were calculated using the
GIF-generated WM mask as described in section 2.4.4. Further descriptions of FA, MD, NDI and
ODI are provided in section 1.5. TIV was derived using SPM12.

Vascular risk factors were evaluated at age 53 years during the home assessment and at age ~70
years were derived from a combination of assessments performed at the age 69 years home
visit and age ~70 years Insight 46 visit. At age 53 years, hypertensive status was derived from
self-reported physician diagnosis or systolic BP greater than 140mmHg or a diastolic BP greater
than 90mmHg, based on the second of two readings. Diabetic status was derived from selfreported physician diagnosis or an HbA1c level > 6.5%. Hypercholesterolaemia was defined as a
random total cholesterol >5mmol/l. Current smoking status was defined by self-report (current
smoker versus non-/ex-smoker). Obesity was defined as a body mass index (BMI) > 30.

At age ~70 years, hypertensive status was determined based on self-reported use of blood
pressure-lowering medication at the Insight 46 visit or a systolic BP greater than 140mmHg or a
diastolic BP greater than 90mmHg, based on the second of two readings. Diabetic status was
determined based on the self-reported usage of diabetic medication at the Insight 46 visit, self293

reported physician diagnosis at the age 69 home visit or HbA1C >6.5%, determined at the age
69 home visit. Hypercholesterolaemia was defined as a random total cholesterol >5 mmol/l at
age 69 years or self-reported usage of lipid-lowering medication at the Insight 46 assessment.
Smoking status at age ~70 years was based on questionnaire collected at age 69 years. Obesity
at age ~70 years was determined by BMI assessment at the Insight 46 assessment.

Cumulative burden of vascular risk factors was evaluated using an approach similar to that
performed by the ARIC study [395] to determine if their findings could be replicated. The
number of vascular risk factors (current smoking, presence of hypertension, diabetes, obesity,
and hypercholesterolaemia) present in midlife (age 53 years) and in late-life (age ~70 years) was
tallied. The number of midlife and late-life risk factors was categorised as 0, 1, or 2 or more.

Participants for this analysis were dementia-free and required to have a complete vascular risk
profile at age 53 and age ~70, known APOE e4 carrier status and at least one available useable
imaging modality which passed imaging QC (amyloid PET, structural sequences for brain volume
analyses and WMHV analyses, diffusion sequences for WM microstructure analyses). Further
criteria for inclusion depended on the modality being investigated: for the WMHV and brain
volume analyses individuals with pathologies that would interfere with automated
quantification of WMHV were excluded (e.g demyelination). Inclusion criteria for diffusion
analyses were stricter due to their exploratory nature and excluded any individuals with a major
brain disorder (described in section 4.3.1).
Statistical methods
Group characteristics were assessed using descriptive statistics. b-Amyloid burden was treated
as a dichotomous measure (amyloid positive/negative) in logistic regression models. Logistic
regression models investigated the association between amyloid status and each of the
described vascular risk factors at age 53 years in separate models, and also a combined model,
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where all vascular risk factors were included in a single model. This was repeated using the
vascular risk factors at age ~70 years. Linear regression models investigated the relationships
between brain volumes and NAWM microstructural measures and these vascular risk factors.
Generalised linear models using a gamma distribution and log link were used to investigate the
relationships with global WMHV. The rationale for this statistical approach is described in
section 2.7.1. The same analyses were then repeated using a single variable for the number of
vascular risk factors (0, 1, > 2) in midlife (age 53) and late-life (age ~70) in separate models. All
analyses were adjusted for age at scanning, TIV (where appropriate), sex, adult socioeconomic
position (SEP), and APOE e4 carrier status (1 or 2 alleles vs. 0). Models were refitted including
interaction terms between APOE e4 and vascular risk factors to investigate differential effects
according to e4 status.

7.3 Results
Participant characteristics are summarised in Table 7-1. For the amyloid analysis 392
participants were included; for the WMHV analysis 390 participants were included; for the brain
volume analyses 382 participants were included; and for the standard diffusion analysis (FA and
MD) 328 participants were included and for NODDI diffusion analysis (NDI and ODI) 317
participants were included.

Participants were, by design, of similar age at both visits, with a mean age of 53.4 years at the
time of midlife risk factor assessment and 70.7 years at the time of imaging, with a mean of 17.3
years (s.d. 0.7 years) between assessments. Proportion of those with hypertension, diabetes and
obesity increased from midlife to late-life, whilst proportion of those classed as current smokers
or with hypercholesterolaemia decreased.
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At age 53 years, 27 (6.8%) had no vascular risk factors, 164 (41.0%) had one vascular risk factor
and 209 (52.3%) had two or more vascular risk factors, whilst at age ~70 years, 28 (7.0%) had no
vascular risk factors, 118 (29.5%) had one vascular risk factor and 254 (63.5%) had two or more
vascular risk factors. No participant had 5 vascular risk factors at either time point. 18.1% were
defined as amyloid positive.
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Characteristic

Age 53 home visit
(n=400)

Age 70 Insight 46 visit
(n=400)

Age, mean (s.d.)
Adult SEP, Non-manual
n (%)
Manual
APOE e4 carrier status (1 or 2), n (%)

53.4 (0.2)
338 (84.5)
62 (15.5)
113 (28.3)

70.7 (0.7)
338 (84.5)
62 (15.5)
113 (28.3)

Hypertension, n (%)
Use of BPLM, n (%)
BMI, mean (s.d.)
Obese, n (%)
Current smoker, n (%)
Diabetes, n (%)
Use of diabetic medication, n (%)
Hypercholesterolaemia, n (%)
Use of cholesterol-lowering medication,
n (%)

184 (46.0)
52 (13.0)
26.9 (3.9)
70 (17.5)
38 (9.5)
12 (3.0)
NA
346 (86.5)
NA

259 (64.8)
151 (37.8)
27.6 (4.2)
106 (26.5)
14 (3.5)
39 (9.8)
28 (7.0)
318 (79.5)
137 (34.3)

Number of
vascular risk
factors, n
(%)

27 (6.8)
164 (41.0)
145 (36.3)
60 (15.0)
4 (1.0)
0 (0.0)

28 (7.0)
118 (29.5)
159 (39.8)
80 (20.0)
15 (3.8)
0 (0.0)

0
1
2
3
4
5

Amyloid positive, n (%), total n 392
Global WMHV (ml), median (IQR), total
n 390
WBV (ml), mean (s.d.), total n 382
Mean HV (ml), mean (s.d.), total n 382
NAWM MD, mean (s.d.), total n 328
NAWM FA, mean (s.d.), total n 328
NAWM ODI, mean (s.d.), total n 317
NAWM NDI, mean (s.d.), total n 317

71 (18.1)
3.2 (1.6, 6.7)
1104.4 (98.2)
3.1 (0.3)
0.756 (0.040)
0.469 (0.027)
0.223 (0.007)
0.627 (0.035)

Table 7-1 Participant characteristics including vascular risk profiles in midlife (age 53 years) and late-life (age 70
years). BPLM, blood pressure lowering medication; BMI, body mass index; FA, fractional anisotropy; HV,
hippocampal volume; MD, mean diffusivity; n, number; NA, not available; NAWM, normal appearing white
matter; NDI, neurite density index; ODI, orientation dispersion index; s.d., standard deviation; SEP,
socioeconomic position; WBV, whole brain volume; WMHV, white matter hyperintensity volume.

7.3.1

Association of vascular risk factors with late-life cerebral imaging measures

Both midlife and late-life hypertension were associated with greater global WMHV at age ~70
years, with similar effect sizes (Table 7-2, Table 7-3, Table 7-4, Table 7-5). Midlife hypertension
was also adversely associated with NAWM microstructure measures (decreased mean FA and
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decreased NDI in the fully adjusted model). Late-life hypertension was similarly associated, but
to a lesser degree (decreased mean FA) (see Figure 7-1). There was a borderline negative
association between midlife hypertension and WBV at age ~70 (p=0.06) (Table 7-3).

Being a smoker in midlife was also negatively associated with NAWM microstructure measures,
as was being a smoker in late-life (greater mean MD and mean ODI, smaller mean FA and mean
NDI), with a larger effect size in late-life (see Figure 7-2), although confidence intervals were
broader due to small numbers of current smokers at this age.

Being a diabetic at age ~70 years, but not at age 53 years, was associated with a significantly
smaller WBV, but had no influence on other imaging measures.

Obesity at age ~70 years was negatively associated with NAWM microstructural integrity when
examined separately, but this association disappeared in the model including all vascular
variables, suggesting this influence is mediated via hypertension.

Hypercholesterolaemia status was not associated with imaging measures and no vascular risk
factors were associated with amyloid status at age ~70 years. Other than the association
between obesity and NAWM microstructural integrity, associations between other vascular risk
factors and imaging measures did not change substantially between separate and combined
models.

Because of the observed strong association between WMHV and NAWM microstructural
measures (see Chapter 8), the diffusion imaging measures were re-run including global WMHV
as a co-variate. All associations between hypertension at age 53 and age ~70 years and
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microstructural measures were significantly attenuated, whilst the associations between
current smoking at ages 53 and ~70 years and microstructural measures were unchanged.
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0.0051
(-0.0065,
0.017)
-0.0036
(-0.012,
0.0043)
0.00046
(-0.0015,
0.0024)
-0.0026
(-0.013,
0.0079)

1.13
(0.57, 2.24)
3.9
(-7.8, 15.6)
0.06
(-0.02, 0.1)

0.83
(0.63, 1.10)

-0.0077
(-0.014, 0.0017)
0.00064
(-0.00082,
0.0021)
-0.0088
(-0.017, 0.00096)

0.37

0.62

0.64

0.0091
(0.00035, 0.018)

0.62
(0.35, 1.10)
-8.0
(-17.0, 1.0)
-0.03
(-0.09, 0.03)

1.36
(1.10, 1.69)

Hypertension

0.39

0.16

0.51

0.73

p
0.20

0.028

0.39

0.012

0.041

0.37

0.081

0.10

p
0.005

-0.016
(-0.026, 0.0064)
0.0031
(0.00073,
0.0055)
-0.018
(-0.031, 0.0051)

0.017
(0.0025, 0.031)

0.63
(0.21, 1.89)
-10.4
(-25.0, 4.3)
-0.01
(-0.1, 0.09)

1.16
(0.81, 1.68)

Current smoker

0.007

0.011

0.001

0.021

0.87

0.17

0.41

p
0.42

-0.00076
(-0.0053,
0.0038)
-0.0025
(-0.027, 0.022)

0.0021
(-0.014, 0.019)

-0.0074
(-0.031, 0.017)

0.95
(0.19, 4.81)
0.7
(-24.6, 26.1)
0.08
(-0.09, 0.2)

1.17
(0.62, 2.21)

Diabetes

0.84

0.74

0.81

0.55

0.35

0.96

0.95

p
0.63

-0.00097
(-0.0031,
0.0012)
0.0065
(-0.0052, 0.018)

0.0033
(-0.0055, 0.012)

-0.0039
(-0.017, 0.0090)

1.40
(0.59, 3.35)
-1.4
(-14.4, 11.6)
-0.01
(-0.1, 0.08)

0.28

0.38

0.46

0.56

0.81

0.84

0.45

Hypercholesterolaemia
p
1.36
0.057
(0.99, 1.87)

Table 7-2 Associations between individual vascular risk factors at age 53 years and cerebral outcome measures at age ~70 years. Vascular risk factors are evaluated separately in
models for each imaging metric, which are also adjusted for sex, adult SEP and APOE e4 carrier status, age at scanning and (where appropriate) TIV. CI, confidence interval; FA,
fractional anisotropy; HV, hippocampal volume; MD, mean diffusivity; NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion index; SEP,
socioeconomic position; TIV, total intracranial volume; WBV, whole brain volume; WMHV, white matter hyperintensity volume

NAWM Mean NDI
b coefficient (95% CI)

NAWM Mean ODI
b coefficient (95% CI)

NAWM Mean MD (10-3mm2s1
)
b coefficient (95% CI)
NAWM Mean FA
b coefficient (95% CI)

WMHV (ml)
Exponentiated coefficient
(95% CI)
Amyloid status
OR (95% CI)
WBV (ml)
b coefficient (95% CI)
Mean HV (ml)
b coefficient (95% CI)

Obese

Risk factor at age 53 years

WMHV (ml)
Exponentiated coefficient (95%
CI)
Amyloid status
OR (95% CI)
WBV (ml)
b coefficient (95% CI)
Mean HV (ml)
b coefficient (95% CI)
NAWM Mean MD (10-3mm2s-1)
b coefficient (95% CI)
NAWM Mean FA
b coefficient (95% CI)
NAWM Mean ODI
b coefficient (95% CI)
NAWM Mean NDI
b coefficient (95% CI)

Obese
0.77
(0.58, 1.02)
1.29
(0.64, 2.62)
5.6
(-6.3, 17.4)
0.06
(-0.01, 0.1)
0.0041
(-0.0075,
0.016)
-0.0029
(-0.011,
0.0050)
0.00046
(-0.0015,
0.0024)
-0.0016
(-0.012,
0.0089)

p
0.064

0.48
0.36
0.11
0.45

0.47

0.64

0.77

Hypertension
1.37
(1.10, 1.70)
0.58
(0.32, 1.05)
-8.8
(-18., 0.45)
-0.04
(-0.1, 0.02)
0.0088
(-0.000083,
0.018)
-0.0074
(-0.013, 0.0014)
0.00065
(-0.00083,
0.0021)
-0.0090
(-0.017, 0.0011)

p
0.005

0.070
0.062
0.22
0.052

0.016

0.39

0.026

Diabetes

1.12
(0.61, 2.05)

0.001

0.0064
(-0.010, 0.023)

1.12
(0.21, 5.97)
4.3
(-21.2, 30.0)
0.09
(-0.08, 0.3)
-0.012
(-0.036, 0.012)

0.004

0.006

-0.0014
(-0.0059,
0.0032)
0.0015
(-0.023, 0.026)

0.017

0.88

0.18

0.42

p
0.51

Risk factor at age 53 years
Current smoker
1.13
(0.79, 1.59)
0.62
(0.20, 1.90)
-10.0
(-24.83, 4.7)
-0.01
(-0.1, 0.1)
0.018
(0.0031, 0.032)
-0.016
(-0.026, 0.0066)
0.0032
(0.00083,
0.0057)
-0.018
(-0.031, 0.0052)

p
0.71

0.90

0.74

0.29

0.16

0.29

0.31

0.41

0.89

0.98

0.37

Hypercholesterolaemia
p
0.11

1.29
(0.95, 1.75)

1.50
(0.62, 3.59)
-0.2
(-13.2, 12.9)
-0.01
(-0.09, 0.08)
-0.0054
(-0.018, 0.0074)

0.44

0.0046
(-0.0042, 0.013)

0.32

0.86

-0.0012
(-0.0033,
0.00099)
0.0083
(-0.0033, 0.020)

0.90

Table 7-3 Associations between vascular risk factors at age 53 years and cerebral outcome measures at age ~70 years in fully-adjusted models. All vascular risk factors are included in
the same model for each imaging metric, which are also adjusted for sex, adult SEP and APOE e4 carrier status, age at scanning and (where appropriate) TIV. CI, confidence interval;
FA, fractional anisotropy; HV, hippocampal volume; MD, mean diffusivity; NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion index;
SEP, socioeconomic position; TIV, total intracranial volume; WBV, whole brain volume; WMHV, white matter hyperintensity volume.
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-0.0068
(-0.014, 0.000073)
0.0020
(0.00040,
0.0036)
-0.0077
(-0.017, 0.0012)

0.02
(-0.04, 0.09)
0.0062
(-0.0037, 0.016)

0.61
(0.31, 1.18)
-3.7
(-13.6, 6.3)

1.11
(0.87, 1.43)

0.089

0.015

0.048

0.22

0.49

0.47

0.14

p
0.39

0.0014
(-0.000016,
0.0029))
-0.0062
(-0.014, 0.0017)

0.01
(-0.05, 0.07)
0.0088
(-0.000091,
0.018)
-0.0078
(-0.014, -0.0017)

0.82
(0.47, 1.43)
-0.7
(-9.9, 8.4)

1.41
(1.12, 1.76)

Hypertension

0.13

0.053

0.012

0.052

0.64

0.88

0.49

p
0.003

0.03
(-0.1, 0.2)
0.029
(0.0056,
0.052)
-0.028
(-0.044, 0.011)
0.0064
(0.0026,
0.010)
-0.034
(-0.055, 0.014)

-10.1 (-33.4,
13.2)

Unable to do

1.33
(0.74, 2.39)

Current smoker

0.001

0.001

0.001

0.015

0.69

0.39

-

p
0.34

Risk factor at age ~70 years

0.06
(-0.04, 0.2)
-0.00067
(-0.015,
0.013)
-0.0025
(-0.012,
0.007)
0.0012
(-0.0012,
0.0036)
-0.0030
(-0.016,
0.0099)

1.18
(0.50, 2.79)
-17.9
(-32.4, -3.4)

1.23
(0.86, 1.77)

Diabetes

0.65

0.33

0.61

0.92

0.25

0.016

0.71

p
0.26

0.00083
(-0.00097,
0.0026)
-0.0039
(-0.014, 0.0059)

-0.0050
(-0.012, 0.0024)

0.02
(-0.05, 0.09)
0.0069
(-0.0039, 0.018)

0.54
(0.28, 1.04)
-6.6
(-17.9, 4.6)

0.44

0.37

0.18

0.21

0.60

0.25

0.067

Hypercholesterolaemia
p
1.21
0.91
(0.91, 1.60)

Table 7-4 Associations between individual vascular risk factors at age ~70 years and cerebral outcome measures at age ~70 years. Vascular risk factors are evaluated separately in
models for each imaging metric, which are also adjusted for sex, adult SEP and APOE e4 carrier status, age at scanning and (where appropriate) TIV. CI, confidence interval; FA,
fractional anisotropy; HV, hippocampal volume; MD, mean diffusivity; NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion index; SEP,
socioeconomic position; TIV, total intracranial volume; WBV, whole brain volume; WMHV, white matter hyperintensity volume.

