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Abstract

This thesis is a detailed investigation into white matter hyperintensities (WMHs) in

Alzheimer’s disease (AD). WMHs, of presumed vascular origin, are increasingly

recognised in the aetiology of AD. However their underlying pathology may be

variable and their relationship to the hallmark pathological features of AD is not yet

fully understood.

Associations of WMHs with CSF amyloid beta (Aβ ) and tau at baseline were

explored in a cohort from the Alzheimer’s Disease Neuroimaging Initiative (ADNI).

A further study in ADNI was carried out exploring associations between plasma

neurofilament light (NFL) and WMHs. WMH accrual across the disease course

was modelled using longitudinal data from the Dominantly Inherited Alzheimer

Network (DIAN) cohort. Finally, to enable exploration of the pathological basis of

WMHs, an ex vivo MRI pipeline with subsequent pathological investigations was

developed and carried out.

Firstly, a higher WMH burden was found to associate with lower CSF Aβ

across diagnostic groups, but no significant associations were found with CSF tau

biomarkers. Plasma NFL was found to associate with WMHs, in an age depen-

dent, but vascular-risk independent manner. Secondly, WMH accrual was found to

increase throughout the disease course as demonstrated by associations with esti-

mated years to onset (EYO) in the DIAN cohort. The highest rate of accrual was

seen in the APP mutation group. Additionally, WMHs and brain atrophy changes

were shown to track together across the disease course. Lastly, the ex vivo-histology

pipeline was shown to be effective, enabling the registration of multiple modalities

and revealing varying degrees of myelin loss.
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In summary, this work extends existing knowledge about how WMHs associate

with classical AD markers such as Aβ , tau and brain atrophy. Furthermore this

work suggests that, instead of just reflecting vascular comorbidity, WMHs are a

core feature of AD.



Impact Statement

Alzheimer’s disease (AD) is a neurodegenerative disease with no effective treatment

or cure. Not only does AD have debilitating consequences for patients and carers, it

places a huge socio-economic burden on society as a whole. Evidence suggests that

AD is a multifactorial disease for which early intervention is necessary for effective

treatment. It is therefore imperative that biomarkers identifying early-stage disease,

as well as capturing the full spectrum of pathological changes, are identified and

characterised. This thesis investigates white matter hyperintensities (WMHs) as a

potential biomarker of AD.

A key finding in this PhD is that WMHs associate with amyloid beta (Aβ )

across the full disease course. This result aids understanding of how WMHs interact

with other AD biomarkers and creates opportunities for further research into the

mechanism underlying this finding. The fact that my paper on this work has been

cited five times since its publication last year in 2020, shows that there is is active

demand for this research.

In Chapter 5 I provided evidence that WMHs are an important marker of dis-

ease progression in a cohort of autosomal dominant inherited AD (ADAD) patients

and their relatives. As well as being an important finding in terms of the use of

WMHs as a biomarker, very little research into WMHs in ADAD has been carried

out previously, meaning that this work will be important to the AD field. I also

found differences in WMH accrual between mutation groups, which has important

implications for future treatments in ADAD as it highlights the heterogeneous na-

ture of the disease.

In Chapter 6 I developed a novel MRI-histology pipeline in order to answer key
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and under-researched questions about the underlying pathology of an MRI signal.

The impact of the development of this methodology could be substantial, providing

the starting point for a tool that could predict the underlying pathology of WMHs

based on appearance and location, for eventual use in a clinical setting.

WMHs have long been considered a marker of SVD, however I have shown

how WMH are increased in AD and associated with key AD biomarkers, both in

a cohort of low vascular risk (ADNI) and in a young ADAD cohort (DIAN). This

thesis provides important evidence that WMH on their own should not automatically

be taken as evidence of a vascular contribution.
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Chapter 1

Introduction

1.1 Background

Dementia is one of the most important socio-economic problems of our time. Cur-

rent estimates suggest that there are over 46 million people worldwide living with

dementia (Prince et al., 2015). The prevalence is only predicted to rise as the global

population ages, reaching 131.5 million people by 2050 (Prince et al., 2015). In

England and Wales, dementia is the leading cause of death, accounting for 12.8%

of all deaths registered (Office for National Statistics, 2020). Dementia is an overall

term for a syndrome characterised by progressive cognitive impairment interfering

with daily life activities. Alzheimer’s disease (AD) is the leading cause of demen-

tia, accounting for 50-75% of cases followed by vascular dementia, frontotemporal

dementia and Lewy body dementia (Prince et al., 2014a).