NAWM Mean NDI
b coefficient (95% CI)

NAWM Mean ODI
b coefficient (95% CI)

Mean HV (ml)
b coefficient (95% CI)
NAWM Mean MD (103
mm2s-1)
b coefficient (95% CI)
NAWM Mean FA
b coefficient (95% CI)

WMHV (ml)
Exponentiated coefficient
(95% CI)
Amyloid status
OR (95% CI)
WBV (ml)
b coefficient (95% CI)

Obese

Obese

NAWM Mean FA
b coefficient (95% CI)

WMHV (ml)
Exponentiated coefficient
(95% CI)
Amyloid status
OR (95% CI)
WBV (ml)
b coefficient (95% CI)
Mean HV (ml)
b coefficient (95% CI)
NAWM Mean MD (10-3mm2s-1)
b coefficient (95% CI)
-0.0035
(-0.010, 0.0034)

0.66
(0.33, 1.31)
-1.9
(-12.2, 8.4)
0.02
(-0.05, 0.08)
0.0025
(-0.0077, 0.013)

1.00
(0.78, 1.29)

NAWM Mean ODI
b coefficient (95% CI)

0.0014
(-0.00029,
0.0031)
-0.0046
(-0.014, 0.0045)

NAWM Mean NDI
b coefficient (95% CI)

p
1.00

0.23
0.72
0.66
0.62

0.31

0.10

0.32

Hypertension
1.38
(1.09, 1.74)
0.94
(0.52, 1.68)
0.8
(-8.6, 10.2)
0.01
(-0.06, 0.07)
0.0081
(-0.0010, 0.017)
-0.0068
(-0.013,
0.00059)
0.0011
(-0.00040,
0.0026)
-0.0050
(-0.013, 0.0031)

Risk factor at age ~70 years
Current smoker
Diabetes
1.36
(0.77, 2.43)

1.16
(0.81, 1.67)

p
0.29

Unable to do

p
0.006

0.83

0.002

0.002

0.001

0.025

0.69

0.37

0.87

0.081

0.81

1.19
(0.50, 2.83)
-18.4
(-33.1, -3.7)
0.06
(-0.04, 0.2)
-0.00078
(-0.015, 0.013)
0.032

0.15

0.23

-0.0023
(-0.012,
0.0071)
0.0012
(-0.0012,
0.0035)
-0.0033
(-0.016,
0.0095)

-10.6
(-34.0, 12.7)
0.03
(-0.1, 0.2)
0.027
(0.0035,
0.051)
-0.026
(-0.042, 0.010)
0.0061
(0.0023,
0.010)
-0.033
(-0.054, 0.012)

p
0.43

0.68

0.014

0.27

0.91

0.71

0.65

0.36

0.33

0.63

0.25

0.11

Hypercholesterolaemia
p
0.29

1.17
(0.90, 1.54)

0.58
(0.30, 1.12)
-6.6 (-17.9, 4.6)

0.63

-0.0034
(-0.011, 0.0039)

0.02
(-0.06, 0.09)
0.0053
(-0.0055, 0.016)

0.33

0.61

0.00041
(-0.0014,
0.0022)
-0.0018
(-0.012, 0.0078)

Table 7-5 Associations between vascular risk factors at age ~70 years and cerebral outcome measures at age ~70 years in fully adjusted models. All vascular risk factors are included
in the same model for each imaging metric, which are also adjusted for sex, adult SEP and APOE e 4 carrier status, age at scanning (and where appropriate, TIV). CI, confidence
interval; FA, fractional anisotropy; HV, hippocampal volume; MD, mean diffusivity; NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion
index; SEP, socioeconomic position; TIV, total intracranial volume; WBV, whole brain volume; WMHV, white matter hyperintensity volume.
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Figure 7-1 Box plots showing measures of microstructural integrity in NAWM according to hypertension status at age 53 years (top panels) and age ~70 years (bottom panels) . Mean
MD and mean FA in NAWM are shown in the left panels and mean NDI and ODI in NAWM in the right panels. *p<0.05. The box represents the 25th to 75th centiles, and the central line
represents the median. Dots represent the outside values and the whiskers represent upper and lower adjacent values. FA, fractional anisotropy; MD, mean diffusivity; NAWM, normal
appearing white matter; NDI, neurite density index; ODI, orientation dispersion index

Figure 7-2 Box plots showing measures of microstructural integrity in NAWM according to smoking status at age 53 years (top panels) and age ~70 years (bottom panels) . Mean
MD and mean FA in NAWM are shown in the left panels and mean NDI and ODI in NAWM in the right panels. *p<0.05, ** p<0.001. The box represents the 25th to 75th centiles,
and the central line represents the median. Dots represent the outside values and the whiskers represent upper and lower adjacent values. FA, fractional anisotropy; MD, mean
diffusivity; NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion index
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7.3.2

Cumulative risk factors and late-life cerebral imaging measures

There were no associations between increasing numbers of vascular risk factors in midlife or
late-life and imaging measures at age ~70 years (Table 7-6 and Table 7-7).

Risk factor at age 53 years
1 vascular RF
WMHV (ml)
Exponentiated
coefficient (95% CI)
Amyloid status
OR (95% CI)
WBV (ml)
b coefficient (95% CI)
Mean HV (ml)
b coefficient (95% CI)
NAWM Mean MD (103
mm2s-1)
b coefficient (95% CI)
NAWM Mean FA
b coefficient (95% CI)
NAWM Mean ODI
b coefficient (95% CI)
NAWM Mean NDI
b coefficient (95% CI)

1.11
(0.71, 1.74)

p
0.63

1.22
(0.38, 3.95)
-9.0
(-27.4, 9.4)
-0.02
(-0.1, 0.1)

0.76

-0.0084
(-0.027, 0.0098)
0.0053
(-0.0071, 0.018)
-0.00033
(-0.0033,
0.0027)
0.012
(-0.0045, 0.028)

2 or more vascular RF
p
1.41
0.12
(0.91, 2.19)
0.83
(0.26, 2.70)
-14.3
(-32.5, 3.9)
-0.04
(-0.2, 0.08)

0.76

0.36

0.0036
(-0.014, 0.021)

0.69

0.40

-0.0038
(-0.016, 0.0084)
0.00037
(-0.0026, 0.0033)

0.54

0.00040
(-0.015, 0.016)

0.96

0.39
0.77

0.83

0.16

0.12
0.51

0.80

Table 7-6 Associations between the number of vascular risk factors at age 53 years and cerebral outcome
measures at age ~70 years. Models are adjusted for age at scanning, sex, adult SEP, APOE e4 carrier status and
(where appropriate) TIV. CI, confidence interval; FA, fractional anisotropy; HV, hippocampal volume; MD, mean
diffusivity; NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion index;
SEP, socioeconomic position; TIV, total intracranial volume; WBV, whole brain volume; WMHV, white matter
hyperintensity volume.
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Risk factor at age ~70 years
1 vascular RF
WMHV (ml)
Exponentiated coefficient
(95% CI)
Amyloid status
OR (95% CI)
WBV (ml)
b coefficient (95% CI)
Mean HV (ml)
b coefficient (95% CI)
NAWM Mean MD (103
mm2s-1)
b coefficient (95% CI)
NAWM Mean FA
b coefficient (95% CI)
NAWM Mean ODI
b coefficient (95% CI)
NAWM Mean NDI
b coefficient (95% CI)

2 or more vascular RF
p
0.92

1.02
(0.64, 1.63)
0.82
(0.29, 2.30)
9.9
(-9.0, 28.8)
0.1
(-0.005, 0.2)
0.0033
(-0.016, 0.022)

0.71

-0.0010
(-0.013, 0.012)
-0.00023
(-0.0034, 0.0029)
-0.0032
(-0.020, 0.014)

0.88

0.30
0.06
0.73

0.89
0.72

1.37
(0.87, 2.15)

p
0.17

0.54
(0.20, 1.43)
1.7
(-16.2, 19.6)
0.1
(-0.02, 0.22)
0.014
(-0.0038, 0.032)

0.21

-0.011
(-0.023, -0.0016)
0.0015
(-0.0014, 0.0046)
-0.011
(-0.028, 0.0050)

0.089

0.85
0.09
0.12

0.30
0.17

Table 7-7 Associations between number of vascular risk factors at age ~70 years and cerebral outcome measures
at age ~70 years. Models are adjusted for age at scanning, sex, adult SEP and APOE e4 carrier status and (where
appropriate) TIV. CI, confidence interval; FA, fractional anisotropy; HV, hippocampal volume; MD, mean
diffusivity; NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion index;
SEP, socioeconomic position; TIV, total intracranial volume; WBV, whole brain volume; WMHV, white matter
hyperintensity volume.

7.3.3

Associations of the APOE e4 allele with cerebral imaging measures at age ~70 years

Carriage of the APOE e4 allele was strongly associated with being amyloid positive (using the age
53 vascular risk factor model as a representative model: OR 4.11; 95% CI 2.37, 7.10; p<0.001),
but there was no evidence of an independent association between APOE e4 status and other
imaging measures investigated in fully-adjusted models.
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7.3.4

Influence of the APOE e4 allele on associations between vascular risk factors and
cerebral imaging measures at age ~70 years

In the main, there was no evidence of a differential effect of vascular risk factors at age 53 years
on cerebral imaging measures at age ~70 years in APOE e4 carriers versus non-carriers (p values
for interaction terms between each vascular risk factor and APOE e4 status ranged between
0.053 and 0.99), apart from a suggestion of an interaction between obesity at age 53 years and
hippocampal volume (p=0.024). In a model with only this interaction term included for ease of
interpretation (and because no other interaction term was significant) APOE e4 non-carriers who
were obese at age 53 years had on average, 0.06 ml (95%CI: -0.13, 0.02; p=0.13) smaller HV at
age ~70 than non-obese individuals, whilst APOE e4 carriers who were obese at age 53 had on
average, 0.14 ml (95%CI: -0.01, 0.29; p=0.07) larger HV than non-obese individuals. Neither of
these associations reached statistical significance however. Having normal cholesterol status at
age 53 years and carrying the APOE e4 allele perfectly predicted amyloid negative status, but
importance of this result is limited by small numbers in this group (n=11).

Examining vascular risk factors at age ~70 years, there was a suggestion that APOE e4 status did
influence the association between current smoking and WBV (interaction p = 0.041): APOE e4
carriers who were current smokers had a WBV 42.2ml (95%CI: -7.9, 92,3; p=0.098) larger than
non/ex-smokers, whereas APOE e4 non-carrier current smokers had a WBV 25.1 ml (95% CI: 51.3, 1.1; p=0.061) smaller than non-ex-smokers. It should be noted that due to the small
numbers in these groups the confidence intervals are large and in neither case do the differences
reach statistical significance. There was also an interaction effect between APOE e4 and diabetic
status in the HV model (interaction p = 0.023): carriers who were diabetic had 0.2 ml (95% CI:
0.01, 0.4; p=0.04) larger HV than non-diabetics, whilst in non-APOE e4 carriers, diabetics had
0.05 ml (95% CI: -0.1, 0.02; p=0.19) smaller HV, although only 12 individuals were both APOE e4
carriers and diabetic, meaning the confidence interval is large and the result may be spurious.
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No other interaction terms reached significance (p values for interaction terms ranged between
0.06 and 0.99).

There was a possible interaction between cumulative vascular risk factors at age 53 years and
APOE e4 carriers status on NAWM mean ODI (interaction p=0.03), whereby in APOE e4 carriers,
individuals with 1 risk factor had a significantly higher mean ODI than in individuals with no risk
factors, but the same pattern was not seen in those with 2 or more vascular risk factors, calling
into question the plausibility of this interaction. There was no evidence to suggest a differential
influence of cumulative vascular risk factors at age ~70 years on cerebral imaging measures in
APOE e4 carriers versus non-carriers (p values from 0.16 to 0.97). At age 53, being an APOE e4
carrier and having 0 vascular risk factors did perfectly predict being amyloid negative, but there
were only 4 individuals in this group, likely making this a chance finding.

7.3.5

Associations of other covariates with cerebral imaging measures at age ~70 years

Using the age 53 combined vascular risk factor model as a representative model, male sex was
associated with less global WMHV (exponentiated coefficient 0.71; 95% CI 0.53, 0.95; p=0.017),
smaller WBV (b coefficient -20.3; 95% CI -32.2, -8.4; p=0.001), and lower NAWM MD (b
coefficient -0.017; 95% CI -0.028, -0.0054; p=0.004) and higher NAWM ODI (b coefficient 0.0038;
95% CI 0.0018, 0.0057; p<0.001). Despite the close age range of participants, older age at
scanning was associated with higher global WMHV (exponentiated coefficient 1.22; 95% CI 1.05,
1.43; p=0.011), smaller WBV (b coefficient -13.7; 95% CI -20.4, -7.1; p<0.001) and mean HV (b
coefficient -0.05; 95% CI -0.09, -0.005; p=0.03), higher NAWM MD (b coefficient 0.0081; 95% CI
0.0017, 0.015; p=0.013), lower NAWM FA (b coefficient -0.0059; 95% CI -0.010, -0.0015;
p=0.009) and lower NAWM NDI (b coefficient -0.0090; 95% CI -0.015, -0.0033; p=0.002). SEP was
not associated with any cerebral outcome measures.
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7.4 Discussion
In this study, aiming to extend the work of chapters 5 and 6 to a wider range of vascular risk
factors, and including diffusion metrics as outcomes, both midlife and late-life hypertension
were associated with white matter damage at age ~70 years, as measured by global WMHV and
diffusion measures in NAWM. Being a current smoker in midlife and late-life was also associated
with reduced NAWM microstructural integrity, and being diabetic in late-life was associated
with smaller WBV. I did not find evidence that any vascular risk factors, or combination of risks,
are related to b-amyloid pathology by this age. Whilst there were associations between
individual vascular risk factors and markers of brain pathology, there was no evidence to suggest
increasing numbers of vascular risk factors was more detrimental than having a single risk factor.

Unlike a recent ARIC study [395], I did not find a positive association between increasing midlife
vascular risk factors and brain amyloidosis in late-life. Neither this study nor the ARIC study
found an association with increasing late-life vascular risk factors and late-life amyloidosis,
although a positive association between the Framingham coronary risk score and brain bamyloid in older individuals has previously been reported [394]. I did not find any evidence of
an association between individual vascular risk factors, either in midlife or late-life, and brain bamyloid. Results from other studies looking specifically at midlife vascular risk factors have been
inconsistent: the ARIC study found a positive association between midlife obesity and late-life
b-amyloid deposition [395], whilst the Mayo Clinic Study of Aging found an association between
midlife dyslipidaemia and late-life brain amyloidosis [396]. Neither of these studies found an
association with hypertension, which has also been reported to be associated with increased bamyloid burden cross-sectionally in other cohorts [386–389]. The lack of association between
diabetic status in either midlife or late-life and amyloid status is consistent with the observations
of other groups [390,395,396].
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The finding of an association between global WMHV and hypertension is well reported
[332,371,372], and has already been discussed in detail in section 5.4.4.

I did not observe an association between other vascular risk factors and global WMHV. Although
the association between diabetes and brain lacunes is reasonably well established [461],
reported relationships between diabetes and WMHV are inconsistent, with some reporting
increased WMH burden, and others finding no association [462]. It has recently been suggested
that the negative impact of diabetes on WMH is related to diabetes severity and duration [88].
This information is not captured in a single time-point binary variable, and, with only 3%
diagnosed as diabetic at the earlier time-point, this study probably lacks power to detect a
significant influence in individuals who have been diabetic for a longer duration. Although
cholesterol is strongly associated with cardiovascular disease, its association with
cerebrovascular disease is less convincing. Inconsistent findings are reported when looking at
measures of blood cholesterol [18], and it may be that triglycerides are more critical in WMH
pathogenesis [463]. Smoking is generally considered to be a risk factor for the development of
cerebral SVD, and is positively associated with WMH in other cohorts [89]. Whilst the direction
of association was in the anticipated direction, it did not reach significance, which may relate to
the small number of current smokers at each time point, limiting the power to detect an effect.
Furthermore, I did not investigate smoking dose effects, for example through the usage of packyears.

Although being a current smoker at either time point was not significantly associated with global
WMHV, at both age 53 and age ~70 years being a current smoker was consistently associated
with reduced microstructural integrity within NAWM - reflected by statistically significant
differences in all metrics assessed: increased MD, decreased FA, increased ODI and decreased
NDI. Greater damage was observed in those who were current smokers at ~70 compared with
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at age 53 years. This is consistent with the findings of another large cohort study that found
impaired microstructural integrity in the NAWM of smokers, and in ex-smokers found less
marked changes the longer they had been abstinent, suggesting these changes might be
reversible [464]. Possible mechanisms by which smoking might influence WM microstructural
integrity include oxidative stress, inflammation and small vessel disease via endothelial
dysfunction [465], which may not be sufficient to cause overt WMH.

Hypertension at ages 53 and ~70 years was also associated with impaired microstructural
integrity in NAWM at age ~70 years. Associations between raised BP and WM microstructure
have previously been described in other cohorts, including in midlife [466,467]. The association
was stronger with the age 53 measure. Being hypertensive at age 53 years was associated with
decreased FA, decreased NDI and a borderline increase in MD (p=0.05), whilst at age ~70 years
being hypertensive was associated with decreased FA only. Stronger associations with age 53
years hypertension may represent longer duration exposed to a damaging factor, or a sensitive
period in midlife (discussed in more detail in chapter 5). Since microstructural changes are
thought to be more sensitive to damage than markers such as WMH, this might explain the
observed difference between ages 53 and ~70 years which is not observed for global WMHV.

There were no independent associations between diabetes, obesity and hypercholesterolaemia
and WM microstructural integrity when all vascular risk factors were included in a single model.
Diabetes has been reported to be associated with changes in WM microstructure [468–470],
and obesity has been demonstrated to be particularly detrimental to WM microstructure in
fronto-temporal tracts [471], as has serum-LDL [472]. Cohort differences and methodological
considerations may explain the lack of association between these vascular risk factors and WM
DTI measures in this study. In particular it has been shown that associations between obesity
and WM microstructural changes are driven, at least in part, by elevated BP [473]. This is
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consistent with my findings: later-life obesity was negatively associated with NAWM FA and ODI
when modelled separately, but this association was substantially attenuated in the combined
model adjusting for other vascular risk factors, including hypertension. Other studies examined
changes within specific WM tracts. By using average WM values it is not possible to detect small
regional differences in microstructure which are insufficient in magnitude to influence the
overall value.

Diabetic individuals at age ~70 years had significantly smaller WBV than non-diabetics. A similar
relationship was not seen with diabetic status in midlife, but as already discussed, small numbers
of diabetics at that age may limit the power to detect a difference. Whilst associations between
diabetes and brain volumes are variable, the most consistent association has been with smaller
WBV [88]. Diabetic-related brain volume changes have been suggested to be mediated by
cerebral SVD, although in this study there was no association between diabetic status and global
WMHV or measures of WM microstructural integrity. Indeed, a recent study found smaller brain
volumes in diabetics was not mediated via WMH [88]. Alternatively it has been posited that
diabetes might influence b-amyloid deposition via insulin resistance and consequent
hyperinsulinaemia. Insulin degrading enzyme (IDE), found in the brain parenchyma, is involved
in the breakdown of both insulin and b-amyloid. Insulin is freely able to cross the blood-brain
barrier and has been shown to competitively block b-amyloid degradation by IDE [145].
However, I found no evidence of an association between diabetic status and b-amyloid burden
to support this. Alternatively, atrophy may mediated by microinfarcts, which are not easily
detectable on 3T imaging.

Individuals who were hypertensive at age 53 years had smaller WBV at age ~70 years at trend
level (p=0.06). Midlife BP has previously been reported to be detrimental to brain volumes
[400,405]. In chapter 5 I demonstrated stronger negative associations between raised BP at age
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43, rather than age 53 years, and WBV and mean HV, which might explain the lack of association
using the age 53 measure in this analysis. In addition, with the use of a binary hypertensive
variable, information is lost and the power to detect associations is reduced. No other vascular
risk factors at either time-point were associated with brain volumes (either WBV or HV) in this
cohort. Other studies have shown smoking is associated with accelerated whole brain and
hippocampal atrophy [372], but associations between obesity and brain volumes are
inconsistent [91,437], and as demonstrated in chapter 6, relationships are complex and might
be missed using single time-point measures alone. Studies generally have not found an
association between hypercholesterolaemia and brain volumes [18].

It has been suggested that the negative influence of vascular risk factors on brain pathology,
including b-amyloid deposition [387], brain volumes [474] and WMH [475], may be exacerbated
in APOE e4 carriers, although results are inconsistent between studies [395,476]. In this study
hypercholesterolaemia in midlife in APOE e4 carriers was associated with an increased likelihood
of being amyloid positive at age ~70 years, but this finding must be treated with caution as the
number of individuals within this group was small, increasing the chance of a Type 1 error.
Otherwise, the data did not show that the presence of the APOE e4 allele potentiated the effect
of vascular risk factors on b-amyloid burden, global WMHV, brain volumes or measures of
microstructural integrity in NAWM. In fact, there were several interactions where APOE e4
carriage was associated with a protective effect in the presence of a vascular risk factor, but
generally the effect sizes were weak with large confidence intervals driven by small group sizes
calling into question the validity of these findings.

The study has a number of strengths: the study is large and participants are closely age-matched
therefore removing the impact of age which is known to influence all of these cerebral
outcomes. Details on vascular risk factors were collected prospectively in midlife and late-life,
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removing the risk of recall bias, and included both self-reported measures but also laboratory
tests for HbA1C and total cholesterol to ensure undiagnosed individuals were not misclassified.
Vascular risk factors were investigated separately and also in a single model, to assess the
influence of each risk factor independently of the others. The use of multi-modal imaging
allowed investigation of the influence of vascular risk factors on a number of pathologies.

Limitations of this study include the use of binary variables for vascular risk factors which do not
capture the severity of conditions, potentially influencing associations. The approach used for
defining the vascular variables allows scope for misclassification. Hypercholesterolaemia was
defined according to a stringent serum cholesterol cut-point (when a threshold effect may exist
at a higher cut-point), or the use of a cholesterol-lowering medication (since if an individual is
on effective treatment, their total cholesterol should be within the normal range). However,
statins, a principal cholesterol-lowering medication, can be used for other indications, including
cardiovascular disease and stroke. Likewise, blood pressure-lowering medication such as betablockers might be used for anxiety or heart rhythm control rather than hypertension.
Furthermore, treatment, and duration of treatment, of high cholesterol, diabetes and
hypertension may modify the associations between the underlying risk factors and subsequent
cerebral damage. This is difficult to disentangle in a study of this type. In addition, because I was
attempting to replicate findings from the ARIC study, I used an additive score of vascular risk
factors. Cardiovascular risk calculators, such as the Framingham risk score [477], account for the
fact that different vascular factors do not contribute equally to risk, and weight measures
appropriately. This may have produced different findings and could be explored in further work.

I sought to investigate whether APOE e4 modifies the impact of vascular risk factors on cerebral
outcomes. However, small numbers in some of the categorical groups may have resulted in
insufficient power to detect interaction effects, and also potentiated spurious Type 1 errors.
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Influences of vascular risk factors on white matter microstructural integrity might be region, or
even tract, specific, which might not be captured using a global measure. There is scope to
investigate this further using Tract-based-Spatial Statistics and region of interest analysis, which
can be considered in future work. Other limitations which are common to work presented
throughout the thesis are discussed in section 10.4.

In summary, both midlife and late-life hypertension status are negatively associated with WM
macro- and microstructural integrity, but midlife hypertension has a greater influence on
microstructural changes. Current smoking in midlife and late-life is associated with impaired
WM microstructure with stronger associations seen contemporaneously. Diabetes in late-life is
associated with smaller WBV, but not measures of WM damage. Importantly, I did not find
evidence to suggest that presence of any vascular risk factor, alone or in combination, either in
midlife or later-life, facilitated cerebral b-amyloid accumulation. Higher numbers of vascular risk
factors were not more detrimental to any cerebral outcome measures, suggesting that
associations with brain pathologies are specific to individual risk factors, and not related to
‘generic’ vascular risk. These findings suggest vascular risk factors increase dementia risk in latelife through influences on white matter structure and brain volume, but not b-amyloid
deposition. Interventions designed to target vascular risk factors, particularly hypertension in
midlife, diabetes and smoking behaviour, may therefore reduce later-life dementia risk.

The evidence presented in Chapters 5 to 7 suggests that the epidemiological observation of a
link between vascular risk exposure and AD risk is not mediated via amyloidogenic pathways. A
separate, but related question, is whether the presence of cerebral SVD exacerbates b-amyloid
deposition, perhaps through a negative influence on b-amyloid clearance. Alternatively, or
additionally, if cerebral SVD reduces the threshold at which cognitive symptoms emerge in
amyloid positive individuals, it is important to understand whether these pathologies have an
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independent and additive, or synergistic effect on downstream neuronal injury. These themes
are investigated in the next chapter.
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8. Associations between b-amyloid pathology and white matter
hyperintensity volume and consequences for brain structure in
cognitively normal individuals at age ~70 years
8.1 Introduction
Pathological studies have demonstrated that cerebral SVD frequently co-exists with b-amyloid
pathology in dementia patients [61], and, WMHs on T2-weighted imaging are more frequently
observed in patients with AD dementia than age-matched cognitive controls [62]. Clinical AD
dementia and cerebral SVD share vascular risk factors, and it may be that both b-amyloid and
cerebral SVD pathology develop through shared vascular pathological pathways, although this
hypothesis is not supported by the findings reported in Chapters 5, 6 and 7. Alternatively, the
presence of one pathology may exacerbate the other. Since WMHs are a strong predictor of
subsequent decline in AD dementia [478] it has also been proposed that cerebral SVD and bamyloid pathology have an additive or synergistic effect on neuronal damage, and,
subsequently, cognition.

WMHs are the consequence of a number of different aetiologies. Typically, in ageing, they are
considered to be the result of arteriolosclerosis, often associated with hypertension, but can
also be caused by CAA [74], another form of cerebral SVD. There has however been limited
investigation into the association between different potential aetiological mechanisms and
WMH in vivo to date [160], particularly with regard to regional associations [479].

The APOE e4 allele, a significant risk factor for AD dementia, enhances b-amyloid deposition,
possibly via decreased clearance of toxic forms of Ab [16], and is associated with the
development of CAA and WMH [84]. It also plays a role in lipid metabolism, and enhances largevessel atherosclerosis risk [85], although evidence is conflicting concerning whether it
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modulates the negative impact of elevated BP on cerebral SVD [372,475]. It has not been
established whether the APOE e4 allele influences any associations between hypertension or bamyloid pathology and WMH and their regional distribution.

Changes in measures of white matter microstructural integrity have been demonstrated in the
context of both cerebral SVD and AD, including prior to the development of cognitive symptoms
[459,480], and have been shown to be a better predictor of longitudinal cognitive decline than
WMHV [460] or presence of b-amyloid pathology [459]. These changes may be early markers of
pathological damage, and might precede detectable atrophy. Since changes can be measured in
vivo by diffusion imaging, microstructural integrity measures may be useful as a biomarker in
therapeutic trials [481]. Understanding how parenchymal b-amyloid pathology and cerebral SVD
independently and interactively influence these measures provides mechanistic insight into
pathways towards cognitive decline.

This work therefore had two major aims: to investigate the cross-sectional associations between
fibrillar b-amyloid burden, hypertension and APOE e4 allele status, and WMHV (global and
regional); and to determine the associations of global WMHV and amyloid pathology with
measures of normal-appearing white matter integrity and brain volume.

Hypotheses include:
•

Associations between hypertension and b-amyloid burden, and WMHV, differ according
to brain region.

•

APOE e4 status modifies regional associations.

•

WMHV and b-amyloid burden have independent influences on normal-appearing white
matter microstructural integrity and brain volumes.
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8.2 Methods
Imaging measures required in analyses (global and regional WMHV, global and regional SUVR
values, TIV, WBV, mean (left and right) HV, mean mean diffusivity (MD), mean fractional
anisotropy (FA), mean neurite density index (NDI), mean orientation dispersion index (ODI) in
normal-appearing white matter (NAWM)) were all generated as described in sections 2.4. APOE
e4 status was determined as described in section 2.6.8. Hypertension status at age 70 years was
defined as a blood pressure >140/90 or use of BP lowering medication (BPLM) at the Insight 46
assessment. Potential confounders include BMI at age 70 years, hypercholesterolaemia at age
70 years, diabetes status at age 70 years, smoking status at age 68 years (ever- or never-) and
adult SEP, all defined in section 2.6.

To be eligible for inclusion in these analyses, individuals needed to have a volumetric T1 and
FLAIR scan which passed QC, BAMOS WMHV segmentation which passed visual QC, a useable
amyloid PET scan, known APOE e4 status, and a BP measurement at age 70 years. Participants
with major brain disorders including but not limited to a clinical diagnosis of a
neurodegenerative disorder, neuroinflammatory condition, clinical stroke or radiological
diagnosis of cortical stroke or brain haemorrhage, or diagnosis of MCI/dementia according to
consensus diagnosis were excluded. For the diffusion analyses, individuals also required a
diffusion scan which passed QC. Numbers available for inclusion varied by analysis and are
reported in the results.
Statistical methods
Differences in characteristics between amyloid positive and amyloid negative individuals were
investigated using two sample Student t-tests for continuous parametric measures, MannWhitney U-tests for non-parametric measures and the Chi2 test for categorical variables.
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None of the WMHV distributions (global or regional) was normally distributed, with a marked
skew. As discussed previously, it was felt inappropriate to log-transform WMHV values,
particularly because there are values of zero when examining regional WMHV relationships,
which would have required the loss of data. Therefore, to investigate relationships between
WMHV and amyloid status, APOE e4 status (presence or absence) and hypertension status at
age 70, generalised linear models using a gamma distribution and log link were used treating
WMHV (either global, frontal, parietal or occipital in separate models) as the dependent variable
and amyloid status, APOE e4 status and hypertension status as the main predictors of interest,
in separate models and combined multivariable models that allow mutual adjustment for each
other. These models were all adjusted for TIV and sex (model 1). As there is such a close age
range and no associations were present between age at scanning and global WMHV (p=0.1) or
amyloid status (p=0.6), this was not included as a potential confounder. A further model
additionally adjusted for potential confounders: BMI, diabetes status, hypercholesterolaemia
status, smoking status, and adult SEP (model 2). Differential influences of amyloid status and
hypertension status on WMHV in APOE e4 carriers versus non-carriers were investigated by
introducing interaction terms (amyloid status x APOE e4 carrier status and hypertension status
x APOE e4 carrier status respectively) into a single model.

In view of the possibility that regional b-amyloid burden would only have an association with
WMH local to its site of deposition, global and regional correlations of b-amyloid burden
(frontal, occipital and parietal SUVR) and WMHV (global, frontal, occipital and parietal) were
investigated using Spearman’s rank correlation. This was investigated only in individuals with
useable pCT SUVR values (381 individuals).

To investigate the associations between b-amyloid pathology and WMH, and markers of white
matter microstructural integrity (mean NAWM MD, FA, NDI, ODI) and brain volumes (WBV,
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mean HV), multivariable linear regression analyses were performed. Each imaging measure was
treated as the dependent variable, and global WMHV and amyloid status included in the same
model as the main predictors of interest. Each model was also adjusted for potential
confounders: sex, age at scanning, adult SEP, TIV, BMI, diabetes status, hypercholesterolaemia
status and smoking status. Finally, to explore whether b-amyloid pathology and WMH have a
synergistic influence on white matter microstructural integrity and brain volumes, an interaction
term amyloid x global WMHV was introduced into the models.

Regression diagnostics were performed to check the assumptions of the models, including
checks of linearity by examination of residuals.

In an exploratory analysis, analyses were repeated treating b-amyloid burden as a continuous
variable, using the global SUVR. As described in section 2.3.4, not everyone had an SUVR with
pCT correction (26 individuals in this analysis). Under the assumption that data were missing at
random (missingness due to technical issues), pCT SUVRs were imputed for these individuals
using their console reconstructed SUVR using the Mi package in Stata 14.0. All variables used in
each of the models (plus pCT SUVR values) were used to impute the pCT SUVR separately for
each model investigated using 50 imputations. Interaction effects between SUVR and global
WMHV had to be performed using complete case analysis due to limitations of the Mi package.

8.3 Results
8.3.1

Demographics

Demographics including vascular risk factor profiles and imaging measures are summarised
according to amyloid status in Table 8-1. 333 amyloid negative individuals and 71 amyloid
positive individuals were eligible for analysis (404 individuals). There were no statistically
significant differences with regards to vascular risk factors, measures of WMH, brain volumes
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and microstructural integrity. As expected, amyloid positive individuals were more frequently
carriers of the APOE e4 allele (p<0.001).