AD is a progressive neurodegenerative disease, with the large majority of cases

over the age of 65 years. Approximately 5% of AD patients develop symptoms

earlier than the age of 65, known as young onset AD (Prince et al., 2014b). A small

proportion of those with young onset AD have a genetic form of AD, known as

autosomal dominant inherited AD (ADAD). The disease duration of AD is typically

around 10 years for all forms of AD (Godbolt et al., 2004, Pavisic et al., 2020,

Ryman et al., 2014), although there are reports of shorter disease duration for some

more aggressive ADAD mutations (Holmes, 2002).

Clinically, typical AD patients initially present with amnesia and correspond-
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ing hippocampal atrophy, before progressing to a loss of function in multiple cogni-

tive domains and more widespread atrophy. There are also subtypes of atypical AD

where cortical, rather than hippocampal regions are the most vulnerable. The most

common form of atypical AD is posterior cortical atrophy (PCA), where atrophy

is initially observed in posterior brain regions, and accompanied by visuospatial

and visuoperceptual deficiencies and a relative sparing of episodic memory (Crutch

et al., 2012).

AD is the only leading cause of death for which no disease-modifying ther-

apy is currently available. The failure of several AD drugs in clinical trials is often

attributed to the treatment being initiated too late in the disease course (Salloway

et al., 2014, Sperling et al., 2011). AD has a long prodromal stage that is thought to

begin decades prior to the onset of clinical symptoms, during which time patholog-

ical changes are occuring in the brain undetected. This long preclinical stage means

that the development of biomarkers that can identify early pathological stages of

disease is a highly important first step on the path to an effective treatment.

The field of AD research has largely focused on the hallmark senile plaques

and neurofibrillary tangles (NFTs) initially described over 100 years ago by Alois

Alzheimer, and now known to be formed of amyloid beta (Aβ ) and hyperphospho-

rylated tau, respectively. More recently the field is beginning to look beyond Aβ

and tau, with increased recognition of a broader spectrum of pathology that includes

vascular dysfunction, neuroinflammation, neuronal loss and white matter changes.

The characterisation of new biomarkers to encompass all aspects of disease is there-

fore highly pertinent, and is the overarching rationale for this thesis. The main

biomarker of interest to this thesis is white matter hyperintensities (WMHs); widely

thought to be a marker of cerebrovascular disease (CVD) (Wardlaw et al., 2013),

but with a heterogeneous pathological basis that is suggestive of multiple origins

(Gouw et al., 2008a).

Unravelling the complex interactions between genetic, environmental and

lifestyle factors that all influence the onset and trajectory of AD requires large

datasets that track individuals across multiple stages of disease. Pioneered in the
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early 20th century, cohort studies are an invaluable resource in the study of diseases

such as Alzheimer’s, with over 50 different cohorts existing in the UK alone (Med-

ical Research Council, 2014). The global cohort studies of the Alzheimer’s Disease

Neuroimaging Initiative (ADNI) and the Dominantly Inherited Alzheimer Network

(DIAN) are longitudinal studies of sporadic and familial Alzheimer’s disease re-

spectively, collecting imaging, biological, genetic, demographic and clinical data

from multiple countries, and are therefore ideally placed to answer some of the key

questions in this thesis.

In this introduction, I first provide an overview of the genetics and biology of

AD, including ADAD. The link between AD and CVD is then discussed. I then

move onto an exploration of biomarker research in AD, before focusing in on an

overview of WMHs and their relevance to AD.