Amyloid
negative
164:169
70.7 (0.7)
29.3 (0.9)
76 (22.8)
217 (65.2)
35 (10.6)
270 (81.1)
27.6 (0.2)
215 (64.6)

Amyloid
positive
38:33
70.7 (0.6)
29.2 (0.9)
44 (62.0)
42 (59.2)
9 (12.7)
53 (73.2)
26.8 (0.5)
44 (62.0)

Never

118 (35.4)

28 (38.0)

Manual

51 (15.3)

9 (12.5)

Nonmanual

282 (84.7)

62 (87.3)

SUVR, mean (s.d.)

0.53 (0.03)

0.69 (0.06)

<0.001

Global WMHV (mls), median (IQR)
Frontal WMHV (mls), median (IQR)
Parietal WMHV (mls), median (IQR)
Occipital WMHV (mls), median (IQR)
Whole brain volume (ml), mean (s.d.)
TIV (ml), mean (s.d.)
Mean hippocampal volume (ml), mean
(s.d.)
NAWM mean MD, mean (s.d.), n = 374
NAWM mean FA, mean (s.d.), n = 374
NAWM mean ODI, mean (s.d.), n = 335
NAWM mean NDI, mean (s.d.), n = 363

2.8 (1.5, 6.4)
1.4 (0.7, 3.1)
0.4 (0.1, 1.3)
0.5 (0.2, 0.8)
1099.0 (96.9)
1426.0 (133.1)

3.3 (1.8, 6.8)
1.6 (0.9, 3.3)
0.4 (0.2, 1.2)
0.6 (0.3, 1.0)
1116.6 (101.9)
1449.8 (127.5)

0.55
0.69
0.94
0.07
0.17
0.17

0.75 (0.04)
0.47 (0.03)
0.22 (0.01)
0.63 (0.03)

0.76 (0.05)
0.47 (0.03)
0.22 (0.01)
0.63 (0.04)

0.21
0.22
0.45
0.85

Male:female
Age, mean (s.d.)
MMSE /30, mean (s.d.)
APOE e4 carrier (1 or 2 alleles), n (%)
Hypertension at age 70, n (%)
Diabetes mellitus at age 70, n (%)
Hypercholesterolaemia at age 70, n (%)
BMI at age 70, mean (s.d.)
Smoking status at age 68, n
Ever
(%)

Adult SEP at age 53, n (%)

p
value
0.51
0.60
0.10
<0.001
0.34
0.62
0.14
0.16
0.68

0.57

Table 8-1 Participant characteristics. FA, fractional anisotropy; IQR, interquartile range; MD, mean diffusivity;
MMSE, mini-mental state examination; n, number; NAWM, normal appearing white matter; NDI, neurite density
index; ODI, orientation dispersion index; s.d., standard deviation; SEP, socioeconomic position; SUVR,
standardised uptake value ratio; TIV, total intracranial volume; WMHV, white matter hyperintensity volume.
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8.3.2

b-Amyloid, APOE e4 and hypertension associations with global and regional WMHV

Table 8-2, Table 8-3, Table 8-4, and Table 8-5 summarise associations between amyloid status,
APOE e4 carrier status and hypertension status and WMHV (global and regional values).
Hypertension at age 70 years was associated with significantly greater global WMHV (Model 2:
p=0.003) and on assessment of regional relationships, was associated with frontal WMHV
(Model 2: p=0.001), to a lesser extent parietal WMHV (Model 2: p=0.010) and was not
significantly associated with occipital WMHV. There was no difference in the associations
between hypertension and WMHV when hypertension was examined separately and in
combined multivariable analyses.

Amyloid positivity was not associated with global or regional WMHV measures in combined
multivariable models but when assessed in a model on its own, there was a trend-level
association with occipital WMHV (exponentiated coefficient 1.23; 95% CI 0.97, 1.56; p=0.086).

In combined multivariable analysis, there was a trend towards APOE e4 carriers having greater
occipital WMHV (Model 1: p=0.052), whilst in a model on its own this reached significance
(exponentiated coefficient 1.26; 95% CI 1.04, 1.53; p=0.016). Excluding individuals who were
APOE e2 carriers (n=82) (which has been shown to be associated with more WMH [84] and
therefore might attenuate associations if included in the reference group) did not alter the
results.

On assessment of interaction effects, there was no evidence of an interaction between
hypertensive status and amyloid status on WMHV, and no evidence of an interaction between
hypertensive status and APOE e4 carrier status on global and regional WMHV volumes. There
was evidence of an interaction between amyloid status and APOE e4 status and frontal WMHV
(Model 2: p=0.030). Further investigation, using a model with only this interaction term included
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for ease of interpretation (and because neither other interaction term was significant)
established that in this cohort, APOE e4 non-carriers who were amyloid positive had on average,
0.7 ml less WMHV in their frontal lobes than APOE e4 non-carrier amyloid negative individuals
(p=0.20), whilst APOE e4 carriers who were also amyloid positive had on average, 0.8 ml more
WMHV in their frontal lobes than amyloid negative APOE e4 carriers (p=0.13). It should be noted
that although the direction of association was in opposite directions in the two groups, in neither
group was the difference significant.

Global WMHV

Model 1

Model 2

Exponentiated
coefficient (95%
CI)

p
value

Exponentiated
coefficient (95% CI)

p value

Amyloid status

1.05 (0.77, 1.43)

0.76

1.07 (0.78, 1.46)

0.68

APOE e4 status

1.05 (0.81, 1.35)

0.72

1.01 (0.78, 1.30)

0.94

Hypertension at age 70

1.45 (1.16, 1.80)

0.001

1.43 (1.13, 1.79)

0.003

Interaction effects including all interaction terms in single model
Amyloid x APOE e4
interaction

1.67 (0.92, 3.04)

0.090

1.66 (0.92, 2.99)

0.090

Hypertension x APOE e4
interaction

0.96 (0.58, 1.59)

0.87

0.88 (0.53, 1.47)

0.63

Hypertension x Amyloid
interaction

0.70 (0.39, 1.29)

0.26

0.67 ( 0.37, 1.23)

0.20

Table 8-2 Influence of amyloid status, APOE e4 carrier status and hypertensive status at age 70 on global WMHV.
All three predictor variables are included within a single model. Interaction effects are generated in a separate
model where all interaction terms are included. Model 1 adjusted for sex and TIV. Model 2 additionally adjusted
for adult SEP, diabetes mellitus, hypercholesterolaemia, BMI and smoking status. Model 1: n = 404, Model 2: n =
400. BMI, body mass index; CI, confidence interval; SEP, socioeconomic position; TIV, total intracranial volume;
WMHV, white matter hyperintensity volume.
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Parietal WMHV

Model 1

Model 2

Exponentiated
coefficient (95%
CI)

p
value

Exponentiated
coefficient (95% CI)

p value

Amyloid status

0.99 (0.64, 1.52)

0.96

1.05 (0.67, 1.63)

0.83

APOE e4 status

1.21 (0.86, 1.72)

0.28

1.14 (0.79, 1.63)

0.48

Hypertension at age 70

1.58 (1.16, 2.14)

0.004

1.53 (1.11, 2.10)

0.010

Interaction effects including all interaction terms in single model
Amyloid x APOE e4
interaction

2.04 (0.87, 4.75)

0.099

2.04 (0.90, 4.63)

0.088

Hypertension x APOE e4
interaction

0.83 (0.41, 1.68)

0.60

0.67 (0.33, 1.37)

0.28

Hypertension x Amyloid
interaction

0.55 (0.23, 1.30)

0.18

0.51 (0.22, 1.18)

0.11

Table 8-3 Influence of amyloid status, APOE e4 carrier status and hypertensive status at age 70 on parietal
WMHV. All three predictor variables are included within a single model. Interaction effects are generated in a
separate model where all interaction terms are included. Model 1 adjusted for sex and TIV. Model 2 additionally
adjusted for adult SEP, diabetes mellitus, hypercholesterolaemia, BMI and smoking status. Model 1: n = 404,
Model 2: n = 400. BMI, body mass index; CI, confidence interval; SEP, socioeconomic position; TIV, total
intracranial volume; WMHV, white matter hyperintensity volume.

Occipital WMHV

Model 1

Model 2

Exponentiated
coefficient (95%
CI)

p
value

Exponentiated
coefficient (95% CI)

p value

Amyloid status

1.15 (0.90, 1.47)

0.26

1.16 (0.90, 1.49)

0.27

APOE e4 status

1.22 (1.00, 1.50)

0.052

1.23 (0.99, 1.51)

0.057

Hypertension at age 70

1.09 (0.91, 1.31)

0.36

1.09 (0.90, 1.33)

0.36

Interaction effects including all interaction terms in single model
Amyloid x APOE e4
interaction

1.03 (0.63, 1.69)

0.90

1.05 (0.64, 1.72)

0.86

Hypertension x APOE e4
interaction

0.88 (0.57, 1.35)

0.56

0.88 (0.56, 1.37)

0.57

Hypertension x Amyloid
interaction

1.07 (0.65, 1.77)

0.79

1.03 (0.62, 1.72)

0.92

Table 8-4 Influence of amyloid status, APOE e4 carrier status and hypertensive status at age 70 on occipital
WMHV. All three predictor variables are included within a single model. Interaction effects are generated in a
separate model where all interaction terms are included. Model 1 adjusted for sex and TIV. Model 2 additionally
adjusted for adult SEP, diabetes mellitus, hypercholesterolaemia, BMI and smoking status. Model 1: n = 404,
Model 2: n = 400. BMI, body mass index; CI, confidence interval; SEP, socioeconomic position; TIV, total
intracranial volume; WMHV, white matter hyperintensity volume.
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Frontal WMHV

Model 1

Model 2

Exponentiated
coefficient (95%
CI)

p
value

Exponentiated
coefficient (95% CI)

p value

Amyloid status

1.07 (0.77, 1.50)

0.67

1.07 (0.76, 1.49)

0.71

APOE e4 status

0.96 (0.73, 1.26)

0.75

0.92 (0.70, 1.22)

0.58

Hypertension at age 70

1.50 (1.19, 1.90)

0.001

1.49 (1.17, 1.90)

0.001

Interaction effects including all interaction terms in single model
Amyloid x APOE e4
interaction

2.00 (1.07, 3.76)

0.029

1.99 (1.07, 3.69)

0.030

Hypertension x APOE e4
interaction

1.06 (0.62, 1.81)

0.83

1.00 (0.58, 1.70)

0.99

Hypertension x Amyloid
interaction

0.67 (0.36, 1.27)

0.22

0.65 (0.34, 1.21)

0.17

Table 8-5 Influence of amyloid status, APOE e4 carrier status and hypertensive status at age 70 on frontal WMHV.
All three predictor variables are included within a single model. Interaction effects are generated in a separate
model where all interaction terms are included. Model 1 adjusted for sex and TIV. Model 2 additionally adjusted
for adult SEP, diabetes mellitus, hypercholesterolaemia status, BMI and smoking status. Model 1: n = 404, Model
2: n = 400. BMI, body mass index; CI, confidence interval; SEP, socioeconomic position; TIV, total intracranial
volume; WMHV, white matter hyperintensity volume.

Replacing binary amyloid status with continuous SUVR within the fully-adjusted combined
multivariable model, at trend level, greater global SUVR was associated with more global WMHV
(p=0.052). The association was not substantially different when the relationship between SUVR
and global WMHV was investigated in a separate multivariable model (exponentiated coefficient
1.16; 95% CI -0.017, 0.31; p=0.080).

There was no significant relationship between global SUVR and parietal or frontal WMHV.
Associations were similar in the separate and combined multivariable models. Global SUVR was
associated with greater occipital WMHV (Table 8-6), with a similar association when investigated
in a separate model (exponentiated coefficient 1.29; 95% CI 1.13, 1.47; p<0.001). Although there
was no association between APOE e4 carriage and occipital WMHV in the combined
multivariable analysis (p=0.28), when modelled separately the association was significant
(exponentiated coefficient 1.31; 95% CI 1.07, 1.59; p=0.008). Associations between
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hypertension and global and regional WMHV were no different in these models to those already
investigated. There were no significant interaction effects (Table 8-6).

There were significant Spearman rank correlations between global and regional SUVRs and
global and regional WMHV, with the strongest association seen in the occipital lobe (r 0.25,
p<0.001) (Table 8-7).
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0.95 (0.74,
1.22)
1.43 (1.14,
1.80)

APOE e4 status

Hypertension at age 70

0.002

0.69

0.052

p
value

1.54 (1.12,
2.11)

1.05 (0.75,
1.48)

1.21 (0.95,
1.54)

Parietal WMHV

0.008

0.78

0.12

p
value

1.08 (0.89, 1.30)

1.12 (0.91, 1.38)

1.26 (1.10, 1.45)

Occipital
WMHV

0.75 (0.46,
1.23)
0.84 (0.61,
1.16)

Hypertension x APOE e4
interaction

Hypertension x SUVR interaction

0.30

0.25

0.58

0.76 (0.48,
1.18)

0.51 (0.26,
1.02)

0.93 (0.58,
1.49)

0.22

0.056

0.77

1.03 (0.79, 1.34)

0.82 (0.54, 1.23)

0.95 (0.72, 1.25)

0.82

0.34

0.70

0.45

0.28

0.001

p
value

0.85 (0.60,
1.20)

0.83 (0.49,
1.42)

0.94 (0.65,
1.34)

1.48 (1.16,
1.89)

0.89 (0.68,
1.15)

1.16 (0.97,
1.39)

Frontal WMHV

0.36

0.50

0.72

0.002

0.37

0.11

p
value

Table 8-6 Associations between global SUVR, APOE e4 status, and hypertension at age 70 and global and regional WMHV. All SUVR coefficients are quoted per 0.1 increase in SUVR.
All three predictor variables are included within a single model. Interaction effects are generated in separate models using a stratified imputation approach. Models are adjusted for
sex, TIV, adult SEP, diabetes mellitus, hypercholesterolaemia status, BMI and smoking status. BMI, body mass index; CI, confidence interval; SEP, socioeconomic position; SUVR,
standardised uptake volume ratio; TIV, total intracranial volume; WMHV, white matter hyperintensity volume

0.91 (0.65,
1.27)

SUVR x APOE e4 interaction

Interaction effects (run separately due to imputation requirements)

1.18 (1.00,
1.40)

Global SUVR

Global WMHV

Exponentiated Coefficient (95% CI)

SUVR
Region

Global

Global

0.15

Frontal

Parietal

Occipital

(0.005)
Frontal
WMHV

0.11
(0.030)

Parietal

0.12
(0.021)

Occipital

0.25
(<0.001)

Table 8-7 Correlations between SUVR (global and regional) and WMHV (global and regional) using Spearman’s
rank correlation. Spearman’s correlation coefficients (r) quoted with p values in brackets. SUVR, standardised
uptake value ratio; WMHV, white matter hyperintensity volume

8.3.3

Associations between b-amyloid burden and global WMHV, and WM
microstructural measures and brain volumes

Global WMHV was significantly associated with worse NAWM microstructural integrity (higher
MD, lower FA, higher ODI and lower NDI), but not brain volumes (Table 8-8, Figure 8-1). Amyloid
status was not associated with NAWM microstructural measures but there was a trend towards
smaller mean HV in amyloid positive individuals (p=0.06) (Table 8-8). There was a significant
interaction effect between amyloid status and global WMHV on NAWM MD (p=0.017), whereby
higher WMHV was associated with worse mean MD in amyloid positive individuals (Table 8-8
and Figure 8-2).

When global SUVR was treated as a continuous variable in the models, there was a borderline
significant relationship between global SUVR and NAWM MD (p=0.048), with increasing global
SUVR associated with increasing NAWM mean MD (worse microstructure). No other
relationships between SUVR and microstructural or brain volume measures reached
significance, and there were no significant interactions (Table 8-9).
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(-0.0016,
0.00059)

-0.00051

(-0.0028, 0.0019)

-0.0023

(-0.011,
0.0017)

(-0.00057,
0.0029)

0.0011

b (95% CI)

0.36

(-0.0098,
0.0075)

-0.0011

b (95% CI)

(-0.0032, 0.0020)

<0.001 -0.0026

0.19

p

Mean NDI

(-0.00065,
0.000087)

-0.00028

0.13
(-0.0011,
0.0026)

0.00071

Interaction effects

(0.00012,
0.00037)

<0.001 0.00025

0.15

p

Mean ODI

(-10.3,
11.5)

0.6

b (95% CI)

0.45

(-2.2, 1.7)

-0.3

(-0.3, 1.2)

<0.001 0.4

0.80

p

WBV (ml)
b (95% CI)

0.79 0.01 (-0.003,
0.02)

(-0.006,
0.004)

0.28 -0.0011

(-0.14,
0.003)

0.92 -0.07

p

Mean HV (ml)

0.13

0.66

0.061

p

Table 8-8 Associations between amyloid status and global WMHV, and measures of NAWM microstructure and brain volume. Results shown from separate multivariable linear
regression analyses treating each WM microstructural measure or brain volume as the outcome measure. b coefficients for amyloid status and global WMHV are stated, both
contained within the same model, also adjusted for sex, TIV, age at scanning, adult SEP, BMI, hypertensive status, diabetic status and cholesterol status all at age 70, and smoking
status at age 68. Interaction effect quoted from separate model where interaction effect amyloid status x Global WMHV introduced. Standard diffusion models n = 374, NODDI
diffusion models n = 363, brain volume models n = 402. ; BMI, body mass index; CI, confidence interval; FA, fractional anisotropy; HV, hippocampal volume; MD, mean diffusivity;
NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion index; SEP, socioeconomic position; TIV, total intracranial volume; WBV, whole brain
volume; WMHV, white matter hyperintensity volume.

Amyloid 0.0020
status x
(0.00036,
Global
0.0036)
WMHV

(0.0025,
0.0038)

0.017

<0.001

Global
WMHV

0.0032

0.21

Amyloid 0.0059
status
(-0.0034,
0.015)

-0.0046

b (95% CI)

b (95% CI)

p

Mean FA

Mean MD (103
mm2s-1)

Global
SUVR

Mean FA

Mean ODI

Mean NDI

WBV (ml)

Mean HV (ml)

p

b (95% CI)

p

b (95% CI)

b (95% CI)

p

p

b (95% CI)

b (95% CI)

p

p

0.66

0.34

0.056

0.36

0.048

0.07 -0.0089
(-0.049,
0.031)

0.99

5.6
(-0.4,
11.5)

0.24 0.00033
(-0.0052,
0.0053)

-0.0022
(-0.0068,
0.0023)

<0.001 0.5
(-0.3, 1.2)

0.52

0.54

-0.06
(-0.1, 1.1)

<0.001 -0.0026
(-0.0032,
-0.0019)
0.053

0.00029
(-0.00064,
0.0012)

0.91 0.0026
(-0.0053,
0.011)

<0.001 0.00024
(0.00011,
0.00037)
-0.00018
(-0.00036,
0.000003)

Interaction effects

0.00042
(-0.00049,
0.0013)

<0.001 -0.0023
(-0.0027, 0.0019)
0.25

0.00001
(-0.00065,
0.00067)

0.98

-0.0032
(-0.0066,
0.00009)

Mean MD (10mm2s-1)
b (95% CI)

3

0.0050
(0.00004,
0.0099)

Global 0.0031
WMHV (0.0025,
0.0038)
Global 0.00057
SUVR x (-0.00040,
Global 0.0015)
WMHV

Table 8-9 Associations between global SUVR and global WMHV, and measures of NAWM microstructure and brain volume. Results shown from separate multivariable linear
regression analyses treating each WM microstructural measure or brain volume as the outcome measure. b coefficients for global SUVR (per 0.1 SUVR increase) and global WMHV
are stated, both contained within the same model, also adjusted for sex, TIV, age at scanning, adult SEP, BMI, hypertensive status, diabetic status and cholesterol status all at age 70,
and smoking status at age 68. Interaction effect quoted from separate model where interaction effect Global SUVR x Global WMHV introduced. Standard diffusion models n = 374,
NODDI diffusion models n = 363, brain volume models n = 402. BMI, body mass index; CI, confidence interval; FA, fractional anisotropy; HV, hippocampal volume; MD, mean
diffusivity; NAWM, normal appearing white matter; NDI, neurite density index; ODI, orientation dispersion index; SEP, socioeconomic position; SUVR, standardised uptake value
ratio; TIV, total intracranial volume; WBV, whole brain volume; WMHV, white matter hyperintensity volume.
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Figure 8-1 Scatter plots showing the relationships between global white matter hyperintensity volume (mls) and mean values of microstructural measures in normal appearing
white matter. Lines of best fit plotted with 95% confidence intervals using the fully adjusted model. CI, confidence interval; FA, fractional anisotropy; MD, mean diffusivity; NDI,
neurite density index; ODI, orientation dispersion index

Predicted normal appearing white matter mean MD
.7
.75
.8
.85
.9

0

10
20
White matter hyperintensity volume (ml)
Amyloid negative

30

Amyloid positive

Figure 8-2 Line graph showing differential relationship between global WMHV and NAWM mean MD (in 10003mm2s-1) in amyloid negative and amyloid positive individuals. Predicted values and 95% CI calculated from fully
adjusted model. CI, confidence interval; MD, mean diffusivity; NAWM, normal appearing white matter; WMHV,
white matter hyperintensity volume.

8.3.4

Associations between other covariates and WMHV, NAWM microstructural
measures and brain volumes

Male sex was associated with less global WMHV (exponentiated coefficient 0.73; 95%
confidence interval 0.56, 0.96; p=0.027) and less frontal WMHV (exponentiated coefficient 0.69;
95% confidence interval 0.52, 0.92 p=0.011) but not parietal (p=0.17) or occipital WMHV
(p=0.11). Hypercholesterolaemia, diabetic status, BMI, smoking status, and adult SEP were not
associated with global or regional WMHV. All coefficients quoted are from fully-adjusted
models.

Male sex was associated with lower NAWM mean MD (mean MD: b coefficient -0.0095; 95% CI
-0.019, -0.000086; p=0.048) and higher mean ODI (b coefficient 0.0037; 95 % CI 0.0020,
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0.0055; p<0.001), as well as smaller WBV (b coefficient -17.9; 95% CI -28.9, -6.8; p=0.002), but
not mean HV (p=0.25). Individuals who had ever smoked had smaller WBV (b coefficient -13.9;
95% CI -22.6, -5.2; p=0.002) and mean HV (b coefficient -0.06; 95% CI -0.12, -0.006); p=0.030);
diabetics had smaller WBV (b coefficient -16.1; 95% CI -29.4, -2.9; p=0.017). BMI at age 70
years was associated with higher NAWM mean ODI (b coefficient 0.00024; 95% CI 0.000080,
0.00040; p=0.003). All coefficients quoted are from fully-adjusted models.

8.4 Discussion
In this large, well-characterised cohort of cognitively normal individuals, I demonstrate an
association between hypertension and global WMHV, and specifically a stronger association
with frontal, rather than posterior WMHV burden. In contrast, although amyloid status was not
associated with WMHV (on a regional or global level), b-amyloid burden treated as a continuous
variable was associated with occipital WMHV, independent of APOE e4 status. There was a
synergistic relationship between greater WMHV and amyloid status on NAWM microstructural
integrity, but no associations with brain volumes.

Hypertension is an important risk factor for the development of arteriolosclerosis and cerebral
SVD [73]. Regional influences of elevated BP on cerebral SVD have been less frequently
described, but pathological studies suggest that the frontal WM is particularly vulnerable to
microvasculature change [356], consistent with these observations. One possible explanation
for this regional vulnerability is the ‘retrogenesis’ hypothesis, which proposes that latermyelinating regions, such as the frontal lobe, are particularly vulnerable to subsequent
pathology [482]. Two previous cohort studies found no evidence of an interaction between
APOE e4 carriage and vascular risk [372] or hypertension [483] on WMH burden, consistent with
my observations. It should be noted that one study only found a significant interaction between
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hypertension and the APOE e4 allele on subcortical but not periventricular WMH, [475], perhaps
suggesting differential pathological mechanisms influencing WMH in these two regions. This
could be investigated in future work.

Although amyloid status was not associated with global or regional measures of WMHV, treating
global b-amyloid burden as a continuous measure revealed an association with occipital WMHV,
which was independent of hypertension or APOE e4 status. Treating amyloid as a binary variable
may not have been suitable to detect these differences if there is a continuous association rather
than a step-wise change between amyloid positive and negative individuals. Consistent with my
findings, a meta-analysis failed to detect a significant association between b-amyloid pathology
and global WMH burden [160], but a recent ADNI study observed a relationship between bamyloid burden and a semi-quantitative measure of posterior periventricular WMH [479]. I have
extended these findings by using a volumetric measure of WMHV.

b-Amyloid pathology may cause posterior WMH accumulation via CAA. CAA typically affects
leptomeningeal arteries and arterioles, with veins and capillaries less frequently affected, and
relative sparing of vessels within white matter [484]. WMH may arise however via downstream
ischaemia caused by wall thickening and luminal narrowing, and in severe cases, occlusion in
affected vessels [74]. Consistent with my findings, pathological studies demonstrate CAA is
predominantly found in the occipital lobes [2], and posterior WMH burden has been
demonstrated to predict pathologically confirmed CAA [485]. Additionally, I observed a
significant correlation between occipital SUVR and occipital WMHV, with weaker but still
significant associations observed regionally elsewhere (with a posterior to frontal gradient in
the strength of association). Although CAA has a posterior predominance, neuritic plaques are
relatively sparse in the occipital lobe [486]. Amyloid PET tracers are thought to bind to both
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vascular and parenchymal b-amyloid [487], and therefore occipital lobe cortical SUVR might be
more reflective of vascular, rather than parenchymal β-amyloid pathology [487].

WMH accumulates posteriorly in pre-symptomatic familial AD mutation carriers up to 22 years
prior to symptom onset [23]. Importantly, these individuals are younger than in cases of sporadic
AD and are unlikely to have been exposed to significant vascular risk at the time of assessment.
Furthermore, although pathological work suggests posterior WMH may, in part, represent
Wallerian degeneration in symptomatic individuals [164], the work by Lee et al [23] suggests
changes prior to overt atrophy. This is consistent with my findings, where there is an absence of
association between amyloid status and brain volume in this cognitively normal cohort.

Because these findings are cross-sectional, I cannot infer the direction of association.
Alternatively, (or additionally) cerebral SVD may exacerbate b-amyloid accumulation via
damage to the perivascular drainage system and impaired clearance [13]. One longitudinal study
found baseline WMH burden predicted b-amyloid accumulation in the ADNI cohort [161]. They
did not observe a relationship between baseline b-amyloid burden and WMH accumulation but
it should be noted that they used a visual rating scale for WMH which was not designed for
detecting longitudinal change. A cross-sectional study by another group found a relationship
between WMH and b-amyloid burden, but only in APOE e4 non-carriers, and proposed that,
although this might be related to CAA, it might also be caused by a subtle influence of cerebral
SVD on b-amyloid accumulation in those individuals without the powerful influence of APOE e4
on b- amyloid burden [488].

Presence of an APOE e4 allele is associated with both parenchymal senile plaques [489] and
pathologically-determined CAA severity in AD [490]. Possibly independently of its role in
impaired b-amyloid clearance, the APOE e4 allele potentiates blood-brain barrier breakdown in
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ageing in a mouse model [491], which could also result in WMH [246]. A meta-analysis has
reported an association with global WMH burden [84], although it was not consistently
described across studies. Using a global measure may not be the most appropriate approach to
detect associations, with stronger correlations reported with posterior WMH [492]. None of
these studies also accounted for b-amyloid pathology, treating APOE e4 carriage as a proxy
marker of AD risk. I did not observe an association between presence of the APOE e4 allele and
global WMHV. APOE e4 carriers did however have greater occipital WMHV, although this
relationship was substantially attenuated when a measure of b-amyloid burden was included in
the model, suggesting that the relationship was mediated via b-amyloid pathology. If WMH,
particularly posteriorly, are related to CAA, it might be expected that amyloid positive
individuals who are also APOE e4 carriers would have more marked changes. I failed to find
evidence of an interaction effect to support this, however.

Increasing global WMHV was associated with significantly worse NAWM microstructural
integrity, as measured using standard diffusion measures (MD and FA), and NODDI measures
(ODI and NDI), which is consistent with pathological reports of widespread white matter changes
beyond areas of focal damage [493]. Visible WMH might be the ‘tip of the iceberg’, acting as a
marker of relatively late-stage white matter damage including partial loss of myelin, axons and
oligodendroglial cells, astrogliosis and activated macrophages [70]. These microstructural
changes may reflect less advanced damage, or pathologies difficult to visualise with T1-/T2weighted imaging, such as microinfarcts. Alternatively, focal damage in WMH might adversely
impact on surrounding white matter. The use of NDI and ODI provides insights into the
underlying biological mechanisms by which changes in FA/MD may be mediated – suggesting
decreases in axonal density and increases in fibre dispersion (or loss of tract coherence).
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Although amyloid positivity was not associated with NAWM microstructural measures, there
was evidence for a significant interaction between amyloid status and WMHV, whereby the
association between increasing WMHV and higher NAWM mean MD was more marked in
amyloid positive individuals, i.e. suggesting increased vulnerability to WM microstructural
damage in those with a critical level of β-amyloid deposition. b-amyloid-mediated neuronal
dysfunction may sensitise neurons to hypoxic injury triggered via typical cerebral SVD, since
soluble Ab is toxic to oligodendrocytes [494]. Alternatively, or additionally, since my work has
shown an association between occipital WMH and b-amyloid burden (potentially related to
CAA), increasing WMHV in amyloid positive individuals may (in part) reflect more marked CAA,
with NAWM microstructural impairment a consequence of synergistic interaction between CAA
and typical cerebral SVD. Treating b-amyloid as a continuous variable, there was a borderline
significant (p=0.048) independent negative impact of increasing global SUVR on NAWM MD.
There was no evidence of the same interaction effect in this model, although if there is a
threshold effect, the continuous interaction term may have been inappropriate and better
investigated using the dichotomous amyloid variable.

In early symptomatic AD the most consistent reported findings are alterations in diffusion
metrics in the fornix, the cingulate bundle, and the splenium of the corpus callosum [247], whilst
results are mixed in cognitively normal individuals in whom amyloid status is known. One study
reported no differences between amyloid positive and negative individuals [248]. Another
described similar changes in amyloid positive individuals to those seen in early symptomatic AD
[249]. Several studies have found changes in the opposite direction to those seen in
symptomatic individuals [250–252]. A possible cause for this counter-intuitive observation is
early loss of decussating fibres, which would be reflected in an increase in the FA of a white
matter tract due to increased anisotropic diffusion. Despite the fact that I used global measures
of NAWM microstructure, potentially losing power to detect regional differences, subtle
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differences between amyloid positive and negative individuals were still detected. This may
relate to the large sample sizes, and reflect that studies rarely account for WMHV in their
analyses [248,252] which can impact on the power to detect differences between groups [254].
Furthermore, increasing age is known to negatively influence microstructural integrity
[495,496], and so previous studies may have been complicated by the confounding effect of age.
A key strength of the study is that I avoid this confounding by using a closely age-matched birth
cohort.

In summary, I have extended the findings of previous studies, which have investigated white
matter microstructural changes related to WMHV [321,497,498] and b-amyloid pathology in
cognitively normal individuals [248–252], by incorporating measures of both pathologies into
analysis to understand their independent and synergistic influences on microstructural integrity.
I did not however find associations between either WMHV or b-amyloid pathology and
measures of brain volumes, suggesting microstructural changes may precede overt atrophy.

Limitations of this study include its cross-sectional nature, which does not allow for the
disentanglement of causal relationships between b-amyloid pathology and WMH, or between
these biomarkers and NAWM microstructural integrity. Longitudinal imaging (which is ongoing)
will allow this to be addressed. I have only used a global measure of microstructural integrity,
rather than using tract-based measures, which may reduce power to detect regional differences
between groups, and local influences of pathology. A similar issue exists for volumetric analyses
which examined associations with whole brain volume and hippocampal volumes only. As
already discussed, WMH commonly reflect changes secondary to arteriolosclerosis, but might
also reflect other small vessel pathologies such as CAA – without pathological confirmation I
cannot determine the relative contributions of these different underlying pathological
processes. The low frequency of microbleeds – at least on T2* images – in this cohort precluded
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their incorporation in these analyses. Other limitations common to work presented across this
thesis are discussed in section 10.4.

The finding that b-amyloid pathology is most associated with occipital WMHV, whilst
hypertension is most strongly associated with frontal WMHV provides evidence to support the
concept that WMHs may have differing aetiologies depending on their spatial location. Future
AD and CVD treatment trials should consider these imaging features when deciding on the most
appropriate individuals for inclusion. Furthermore, WMHV and b-amyloid pathology interact to
influence NAWM microstructural integrity, suggesting this may be a mechanism by which these
pathologies synergistically influence subsequent cognitive decline. Studies that include
microstructural measures as imaging biomarkers should consider incorporating measures of
both WMH burden and amyloid status to ensure accurate interpretation of results.

Having demonstrated a synergistic relationship between WMH and amyloid pathology on
NAWM microstructural integrity, but not brain volumes in dementia-free individuals, the
following chapter investigates whether these pathologies have any detectable influences on
cognition in this cohort.
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9. Influences of b-amyloid pathology and cerebral small vessel disease
on cognition in cognitively normal individuals at age ~70 years
9.1 Introduction
Cerebrovascular (both large and small vessel) disease and Alzheimer pathology are the
commonest causes of age-related decline in cognition [27]. Current research guidelines
recognise a preclinical AD phase, where individuals are cognitively asymptomatic and perform
within normal limits on cognitive testing [51], although it is now appreciated that subtle changes
in cognition can be detected at this stage [499]. Similarly, cerebral SVD may negatively impact
on cognition without causing clear cognitive impairment [78]. These pathologies frequently coexist in older individuals: whether they have additive or synergistic effects on cognition remains
unclear.

Increasing WMH burden, a marker of cerebral SVD, negatively influences executive function and
processing speed [500,501], thought to be due to disruption of prefrontal-subcortical loops [71].
Consequently, it is likely that the influence of WMH burden on cognition is region-dependent,
which may explain to some degree variability in findings across studies, which tend to examine
global measures [502]. In amyloid-positive cognitively-normal individuals, the earliest changes
in cognition are typically in episodic memory and, to a lesser extent, executive function
according to a recent meta-analysis, although findings vary between studies [499].