1.2 Alzheimer’s disease

1.2.1 The Amyloid cascade hypothesis

The cardinal features of Alzheimer’s disease pathology are Aβ plaques and NFTs

of tau, which have been the focus of much of the research into the aetiology of AD

since the identification of their constituent proteins in the 1980s (Glenner and Wong,

1984, Grundke-Iqbal et al., 1986). The amyloid cascade hypothesis (Figure 1.1), the

prevalent theory of AD pathogenesis, suggests a causal role for Aβ accumulation

in a series of downstream processes, such as the aggregation of tau into NFTs,

neuroinflammation and neuron and synapse loss (Hardy and Higgins, 1992). This

idea has been the driving factor for the development of the majority of therapies in

recent years that aim to modify disease, either through reduction in the production

of Aβ or through an increase in its clearance.

Compelling evidence of a central role for Aβ in AD comes from genetic stud-

ies of the disease, whereby causal mutations in the amyloid precursor protein (APP)

gene (Goate et al., 1991) and two genes related to APP’s cleavage, Presenilin 1

(PSEN1) (Sherrington et al., 1995) and Presenilin 2 (PSEN2) (Levy-Lahad et al.,

1995) were found to cause ADAD. Much of our understanding about Aβ pathology
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Figure 1.1: The order of major pathogenic events leading to AD, as set out in the amyloid
cascade hypothesis. The curved blue arrow indicates that Aβ oligomers may
directly damage synapses and neurites and induce tau hyperphosphorylation, in
addition to activating damaging cascades. Figure taken from Selkoe and Hardy
(2016).
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in AD has come from this rarer familial form of the disease. The APP, PSEN1 and

PSEN2 genes encode proteins involved in the Aβ generation pathway. Amyloid

precursor protein is sequentially cleaved by β and γ secretases to give rise to Aβ .

PSEN1 and PSEN2 proteins make up the catalytic subunit of γ secretase, which is

able to cleave APP at various different sites, yielding an Aβ peptide between 39 and

43 amino acids in length. The most prevalent Aβ peptide produced under normal

conditions is Aβ1-40, whereas the longer and more amyloidogenic Aβ1-42 iso-

form is more abundant within plaques (Jarrett et al., 1993). The exact physiological

function of APP is unknown. Overexpression studies in mice have shown a positive

effect on cell growth and health, but knockout studies appear to produce very little

alteration to phenotype (O’Brien and Wong, 2011).

There are different subtypes of Aβ plaques; mature neuritic plaques feature

dense amyloid cores and are associated with a microglial response, compared to

diffuse plaques which have no associations with neuroinflammation or neuronal

cell death (D’Andrea and Nagele, 2010). Although the fibrillar Aβ1-42 present in

the dense core of mature plaques has long been thought of as integral to AD patho-

genesis, more recent research suggests that it is actually the soluble Aβ oligomers

that are the most toxic (Olsson et al., 2018, Shankar et al., 2008).

The amyloid cascade hypothesis proposes that an accumulation of Aβ is

brought about by an imbalance between Aβ production and clearance. While muta-

tions in the APP, PSEN1 and PSEN2 genes have all been shown to increase produc-

tion or deposition of Aβ (Selkoe, 1997), the initial cause of pathology in sporadic

AD remains unclear. There are several hypotheses about the mechanism of amyloid

clearance in the brain and include the enzymatic degradation by proteases, the direct

absorption into the blood through the blood brain barrier via transporter proteins,

and the perivascular drainage pathway (Tarasoff-Conway et al., 2015).

A key downstream process of Aβ aggregation is the formation of NFTs from

paired helical filaments of hyperphosphorylated tau. Under physiological condi-

tions, natively unfolded tau is involved in the assembly and stability of micro-

tubules; polymers that are important for neuronal integrity and function, providing
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structure to axonal processes and transportation to and from synapses (Spillantini

and Goedert, 2013). Under pathological conditions, the binding of tau to micro-

tubules is disrupted, leading to an increase in the unbound tau fraction. This in-

crease of tau in the cytosol increases the chances of misfolding that can result in

aggregation and fibrillisation of tau. It has also been demonstrated that pathological

tau can propogate further conformational changes in normal forms of the protein

(Wolfe, 2012).