Assessing cognitive tests that involve integration of function across multiple cognitive domains,
and distributed cortical networks, might be more sensitive, if not specific, to cerebral pathology
early in the disease process, than a test of a single cognitive domain. There are a number of
approaches to measuring general cognition, including the Mini-Mental State Examination
(MMSE) and Clinical Dementia Rating - Sum of Boxes (CDR-SOB), both of which may suffer from
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ceiling effects, therefore limiting their ability to detect the earliest changes [50]. Fluid
intelligence, which is thought to involve a distributed neural network [503] may be a more useful
measure of general cognition, and has been shown to decline prior to symptoms in familial AD
[504].

In patients with symptomatic AD, severity of WMH is associated with a more rapid rate of
cognitive decline [478]. There has however been limited work to date exploring the relative
contributions and interactions of cerebral SVD and amyloid pathology on cognition in cognitively
normal individuals [153–155] . This has important implications: in the era of treatment trials in
preclinical AD, where subtle cognitive changes may be critical outcome measures, it is necessary
to understand the relative contributions of both pathologies so that study power can be
improved through appropriate stratification or use of appropriate covariate adjustment
strategies within analyses.

I therefore sought to investigate the influences of b-amyloid pathology and cerebral SVD (as
determined using global and regional measures of WMHV) on cognition in a cognitively normal
cohort at age ~70 years.
Hypotheses include:
•

Cross-sectional measures of processing speed and episodic verbal memory are
independently associated with WMH volume and b-amyloid burden, respectively.

•

A global measure of cognition (fluid intelligence) is more sensitive to cerebral
pathologies than a test of a single cognitive domain.

•

b-Amyloid pathology and WMH volume have synergistic, rather than additive influences
on cognition.

•

Frontal lobe WMH volumes are more strongly associated with processing speed than
global WMH volume.
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9.2 Methods
Global cognition was assessed using the MMSE. A measure of fluid intelligence, the WASI Matrix
Reasoning test (MR), was used as a marker of general intelligence for the purpose of analysis.
Verbal memory function was tested using the immediate and delayed recall scores of the WMSR Logical Memory test (LMIR and LMDR respectively). Processing speed was assessed using the
WAIS-R digit-symbol substitution test (DSST), which is also considered to be a test of attention
[279]. Test scores were converted to standardised z scores to allow direct comparison of effect
sizes between cognitive domains. These z scores were unadjusted due to the subjects’ close age
range, and because subsequent linear regression analyses were adjusted for childhood cognition
and sex.

Imaging measures used in this analysis (including global and regional WMHV, amyloid cortical
SUVR and amyloid status, TIV, whole brain volume (WBV) and mean hippocampal volume (HV),
subcortical infarcts) were generated as described in sections 2.3 and 2.4.

Participants were required to have a T1 and FLAIR scan which passed QC, BAMOS WMHV
segmentation which passed visual QC and a useable amyloid PET scan. Participants with major
brain disorders including but not limited to a clinical diagnosis of a neurodegenerative disorder,
neuroinflammatory condition, clinical stroke or radiological diagnosis of cortical stroke or brain
haemorrhage, or diagnosis of MCI/dementia according to consensus diagnosis were excluded.
Statistical methods
Differences in cognitive outcomes and imaging measures between amyloid positive and
negative individuals were explored using two-sample t-tests for parametric continuous
variables, Mann-Whitney two-sample statistic for non-parametric continuous variables and the
Chi2 test for categorical variables. To investigate the influence of b-amyloid burden and WMHV
on cognition, multiple linear regression analysis was used, with the cognitive test z-scores (MR,
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LMIR, LMDR, DSST) treated as the dependent variables. Both amyloid status and global WMHV
were included as the main predictors of interest within the same model and adjustment made
for sex, childhood cognition, adult SEP and TIV (because of the relationship between TIV and
WMHV). To assess whether there was evidence of an interaction between the two pathologies,
an interaction term was then introduced into models.

To investigate whether the influence of the pathologies was mediated by atrophy, WBV was
then entered into matrix reasoning and digit symbol models and HV entered into logical memory
models. Because associations between WMH and cognition may be confounded by the
presence of subcortical infarcts, models were also then adjusted for the presence of subcortical
infarcts (including lacunes).

To investigate whether regional WMHV are more strongly associated with cognitive
performance than a global measure, the models were then repeated using frontal, parietal and
occipital WMHV. Temporal values were not used due to some issues over reliability resulting
from potential FLAIR artefacts in the temporal region. WMHV (both global and regional) were
positively skewed. WMHV are frequently log transformed for modelling purposes. This was not
possible as some individuals had 0 ml WMHV in the parietal and occipital lobes. For these
analyses raw values were used under the assumption that the relationship is linear. Regression
diagnostics were performed, including checks of linearity by examination of residuals.

Matrix reasoning scores had a strong positive skew and model residuals were not normally
distributed. Therefore a bootstrapped analysis [505] was performed, using 2000 replicates, and
the b coefficient and bias corrected accelerated 95% confidence interval quoted for each model.
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An exploratory analysis investigated whether amyloid cortical SUVR treated as a continuous
variable was associated with cognitive scores using linear regression and also adjusted for global
WMHV, sex, childhood cognition, adult SEP and TIV. As described in section 2.3.4, not everyone
had an SUVR with pCT correction (26 individuals in this analysis), so pCT SUVRs were generated
for these individuals using the approach described in section 8.2. Imputation models
investigating possible interaction effects between global SUVR and WMHV were performed
using the smcfcs package [506]. Because of technical challenges in combining imputation and
bootstrapping, MR imputation models did not include boot-strapping – because of the large
sample size this was considered sufficient for this exploratory analysis.

9.3 Results
9.3.1

Demographics

407 individuals were included in the analysis (335 amyloid negative, 74 amyloid positive). The
mean age did not differ significantly between amyloid negative and positive groups, nor did
childhood cognition, adult SEP or imaging measures (see Table 8-1).
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Amyloid negative

Amyloid positive

p value

Male:female

166:169

39:33

0.5

Age, mean (sd)

70.7 (0.7)

70.6 (0.6)

0.6

Childhood cognition, mean
(sd)

0.46 (0.62)

0.50 (0.65)

0.7

Adult SEP,
n (%)

Non-manual
(Class I-IIIN)

284 (84.8)

63 (87.5)

0.6

Manual
(Class IIIM-V)

51 (15.2)

9 (12.5)

MMSE /30, mean (sd)

29.3 (0.8)

29.2 (0.8)

0.1

Matrix reasoning (raw
score), mean (sd)

24.5 (4.5)

23.3 (5.6)

0.07

WMS logical memory IR
(raw score), mean (sd)

13.0 (3.4)

12.4 (3.6)

0.2

WMS logical memory DR
(raw score), mean (sd)

11.7 (3.6)

11.5 (3.6)

0.6

DSST (raw score), mean
(sd)

48.8 (10.1)

47.0 (9.8)

0.2

Global WMHV (mls),
median (IQR)

2.8 (1.5, 6.4)

3.3 (1.8, 6.6)

0.6

Hippocampal volume
(mls), mean (sd)

3.14 (0.34)

3.10 (0.29)

0.5

Whole brain volume (mls),
mean (sd)

1099.0 (96.9)

1119.0 (103.2)

0.1

Total intracranial volume
(mls), mean (sd)

1426.2 (132.9)

1451.6 (127.5)

0.1

Table 9-1 Participant characteristics. DR, delayed recall; DSST, digit-symbol substitution test; IQR, interquartile
range; IR, immediate recall; sd, standard deviation; SEP, socioeconomic position; WMHV, white matter
hyperintensity volume

9.3.2

b-Amyloid and WMHV influences on cognition

There were no significant differences between cognitive scores in amyloid positive versus
negative individuals in unadjusted analyses, although at trend level, amyloid positive individuals
had a lower score on matrix reasoning (p=0.07).

Consistent with this, amyloid positive individuals performed worse than amyloid negative
individuals on matrix reasoning in the adjusted analysis, at p<0.05 level (Table 9-2). An amyloid
positive individual would score on average 1.5 points (95% CI:-2.7, -0.3) less on the matrix
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reasoning test than an amyloid negative individual, adjusted for global WMHV, TIV, sex, adult
SEP and childhood cognition. Similarly, when b-amyloid burden was treated as a continuous
measure, global SUVR was negatively associated with performance on matrix reasoning (Table
9-6). There was no evidence of a detrimental impact of global or regional WMHV on matrix
reasoning performance.

Influence on Matrix reasoning z score
WMHV

Amyloid status

Global WMHV

-0.005 (-0.02, 0.01)

-0.31 (-0.58, -0.08)*

Frontal WMHV

-0.010 (-0.05, 0.02)

-0.31 (-0.58, -0.09)*

Occipital WMHV

0.006 (-0.11, 0.14)

-0.31 (-0.58, -0.09)*

Parietal WMHV

-0.01 (-0.06, 0.03)

-0.31 (-0.89, -0.08)*

Table 9-2 Independent effects of WMHV and amyloid status on Matrix Reasoning z score. Global or regional
WMHV are investigated in separate linear regression models together with amyloid status, and adjusted for sex,
childhood cognition, adult SEP and TIV. Values are boot-strapped beta-coefficients, 95% confidence interval in
brackets. * significant at p<0.05. SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white
matter hyperintensity volume

Higher global WMHV was associated with slower processing speed (b coefficient -0.02, p=0.006)
(Table 9-3). A stronger negative association was observed between frontal WMHV and
processing speed (b coefficient -0.05, p=0.002). There was a weaker negative association with
parietal WMHV, which was borderline significant (b coefficient -0.05, p=0.048), and no evidence
of association with occipital WMHV. The weak negative association between parietal WMHV
and processing speed may have been driven by the strong correlation between parietal WMHV
and frontal WMHV (correlation coefficient 0.83): introducing frontal WMHV as an additional
variable within the parietal WMHV model, the association between parietal WMHV and DSST
reversed direction and lost statistical significance (b coefficient 0.02; p=0.55), whilst the
association between frontal WMHV and DSST remained, supporting the notion that frontal
WMHV was a confounder of the association between parietal WMHV and DSST. Amyloid status
was not associated with processing speed, although at trend level, being amyloid positive was
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negatively associated with the digit-symbol score (p=0.09) (Table 9-2). Global SUVR was
negatively associated with processing speed although this was not significant (Table 9-6).

Influence on Digit symbol substitution test z score
WMHV

p value

Amyloid status

p value

Global WMHV

-0.02 (-0.04, -0.01)

0.006

-0.20 (-0.42, 0.03)

0.090

Frontal WMHV

-0.05 (-0.08, -0.02)

0.002

-0.20 (-0.42, 0.03)

0.083

Occipital WMHV -0.04 (-0.18, 0.11)

0.63

-0.19 (-0.42, 0.04)

0.10

Parietal WMHV

0.048

-0.20 (-0.42, 0.03)

0.090

-0.05 (-0.11, -0.001)

Table 9-3 Independent effects of WMHV and amyloid status on the Digit-Symbol substitution test z score. Global
or regional WMHV are investigated in separate linear regression models together with amyloid status, and
adjusted for sex, childhood cognition, adult SEP and TIV. Values are beta-coefficients, 95% confidence interval in
brackets. SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter hyperintensity
volume

Amyloid status was not significantly associated with memory performance, although at trend
level, being amyloid positive was negatively associated with performance on the immediate
recall test (p=0.11) (Table 9-4). Investigating the association between global SUVR and memory,
a significant negative impact was observed on immediate (p = 0.035), but not delayed recall
score (Table 9-6). There was no association between global or regional WMHV and memory test
performance (Table 9-3, Table 9-4).

Influence on WMS logical memory immediate recall z score
WMHV

p value

Amyloid status

p value

Global WMHV

-0.01 (-0.03, 0.01)

0.18

-0.19 (-0.42, 0.04)

0.11

Frontal WMHV

-0.02 (-0.05, 0.01)

0.21

-0.19 (-0.43, 0.04)

0.10

Occipital WMHV -0.07 (-0.22, 0.07)

0.33

-0.18 (-0.42, 0.05)

0.13

Parietal WMHV

0.33

-0.19 (-0.43, 0.04)

0.11

-0.03 (-0.08, 0.03)

Table 9-4 Independent effects of WMHV and amyloid status on the WMS logical memory immediate recall test z
score. Global or regional WMHV are investigated in separate linear regression models together with amyloid
status, and adjusted for sex, childhood cognition, adult SEP and TIV. Values are beta-coefficients, 95% confidence
interval in brackets. SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter
hyperintensity volume
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Influence on WMS logical memory delayed recall z score
WMHV

p value

Amyloid status

p value

Global WMHV

-0.01 (-0.03, 0.004)

0.16

-0.07 (-0.30, 0.16)

0.54

Frontal WMHV

-0.02 (-0.05, 0.01)

0.31

-0.07 (-0.30, 0.16)

0.54

Occipital
WMHV

-0.14 (-0.28, 0.01)

0.061

-0.05 (-0.28, 0.18)

0.67

Parietal WMHV

-0.03 (-0.09, 0.02)

0.24

-0.07 (-0.30, 0.16)

0.54

Table 9-5 Independent effects of WMHV and amyloid status on the WMS logical memory delayed recall test z
score. Global or regional WMHV are investigated in separate linear regression models together with amyloid
status, and adjusted for sex, childhood cognition, adult SEP and TIV. Values are beta-coefficients, 95% confidence
interval in brackets. SEP, socioeconomic position; TIV, total intracranial volume; WMHV, white matter
hyperintensity volume

Global WMHV

p value

Global SUVR

p value

MR z score

-0.003 (-0.02, 0.01)

0.67

-0.12 (-0.24, -0.003)

0.045

DSST z score

-0.02 (-0.04, -0.006)

0.008

-0.08 (-0.21, 0.04)

0.17

LMIR z score

-0.01 (-0.03, 0.006)

0.23

-0.13 (-0.26, -0.009)

0.035

LMDR z score

-0.01 (-0.03, 0.005)

0.18

-0.07 (-0.19, 0.05)

0.27

Table 9-6 Independent effects of global WMHV and global SUVR on the Matrix reasoning, Digit symbol
substitution test (DSST), WMS logical memory immediate (LMIR) and delayed recall (LMDR) test z scores. Linear
regression models used adjusted for sex, childhood cognition, adult SEP and TIV. Values are beta-coefficients
and for SUVR values are quoted per 0.1 increase in SUVR. 95% confidence interval in brackets. SEP,
socioeconomic position; SUVR, standardised uptake value ratio; TIV, total intracranial volume; WMHV, white
matter hyperintensity volume

There was no evidence of interactions between amyloid status and global or regional WMHV on
cognitive test performance (matrix reasoning, digit symbol, logical memory tests) (interaction
term p values all greater than 0.1). Similarly there was no evidence of interaction effects when
using global SUVR instead of amyloid status (all interaction p values greater than 0.1)

Including whole brain volume (WBV) in the models investigating associations between WMHV
and amyloid status, and matrix reasoning and digit symbol scores did not substantially alter the
results, although the trend association between amyloid status and digit symbol score was
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strengthened, although did not quite reach significance (b coefficient -0.21; 95% CI -0.43, 0.01;
p=0.065). WBV was positively associated with performance on the digit symbol z score (b
coefficient 0.004; 95% CI 0.002, 0.006; p<0.001), but not matrix reasoning z score (boot strapped
b coefficient 0.001; 95% CI -0.0006, 0.003). When WBV was introduced into the models treating
SUVR as a continuous measure, the negative association between SUVR and digit symbol score
was significant (b coefficient -0.12; 95% CI -0.24, -0.005; p=0.04), and did not alter the
relationship between SUVR and matrix reasoning score.

Including hippocampal volume (HV) in the models investigating the relationships between global
WMHV and amyloid status and immediate and delayed recall scores, did not alter associations.
HV was not associated with the immediate recall z score (b coefficient -0.20; 95% CI -0.52, 0.12;
p = 0.22) or delayed recall z score (b coefficient -0.24; 95% CI -0.55, 0.08; p = 0.14). Similarly, in
the SUVR analyses, introduction of HV did not substantially alter the SUVR b coefficients.

Adjusting models for the presence of subcortical infarcts did not substantially alter coefficients.
There were no associations between the presence of subcortical infarcts and cognitive scores.
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Figure 9-1 Scatter graphs showing the relationships between white matter hyperintensity volumes (global (top
panel) and frontal (bottom panel)) and Digit symbol substitution test performance . Lines of best fit and 95%
confidence intervals are also shown. CI, confidence interval; DSST, Digit symbol substitution test; WMH, white
matter hyperintensity
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Figure 9-2 Scatter plots showing relationships between global SUVR and matrix reasoning z score (top panel), and
logical memory immediate recall z score (bottom panel) with line of best fit plotted. 95% confidence intervals
not shown as cannot be accurately calculated after imputation. LMIR, logical memory immediate recall; MR,
matrix reasoning, SUVR, standardised uptake value ratio.
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Male sex was negatively associated with performance on all cognitive tests except matrix
reasoning (boot-strapped b coefficient -0.21, 95% CI -0.46, 0.01 for matrix reasoning z score; b
coefficient -0.35, 95% CI: -0.58, -0.12; p=0.003 for digit symbol z score; b coefficient -0.51; 95%
CI -0.75, -0.27; p<0.001 for immediate recall z score; b coefficient -0.54, 95% CI -0.77, -0.30;
p<0.001 for delayed recall z score). Childhood cognition strongly positively predicted
performance on all tests (boot-strapped b coefficient 0.50, 95% CI 0.36, 0.69 for matrix
reasoning z score; b coefficient 0.55; 95% CI 0.40, 0.70; p<0.001 for digit symbol z score; b
coefficient 0.44; 95% CI 0.28, 0.59; p<0.001 for immediate recall z score; b coefficient 0.41; 95%
CI 0.26, 0.56; p<0.001 for delayed recall z score). TIV was associated with performance on matrix
reasoning (boot-strapped b coefficient 0.001, 95% CI 0.0004, 0.002 for matrix reasoning z score)
but not associated with performance on tests of processing speed or episodic memory. Manual
occupation at age 53 years was associated with lower performance on matrix reasoning (bootstrapped b coefficient -0.38, 95% CI -0.73, -0.11 for matrix reasoning z score) but not
performance on other cognitive tests. All coefficients quoted are from the global WMHV and
amyloid models.

9.4 Discussion
This study demonstrates the independent influences of WMHV and b-amyloid pathology on
cognition in a cognitively normal cohort. WMHV, particularly in the frontal lobes, was
detrimental to processing speed, whilst b-amyloid pathology negatively influenced global
cognition. Increasing b-amyloid burden was associated with worse processing speed at trend
level, and worse performance on the immediate, but not delayed recall memory scores, which
may suggest an early negative influence of b-amyloid on working memory and attention rather
than episodic memory. There was no evidence of a synergistic effect of b-amyloid pathology and
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WMHV on cognition. To my knowledge, no one has previously investigated the influence of bamyloid pathology and regional WMH burden on cognition in a cognitively normal cohort.

In keeping with these findings, WMH are most consistently associated with changes in
processing speed and executive function on neuropsychological testing [68,69]. Possible
mechanisms which may account for these associations include interruption of prefrontal
subcortical loops, and impaired prefrontal lobe functioning [71], with a recent region-of-interest
analysis reporting that WMH volume within the anterior thalamic radiation explained almost
double the variance in executive functioning, compared to total WMH volume [341]. This would
be consistent with the finding that frontal WMHV is a stronger predictor of poor performance
on a test of processing speed than global WMHV, with more than double the effect size. Other
suggested mechanisms include damage to the forebrain cholinergic system [72], and indirect
influences of WMH via co-existent strokes [68] and microinfarcts [507]. Individuals with cortical
strokes were excluded from these analyses, and adjustment for presence of subcortical infarcts
and lacunes did not influence the strength of associations, suggesting that in this cohort the
influence of WMH is not mediated via co-existent strokes, although the possible role of
microinfarcts cannot be excluded. Findings do vary between studies, which likely relates to
differing populations studied, differences in cognitive tests used, and the lack of regional or
volumetric measurements in many studies.

Two meta-analyses have investigated the influence of b-amyloid pathology on cognition in
individuals who do not meet diagnostic criteria for MCI or dementia [499,508]. In both cases
they found variability between studies, but pooling data the first found small but non-trivial
relationships between b-amyloid burden and episodic memory, and a weaker relationship with
executive function [499]. The second found more widespread, albeit small differences between
groups: amyloid positivity was associated with poorer performance in the domains of global
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cognitive function, memory, language, visuospatial ability, processing speed, and
attention/executive functions [508]. Associations with global function have been suggested to
be driven, at least in part, by the contribution of episodic memory scores to global cognition
scores (e.g. MMSE, CDR-SOB) [499]. I however observed a negative impact of b-amyloid on
global cognition using the matrix reasoning score, which does not include an episodic memory
component. MR is a measure of fluid intelligence, which is thought to be mediated via a
distributed neural network, including the dorsolateral prefrontal cortex, anterior cingulate
cortex and other areas related to attention and working memory [503], and has been previously
been shown to decline in the preclinical phase of familial AD [504].

Although there was no association between amyloid status and delayed memory performance,
there was a negative association between increasing b-amyloid burden and immediate recall
memory, which is more suggestive of a weakness in attention/working memory rather than a
problem with episodic memory per se. Fluid intelligence has been shown to be closely related
to working memory, primarily through attentional control mechanisms, and both functions rely
on similar neural networks [509]. Interestingly, the magnitude of negative association was very
similar between global SUVR and matrix reasoning z score (-0.12) and immediate recall memory
z score (-0.13). When WBV was accounted for, there was also a negative association between
increasing b-amyloid burden and processing speed, suggesting an influence of b-amyloid
pathology on processing speed independent of atrophy. There was a trend towards larger WBV
in amyloid positive individuals, which might reflect cognitive reserve, since these individuals
remain cognitively well. Alternatively, neuroinflammation induced by b-amyloid deposition may
cause an increase in brain volume [510]. Since WBV was positively associated with processing
speed, the relationship between b-amyloid burden and processing speed was only apparent
when WBV was accounted for in the model.
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The association between processing speed and attention/working memory and b-amyloid,
rather than episodic memory, has previously been proposed to be the earliest
neuropsychological indicator of change in individuals who go on to develop symptomatic AD
[511]. A neuropathological study in cognitively normal individuals found that individuals with AD
pathologic changes had a modest, but significant decline in working memory/attention
longitudinally that was not observed in other cognitive domains [512]. A possible explanation
for this could be early involvement of regions in the frontal cortex, involved in attentional
control, processing speed, working memory and fluid intelligence, in AD. Early b-amyloid
deposition occurs in basal frontal areas [225] and b-amyloid pathology has been shown to be
associated with focal frontal atrophy in cognitively normal individuals [513]. This might precede
episodic memory deficits, which more closely correlate with medial temporal lobe tau pathology
(thought to be a downstream consequence of b-amyloid pathology) [25]. I do not have regional
measures of brain volume and therefore could not investigate whether cognitive changes were
mediated by frontal brain volumes.

The observation that b-amyloid burden and WMHV independently influence processing speed
(measured with the digit symbol substitution test) has important practical implications.
Preclinical treatment trials in AD, such as the A4 study [207], are using the Alzheimer Disease
Cooperative Study Preclinical Alzheimer Cognitive Composite (ADCS-PACC), a composite
cognitive score designed to be sensitive to early cognitive changes in the preclinical stage of AD
[24]. This composite includes the MMSE and tests of episodic memory, but also the digit symbol
substitution test. Failure to account for WMH in analyses may therefore reduce the ability to
detect treatment differences between groups.

There has been limited research into the independent influences of cerebral SVD and b-amyloid
pathology on cognition, particularly in cognitively normal individuals, and my findings are
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broadly in line with those reported by other groups. One study observed amyloid pathology and
WMH had different cognitive profiles, with b-amyloid pathology influencing episodic memory,
and WMH influencing executive function [153], whilst another only found evidence to suggest a
negative influence of cerebrovascular disease on executive function, but did not observe an
influence of b-amyloid on cognition [154]. A longitudinal study of the Mayo Study of Aging
investigating cognitive trajectories found that the two pathologies had an additive effect on
global cognition, but did not specifically investigate whether the two pathologies influenced
different cognitive domains [155]. Although a synergistic relationship between the two
pathologies influencing cognition has been reported in dementia patients [152], this has not
been reported in cognitively normal subjects [154,155], in concordance with my findings.

The study has a number of strengths, including the relatively large cohort size who are closely
age-matched, important given the major relationship between ageing and cognition [514].
Further I was able to investigate influences of both b-amyloid and cerebral SVD pathology
measured concurrently, and able to account for possible confounders, such as childhood
cognition which is an important marker of cognitive reserve and not usually available in studies
of this type. Limitations include the relatively restricted number of cognitive domains that have
been tested, including the lack of a true measure of executive function, and the cross-sectional
nature of the cognitive measures. Although my results are not entirely in keeping with the metaanalyses results, they are compatible with a number of other cohort studies who assessed
cognition on a cross-sectional basis [515–517]. This may be due to a lack of power to detect a
small effect size, as the meta-analyses were pooled from several thousand individuals, and the
cross-sectional nature of this study, with longitudinal studies demonstrating more consistent
decline with time [518,519]. The degree of damage associated with WMH varies substantially
on histopathological assessment [70], highlighting a potential limitation of the use of WMH as a
proxy measure of cerebral SVD. Although I did account for the presence of infarcts in analyses,
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I did not account for other vascular co-pathologies such as perivascular spaces and microbleeds.
Other limitations are discussed in section 10.4.

In summary, in this cohort of non-demented individuals, I demonstrate independent influences
of cerebral SVD and b-amyloid pathology on cognition. b-Amyloid pathology had more extensive
influences on cognition which may be related to the role of attention/working memory in a
number of disparate cognitive tasks. Increasing WMHV is shown to be particularly detrimental
to processing speed, with regional variation in its influence. This work confirms that subtle, but
significant, changes in cognition can be detected prior to development of overt cognitive
symptoms. b-Amyloid and cerebral SVD pathology have different, but overlapping influences on
cognitive profiles, suggesting independent, additive influences of these two pathologies on
cognitive decline in ageing. Results also support that regional measures of vascular burden may
be more informative than a global measure alone. In summary, accounting for cerebral SVD will
be important in further investigations into the influence of b-amyloid pathology on cognition.
Future preclinical AD treatment trials should consider adjustment for, or stratification according
to WMH burden in their analyses, which may increase the power to detect meaningful
treatment effects.
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10. General Discussion
10.1

Overview of research presented

The mechanisms by which vascular risk factors and cerebral SVD influence development of AD
dementia remain incompletely understood. Vascular risk factors and cerebral SVD may enhance
b-amyloid deposition, or alternatively, as has been reported in several neuropathological
studies, cerebral SVD might lower the threshold for the development of clinical symptoms in the
presence of b-amyloid pathology [11,49]. Whilst associations between vascular risk factors,
particularly in midlife, and increased late-life dementia risk are well documented [5],
investigation into whether there are sensitive periods within midlife (which spans a period of
twenty-five years), when risk exposure is particularly damaging to brain structure, have been
limited to date.

Insight 46, a longitudinal neuroscience sub-study of the NSHD 1946 British birth cohort, has
provided an opportunity to investigate relationships between vascular risk factors, b-amyloid
pathology, and cerebral SVD. The use of a cohort, all of near identical age and assessed over a
two year period has allowed for associations to be investigated without the confounding effect
of age, which is a strong risk factor for all these pathologies. Between 28/5/2015 and 10/1/2018
502 participants completed their first Insight 46 visit at UCL with detailed clinical, cognitive, and
brain imaging assessment.

This body of work had two overarching aims:
•

To better understand the influence of vascular risk factors, and timing of risk exposure,
on brain health at age ~70 years, assessing fibrillar b-amyloid (using florbetapir amyloid
PET), cerebral SVD (using WMH as a proxy measure) and brain volumes in vivo. This was
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a unique opportunity to examine vascular risk trajectories in specific and well-defined
epochs from early mid-life to early late-life.
•

To better understand the independent influences and interactions of fibrillar b-amyloid
pathology and cerebral SVD on brain structure (including brain volumes and white
matter microstructure), and cognition in dementia-free individuals.

With respect to the first aim, chapters 5 to 7 reported associations between vascular risk factors
across midlife and early-late life and brain structure and pathology in individuals of nearidentical age in their early 70s. The study clearly demonstrates that there are sensitive periods
when higher BP and rapidly increasing BP was associated with smaller brain volumes and higher
WMHV at ~70 years. Importantly there were no associations between BP or their trajectories at
any time-point and b-amyloid pathology at this age. Furthermore, there was evidence that
relationships between BP and cerebral SVD change over time, with those individuals with the
greatest increases in SBP between 43 to 53 years followed by the greatest decreases in DBP
between 53 and 60-64 years having the highest WMH burden in their early 70s. Associations
between higher BP and smaller brain volumes were independent of WMHV and b-amyloid
pathology, suggesting brain volume changes may not be mediated by these pathologies at this
point, and may be attributable to other pathological mechanisms, such as neuroinflammation.
However, WMH may reflect only a proportion of cerebral SVD, so it is not possible to exclude
the possibility that brain volume is being influenced by other pathologies caused by cerebral
SVD, such as microinfarcts [520].

The principal finding in chapter 6 was that increasing adiposity between midlife and early latelife was associated with smaller whole brain volume at ~70 years. This supports a sensitive
period in later midlife when increasing adiposity is particularly detrimental; I was able to show
that these associations were independent of other vascular risk factors, such as diabetes and
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raised BP. Why the association is only observed in later midlife is not clear, particularly since
several meta-analyses have suggested that stronger associations with later-life dementia are
seen with earlier, rather than later, measures of adiposity in midlife [137]. The result may reflect
a survival (or retention) bias whereby obese individuals earlier in midlife have either died from
cardiovascular causes, or have become affected by cognitive impairment, making them less
likely to attend for an assessment. Alternatively the finding is due to confounding caused by an
unaccounted-for variable that causes both weight gain in later midlife and smaller brain
volumes. Associations persisted with adjustment for WMHV and amyloid status. One possible
explanation may relate to inflammatory cytokines, such as IL-6 and TNFa, which are produced
by metabolically active adipose tissue [148]. Low-grade systemic inflammation may then trigger
neuroinflammation causing neurodegeneration.

Declining BMI trajectory in the 1 to 2 years prior to scanning was associated with β-amyloid
positivity, perhaps because the presence of b-amyloid pathology triggers changes in body
composition through altered appetite and hypothalamic controlled satiety mechanisms [440].
Similar associations were not seen with brain volume, suggesting these changes, if indeed
causally related to AD, occur early in the disease process. This would be compatible with the
epidemiological observation that associations between adiposity in late-life and dementia risk
are attenuated/reverse direction to those seen in midlife, which is thought to reflect reverse
causality, whereby the dementia prodrome causes weight loss [137].

Building on the findings of chapters 5 and 6, chapter 7 investigated the influences of vascular
risk factors, comparing midlife and early late-life risk, on brain pathology, structure and
microstructure. Unlike the repeated measures of BP and BMI, blood measures such as HbA1C
which reflect glycaemic control, and cholesterol levels, were not available at sufficient timepoints to calculate trajectories, and so these were assessed individually and combined into a
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summary vascular score also including BP and BMI. Individuals who were diabetic by age ~70
years had smaller whole brain volumes, but there were no associations with cerebral SVD or bamyloid pathology. A similar relationship was not seen with diabetic status in midlife but small
numbers at this time-point limited the power to detect associations. Interestingly, although
smoking has been shown to be associated with cerebral SVD [89], I did not find an association
with WMHV, but current smokers in midlife and early late-life had evidence of microstructural
damage in NAWM (measured using diffusion metrics). Stronger associations were seen with
smoking in early late-life, rather than in midlife, which either reflects cumulative exposure to
risk (since smokers in their early 70s are likely to have been smoking for many years) or may
suggest changes are reversible on smoking cessation, which has previously been reported [464].
Raised cholesterol in midlife and late-life were not associated with imaging measures. None of
the vascular risk factors at either time-point investigated were associated with amyloid status
at age ~70 years.

The APOE e4 allele is strongly associated with the development of b-amyloid pathology, thought
to be due to its role in b-amyloid clearance from the brain [34]. Consistent with this, APOE e4
carriers had significantly greater risk of being amyloid positive than non-carriers, in models
investigated in chapters 5, 6 and 7. The APOE e4 allele has also been associated with large-vessel
atheroma [85], and it has been hypothesised that APOE e4 also influences dementia risk via
cerebral SVD. I did not find evidence to support this, finding no associations between APOE e4
status and global WMHV, NAWM microstructural measures or brain volumes.

In chapter 8, which investigated relationships between b-amyloid pathology and WMHV (on a
global and regional basis), APOE e4 carriers had a higher burden of occipital WMHV, although
this was attenuated when amyloid status was accounted for, suggesting the association was
mediated by b-amyloid pathology perhaps due to co-existent CAA. There was no evidence of an
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association between amyloid status and global WMHV, but there was a trend towards greater
occipital WMHV in amyloid positive individuals, and occipital lobe SUVR was strongly positively
correlated with occipital WMHV. Although causation cannot be determined using crosssectional data, the gradient of association between regional SUVR and regional WMHV (weak
frontally, strong posteriorly) would support that the association is related to CAA, which tends
to be seen posteriorly. If cerebral SVD were exacerbating b-amyloid deposition, it would not be
expected to have a regional predilection. The finding that hypertension status was strongly
associated with frontal WMHV, but not occipital WMHV, also supports that WMH may have
different aetiologies according to location.