Research suggests that the formation of NFTs is more highly correlated to AD

clinical features and disease severity than Aβ (Nelson et al., 2012). Tau pathology

typically begins in the locus coeruleus and entorhinal cortex, before spreading to

the hippocampus and then to the neocortex (Braak and Braak, 1991). This spread

of tau pathology closely maps to AD patterns of atrophy and occurs in brain regions

linked to specific clinical symptoms (Ossenkoppele et al., 2016, Xia et al., 2017).

1.2.2 Preclinical AD: a window of opportunity?

The development of biomarkers (variables measured in vivo that reflect specific

disease-related processes, discussed in detail in section 1.4), has enabled a greater

understanding of the long asymptomatic phase of AD. Biomarkers of Aβ and tau

pathology measured using cerebrospinal fluid (CSF) and positron-emission tomog-

raphy (PET), and structural imaging biomarkers of neurodegeneration have enabled

the tracking of changes that occur years prior to the onset of symptoms. Evidence

from these studies suggests that Aβ pathology develops years before tau pathology,

which in turn predates clinical symptoms (Bateman et al., 2012, Jack et al., 2010a)

(Figure 1.2).

Given this evidence that the AD pathophysiological process begins years prior

to symptom onset, there is a general consensus that the best opportunity for inter-

vention is early on in the disease process (Sperling et al., 2011). This is supported

by the failure of several secondary prevention trials of anti-amyloid antibodies in

individuals with overt clinical symptoms of AD, even at the early stages (Honig

et al., 2018, Ostrowitzki et al., 2017, Vandenberghe et al., 2016). Very recent evi-

dence from the Dominantly inherited Alzheimer’s Network trials unit (DIAN-TU)
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Figure 1.2: Dynamic biomarkers of the Alzheimer’s pathological cascade. In this hypothet-
ical model Aβ is identified by CSF Aβ42 or PET imaging, tau-mediated neu-
ronal injury and dysfunction is identified by CSF tau or fluorodeoxyglucose-
PET and structural changes are measured using MRI. MCI = mild cognitive
impairment. Figure taken from Jack et al. (2010a)

.

clinical trial in asymptomatic and symptomatic carriers of autosomal dominant AD

showed a lack of any clinical effect in the symptomatic group, despite movement

towards normal levels of CSF Aβ and tau. The asymptomatic carriers were some

years away from expected onset and so whether targeting the disease earlier will halt

or delay the onset of clinical symptoms remains unclear (https://dian.wustl.edu/our-

research/clinical-trial/research-updates/).

1.2.3 Beyond amyloid and tau: a multifactorial disease

Aβ and tau pathologies are clearly highly important in AD and the advancement

in disease biomarkers has enabled greater insight into their respective and addi-

tive roles in disease pathogenesis. There are however contradictions to an integral

role for Aβ and tau in AD disease pathogenesis; healthy individuals without AD

symptoms have been found to have Aβ and tau pathology at post-mortem exami-

nation, as well as individuals diagnosed clinically as having AD, but with no Aβ

and tau pathology at post-mortem examination (Nelson et al., 2012). Additionally,
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the consistent failure of clinical trials of Aβ modifying therapies that rely on the

amyloid hypothesis continue to cast significant doubt on its validity (Honig et al.,

2018, Ostrowitzki et al., 2017, Vandenberghe et al., 2016). Moreover, the recent

news from the DIAN-TU trial that Gantenerumab reduces amyloid PET deposition

and causes a shift towards normal CSF tau and Aβ levels despite no effect on cog-

nition, does challenge theories of Aβ and tau as important drivers to clinical AD

(https://dian.wustl.edu/our-research/clinical-trial/research-updates/).