With respect to aim 2, chapters 8 and 9 demonstrated the independent influences of b-amyloid
pathology and cerebral SVD (as measured by WMHV) on brain structure and cognition. Neither
amyloid status nor global WMHV were associated with brain volumes in this cognitively normal
group, but global WMHV was strongly associated with measures of microstructural integrity in
NAWM. Whether this is because WMHs reflect “the tip of the iceberg” of cerebral SVD, or
because damage within WMH causes damage to surrounding tissue is unclear. Amyloid status
was not independently associated with microstructural integrity, but there was a synergistic
relationship between amyloid status and WMH burden, whereby increasing WMHV was
associated with greater changes in NAWM mean diffusivity in amyloid positive individuals,
compared with amyloid negative individuals. b-Amyloid is toxic to oligodendrocytes [494], and
so white matter may be more vulnerable to cerebral SVD in the presence of b-amyloid
pathology.

In contrast, in chapter 9, there was no evidence that b-amyloid burden and WMHV had a
synergistic influence on cognition, perhaps because the cognitive measures used lack sensitivity
to pick up subtle interactions. WMHV, particularly frontal burden, was strongly associated with
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processing speed, whilst b-amyloid burden had a negative impact on a measure of fluid
intelligence, and to a lesser degree, processing speed and attention in these dementia-free
individuals. These pathologies may therefore have independent, additive influences on cognitive
decline in ageing. Cognitive findings were independent of brain volumes, suggesting associations
were not driven by brain atrophy. Since cerebral SVD results in structural damage to white
matter tracts [71], this is perhaps not surprising. That b-amyloid pathology has direct influences
on cognition supports that its negative influence is not just related to downstream tau-mediated
neurodegeneration [26], but also a direct synaptotoxic effect, which has been described in vitro
[36].

Combining these observations together provides a number of insights into the inter-relationship
between vascular risk factors, cerebral SVD, b-amyloid pathology and dementia risk. Although
the neurovascular hypothesis for impaired b-amyloid clearance is plausible, the work presented
here would suggest that associations between vascular risk factors and later-life dementia risk
are not mediated via amyloidogenic pathways. A hypothetical framework would be that vascular
risk factors cause endothelial damage, leading to neurovascular dysfunction, and a number of
pathological cascades resulting in cerebral SVD, neuroinflammation and tau-mediated
neurodegeneration, without exacerbating b-amyloid deposition which accumulates via other
mechanisms. The specific pathological cascades and extent of damage differ dependent on the
particular vascular risk factor, hence the lack of concordance in associations between imaging
measures and different risk factors. This damage then reduces the threshold for the
development of clinical symptoms in the presence of co-existent b-amyloid pathology. That
individuals with clinically-diagnosed AD dementia have greater WMH than age-matched
controls [67], is likely related to the independent influences of cerebral SVD and b-amyloid
deposition on cognition as reported in chapter 9, rather than cerebral SVD exacerbating bamyloid deposition, although longitudinal analyses will be required to confirm this. The
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association between occipital WMHV and b-amyloid burden does however highlight the wellrecognised connection between b-amyloid pathology and a particular form of cerebral SVD, CAA
[74].

10.2

Implications for dementia prevention strategies

Although trials that have looked at intensive lifestyle modifications such as the FINGER and preDIVA studies have shown only modest [521], or negligible [522] influences on subsequent
cognition, this may relate to the timing of intervention, or length of follow-up. Declining
dementia rates in developed countries have already been attributed to improved cardiovascular
health [523]. Findings in this thesis support that BP control, weight-loss programmes, smoking
cessation and interventions to reduce diabetes prevalence would all contribute to reduced
dementia risk.

Public health initiatives to screen for and modify these vascular risk factors are already well
developed due to their established role in cardiovascular and cerebrovascular disease. One such
initiative is the recently introduced NHS Health Check, a national preventative programme
designed to reduce cardiovascular morbidity, available to all individuals aged 40-74. However,
it has a relatively low take-up in those aged 40-59, a time period when intervention may be
particularly beneficial for later-life dementia risk, with only 9% of eligible individuals attending
in 2012 [524]. Highlighting the potential role of vascular risk factors in dementia risk may
improve patient engagement and compliance with initiatives such as the NHS Health Check,
particularly since dementia is now a greater health concern than cancer and cardiovascular risk
for individuals [525,526]. Encouragingly, the NHS Health Check has recently updated its guidance
to reflect that discussing the benefits of vascular risk control for dementia risk is important at
any age, not just in those aged 65 and older [527].
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Whilst interventions in midlife should have positive benefits on later life dementia risk, it is
possible that damage accrues even earlier than midlife (generally considered to start at age 40).
Work in this thesis would suggest that routine and serial BP measurement may need to start in
the fourth decade to maximise dementia risk reduction. In support of this, a recent study
reported detectable changes in cerebral vasculature in individuals with higher cardiovascular
risk in their twenties [528]. In view of these findings, vascular risk screening programmes may
need to be targeted at younger age groups. Furthermore, longitudinal BP change, not just
absolute values, may play an important role in the development of cerebral pathology, and
should be taken into account when commencing treatment. This could feasibly be evaluated as
part of the NHS Health Check which is offered to individuals every 5 years. The finding that
declining DBP latterly is associated with increasing WMHV however suggests that different
approaches to BP management may be needed at different ages. Recent recommendations
advise less tight SBP control in older individuals [365], although preliminary results announced
recently from the SPRINT-MIND study support that reducing SBP below 120mmHg in older
people reduces incidence of subsequent MCI [117]. However it is important to address whether
this is also the case with tighter DBP control. This will need to be clarified with further research.

10.3

Implications for future preclinical studies

The differential association of regional WMHV with hypertension and b-amyloid pathology
suggests that WMH may have differing aetiologies dependent on location. Occipital WMHV may
have utility as a screening tool in future clinical trials for identifying individuals at risk for
amyloidosis, helping to reduce the number who require more expensive or invasive molecular
phenotyping.

Diffusion measures, which capture changes in microstructure, may have utility in future clinical
trials if they are shown to be more sensitive to change than standard measures such as atrophy.
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A benefit of using a global measure within NAWM is that it is relatively straight forward to
automate a pipeline to extract measures and is less prone to mis-registration, which is a
potential problem using tract-based approaches. Whilst the work in this study was not able to
examine longitudinal change, on a cross-sectional basis there was a clear interaction between
amyloid status and WMHV on mean MD in NAWM, whilst no associations were seen with whole
brain or hippocampal volume, suggesting this measure may have utility as an imaging biomarker
detecting early changes in preclinical AD. The importance of incorporating measures of both
cerebral SVD and b-amyloid pathology into analyses should not be overlooked.

b-Amyloid pathology and WMHV had independent influences on cognition on a cross-sectional
basis in a dementia-free cohort, and associations between WMHV and cognition were locationdependent. This demonstrates the importance of measuring WMHV regionally, which may
predict longitudinal cognitive decline better than a global measure, although this will have to be
confirmed in the longitudinal analyses. The Preclinical Alzheimer Cognitive Composite (PACC)
[24], which was specifically designed to detect cognitive change in preclinical AD for use in the
next wave of treatment trials, incorporates a measure of processing speed. Incorporating a
measure of WMHV into statistical analyses, or alternatively stratifying analyses according to
WMH burden, may increase the power to detect treatment differences between groups. It is
notable that associations with cognition were detected despite the relatively low burden of
WMHV in the cohort, highlighting that even low volumes of WMH should be quantified and
incorporated into analyses. The work presented on validating BaMoS in the Insight 46 cohort
demonstrated that this is a reliable automated tool which could be implemented in other
studies.
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10.4

Limitations

There are limitations to this study, most notably the cross-sectional nature of the neuroimaging.
For instance, brain volume here is used as a proxy for atrophy, and whilst it does reflect
cumulative atrophy, it also encapsulates a large degree of inter-subject variability. Similarly,
single time-point WMH measurement captures accumulation of pathology, without being able
to establish when it developed. This complicates interpretation, for instance in the BP analyses,
where BP treatment may modify the relationship with BP over time. Although BP treatment was
modelled and has been accounted for within analyses, it is difficult to model accurately without
more information including duration of treatment. I do not have a direct measure of cerebral
SVD, instead treating WMH as a proxy measure, whilst recognising that cerebral SVD is likely to
be a diffuse process of which only a proportion might be reflected in WMH. Furthermore, WMH
reflect heterogeneous pathologies not limited to arteriolosclerosis-related damage, including
non-vascular pathologies. Scans however were reviewed by two experienced neuroradiologists
who reported the presence of other pathologies, such as demyelination, limiting scope for errors
of this type. I only explored one aspect of cerebral SVD, and did not investigate the relationships
of vascular risk factors with lacunes or microbleeds. However, the absolute numbers with these
pathologies are small in this cohort and therefore there is limited power to detect associations.
Treating b-amyloid burden as a binary variable is a common approach, but leads to a loss of
information, and whilst helpful for risk stratification, may not be the best approach for
understanding biological mechanisms. It is dependent on the defined cut-point for amyloid
positivity, which may result in individuals being mis-classified. If vascular risk factors have only
a small influence on b-amyloid deposition, use of a binary amyloid status in analyses may mean
that this association is missed. I cannot therefore definitively rule out a contributory role of
vascular risk factors and cerebral SVD in the accumulation of β-amyloid pathology. Furthermore,
amyloid PET provides a measure of fibrillary b-amyloid, not soluble forms or different moieties
of Ab (an advantage of CSF), recognising that Ab42 is the predominant species in plaques and
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Ab40 favours vessel deposition [74], which may have differing associations with vascular risk
factors and markers of cerebral SVD. The cross-sectional nature of imaging also means direction
of associations cannot be determined, for instance when investigating associations between
WMHV and b-amyloid burden.

Although the NSHD was broadly representative of the population in mainland Britain in 1946,
work in chapter 4 demonstrates that those individuals seen in Insight 46 are generally better
educated, of higher SEP and consider themselves in better health than individuals in the rest of
the cohort. As such, the work presented in this thesis is likely, if anything, to underestimate
associations between vascular risk factors and brain pathologies. Reassuringly however,
patterns of BP and BMI over time were broadly similar between individuals in Insight 46 and the
main cohort, described in chapters 5 and 6. The cohort is predominantly Caucasian, limiting
generalisability to non-Caucasian populations. Because individuals in Insight 46 are generally
cognitively normal, in part because of an unavoidable selection bias in a study of this type, but
also because of their relatively young age (and the low dementia prevalence at this age), I have
been unable to investigate the relationship between vascular risk factors and dementia risk
directly.

This study did not include measures of other pathologies, particularly tau the other cardinal AD
proteinopathy, or neuroinflammation, which is now recognised to play a role in AD pathogenesis
[149]. Whilst I did not observe a relationship between vascular risk factors and b-amyloid
pathology (within the context of limitations outlined above), I cannot exclude that they may
influence Alzheimer risk via these other pathologies.

I chose not to correct for multiple comparisons within analyses. This was because although
correction for multiple comparison would have reduced the likelihood of false positive findings,
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it would have increased the chance of inappropriately accepting the null hypothesis. Based on
the exploratory nature of this work and in keeping with many epidemiological studies, that was
felt to be inappropriate. Other limitations that are specific to particular analyses are discussed
in their respective Discussion sections.

10.5

Future directions

An important next step will be to investigate the mechanisms by which BP influences cerebral
SVD and brain volumes. Echocardiography (providing measures of cardiac structure), carotid
dopplers (providing a measure of large vessel atherosclerosis) and arterial pulse wave velocity
measurement (a marker of arterial stiffness) were performed on Insight 46 individuals at age
60-64 years, and therefore can be incorporated into statistical models, e.g. using a mediation
approach, to explore the direct and indirect pathways by which BP influences the development
of cerebral pathology. Blood based measures of inflammation from age 53 and 60-64 years are
also available, which could also be incorporated into analyses.

Associations between vascular risk factors and novel blood biomarkers such as neurofilament
light (a marker of neurodegeneration) and plasma tau and Ab will also be investigated. Other
imaging markers of cerebral SVD will also be quantified, including cerebral microbleed burden
using the processed SWI sequences. An adapted BaMoS algorithm is in development which will
allow automated quantification of perivascular spaces, following which relationships with
vascular risk factors will be investigated. More exploratory work might include investigating
relationships with measures of vessel tortuosity using angiograms generated from the SWI
sequence.

Further work should also include investigating regional microstructural changes in white matter
tracts that are associated with b-amyloid and cerebral SVD pathology. In this thesis global
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measures were used in normal appearing white matter – the next step will be to use TBSS to
investigate regional changes in tracts. Use of both conventional diffusion measures and NODDI
measures will be able to better elucidate the biological mechanisms behind these changes. How
these diffusion measures are associated with cognition will then be investigated.

Finally, in the longer term, when longitudinal measures are available, relationships between
vascular risk factors and progression of cerebral SVD, b-amyloid pathology, atrophy and
cognition will be investigated. In addition, to establish definitively the direction of relationship
between b-amyloid burden and WMH, associations between baseline measures and
longitudinal change will be investigated. Influences of baseline measures of b-amyloid
pathology, cerebral SVD and brain volumes on longitudinal cognitive change will also be
explored. Approximately 30% of participants have agreed to post-mortem brain donation –
ultimately, in the future this will enable direct quantification of pathologies, and examination of
their inter-relationships and associations with life course factors.
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Division of labour
Chapter 2
Insight 46 was conceived and planned by Professors Jonathan Schott, Nick Fox, Marcus Richards
and Diana Kuh. The author contributed to the overall design of the sub-study, including
contribution to the ethics application and participant literature, in collaboration with Dr Thomas
Parker, Dr David Cash, Kirsty Macpherson, Elizabeth Donnachie, Heidi Murray-Smith, Suzie
Barker and Dr Michelle Byford. Dr David Cash, Dr Ian Malone, Dr Marc Modat, Dr Carole Sudre,
Dr David Thomas, Dr Gary Zhang, Dr Anna Barnes, Dr John Dickson, and Professor Sebastien
Ourselin were essential for the development of the imaging protocol and processing pipelines.
Recruitment and study assessments were performed by the author (216 study assessments), Drs
Thomas Parker, Ashvini Keshavan, Sarah Buchanan and Sarah Keuss. Neuropsychology
assessments were performed by Kirsty Lu, Jessica Collins, Sarah James and Elizabeth Donnachie.
Volumetric T1, T2 and FLAIR QC was performed by Jana Klimova and Will Coath. Dr Ian Malone
and Elizabeth Gordon managed the volumetric pipeline that generated whole brain volume and
hippocampal volumes and were responsible for manual editing. The BaMoS pipeline was run by
Dr Carole Sudre and BaMoS QC and manual editing (if required) performed by the author. Dr Ian
Malone and Dr David Cash managed the diffusion processing pipeline and diffusion QC was
performed by the author, Drs Thomas Parker, Sarah Buchanan and Sarah Keuss. Extraction of
diffusion measures from normal appearing white matter was performed by the author. Amyloid
PET processing, imputation work and determination of the cut-point for amyloid positivity was
performed by Dr David Cash. Microbleed rating was performed by Dr Josephine Barnes and
lacune rating performed by the author, following which images were reviewed by Professor
Frederik Barkhof. Andrew Wong and Heidi Murray-Smith co-ordinated the processing of APOE
genotyping performed by LGC Hoddesdon on samples collected by the author, Drs Thomas
Parker, Ashvini Keshavan, Sarah Buchanan and Sarah Keuss. Statistical advice was provided by
Dr Jennifer Nicholas.
374

Chapter 3
The study was conceived and designed by the author with advice from Dr Josephine Barnes.
Semi-automated white matter hyperintensity segmentation was performed by the author and
Dr Josephine Barnes. Dr Carole Sudre ran the BaMoS pipeline and then generated similarity
measures in NiftyNet. The author performed statistical analysis and interpretation of the results.

Chapter 4
The study was conceived and designed by the author. Data collection and imaging measures
were generated with assistance as outlined in Chapter 2. Comparison of Insight 46 individuals
with those still in the main cohort at age 69 was performed by Dr Sarah James. The author
performed the rest of the statistical analyses and interpretation of the results.

Chapter 5
The study was conceived and designed by the author. Data collection and imaging measures
were generated with assistance as outlined in Chapter 2. The author performed statistical
analysis and interpretation of the results, with additional statistical support provided by
Professor Rebecca Hardy and Dr Jennifer Nicholas.

Chapter 6
The study was conceived and designed by the author. Data collection and imaging measures
were generated with assistance as outlined in Chapter 2. The author performed statistical
analysis and interpretation of the results, with additional statistical support provided by Dr
Jennifer Nicholas.
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Chapter 7
The study was conceived and designed by the author. Data collection and imaging measures
were generated with assistance as outlined in Chapter 2. The author performed statistical
analysis and interpretation of the results, with additional statistical support provided by Dr
Jennifer Nicholas.

Chapter 8
The study was conceived and designed by the author. Data collection and imaging measures
were generated with assistance as outlined in Chapter 2. The author performed statistical
analysis and interpretation of the results, with additional statistical support provided by Dr
Jennifer Nicholas.

Chapter 9
The study was conceived and designed by the author. Data collection and imaging measures
were generated with assistance as outlined in Chapter 2. The author performed statistical
analysis and interpretation of the results, with additional statistical support provided by Dr
Jennifer Nicholas.
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