AD is a hugely complex, multifactorial disease. Large genome wide associa-

tion studies have contributed to the idea of AD as a multisystem disorder, with the

identification of genetic risk factors for AD associated with the immune system, in-

flammation, cholesterol and lipid metabolism and endosomal and vesicle recycling

(Cuyvers and Sleegers, 2016). In recent years, more emphasis is being placed on

understanding other aspects of AD pathology or contributors to disease, including

cerebrovascular disease, neuroinflammation, synaptic dysfunction, oxidative stress

and mitochondrial dysfunction (Hase et al., 2018, Schneider et al., 2007, Swerdlow,

2018, Tonnies and Trushina, 2017, Wyss-Coray and Rogers, 2012). As our under-

standing of AD pathology and genetics increases, the complex nature of the disease

is becoming clearer. Research is subsequently moving away from the simplistic

ideas of the linear causality featured in the amyloid cascade hypothesis and towards

consideration of the full spectrum of AD pathology (DeStrooper and Karran, 2016,

Jack et al., 2018).

1.2.4 Autosomal dominant inherited Alzheimer’s disease

Mutations in either APP, PSEN1 and PSEN2 are rare and virtually fully penetrant.

This is in contrast to the genetics of the sporadic form of the disease where poly-

morphisms in risk genes for sporadic AD are frequent in the general population, but

only have a small contribution to overall disease risk (Figure 1.3). The most impor-

tant genetic risk factor identified for AD is the Apolipoprotein E (APOE) ε4 allele,

increasing the risk of AD by ∼10-fold for homozygotes and ∼3-fold for APOE ε3

and APOE ε4 heterozygotes (Frikke-Schmidt et al., 2001, Slooter et al., 1998).

Since the discovery of the autosomal dominantly inherited mutations in the
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Figure 1.3: Schematic overview of genes linked to Alzheimer’s disease. Genes affecting
APP metabolism are circled in red, and those affecting the tau pathway are cir-
cled in yellow. The circle colours give functional information about the genes.
Figure taken from Scheltens et al. (2016).

1990s, many hundreds of variants that cause ADAD have been identified. Muta-

tions in PSEN1 are the most common, with 322 recorded to date, followed by 68

APP and 64 PSEN2 (https://www.alzforum.org/mutations). Mutations in ADAD

may increase production of Aβ1-42 or Aβ1-40, alter the ratio between them, or

increase the likelihood of protofibril formation which accelerates Aβ deposition

(Nilsberth et al., 2001, Ryan and Rossor, 2010). Whilst different ADAD-causing

mutations affect Aβ generation through a variety of mechanisms, they all lead to

qualitative shifts in the Aβ profiles produced, towards the generation of longer pep-

tides which are more prone to aggregation (Chávez-Gutiérrez et al., 2012, Szaruga

et al., 2015). There is considerable heterogeneity within ADAD, with differences

in clinical phenotypes and pathological presentations both within and between mu-

tation types. The young age at onset typically seen in ADAD compared to sporadic
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AD shows variability between the mutation groups with PSEN1 carriers falling be-

tween 35-55 years, the APP carriers between 40-65 years and the PSEN2 carriers

between 40-70 years (Holmes, 2002, Shea et al., 2016). Atypical phenotypes of

ADAD also exist, with certain mutations presenting with language impairment, be-

havioural symptoms, pyramidal signs including spastic paraparesis and extrapyra-

midal signs (Ryan and Rossor, 2010, Ryan et al., 2016, Shea et al., 2016, Tang et al.,

2016).

Pathological findings have also demonstrated variability in neuronal loss, tau

tangle load and the type, distribution and size of Aβ plaques (Maarouf et al., 2008,

Shepherd et al., 2009). It appears that the mutation location can play an impor-

tant role in determining pathological features in ADAD. Certain APP mutations

located in the Aβ coding region are typically associated with severe cerebral amy-

loid angiopathy (CAA) and can present with haemorrhage as well as dementia.

These mutations include the Arctic (p.Glu693Gly), Dutch (p.Glu693Gln), Flem-

ish (p.Ala692Gly), and Iowa (p.Asp694Asn) mutations (Revesz et al., 2009, Shep-

herd et al., 2009). Two distinct histopathological groups can be identified within

PSEN1 mutation carriers, appearing to be linked to the mutation position. Muta-

tions occurring before codon 200 are typically associated with diffuse and cored

Aβ plaques and few white matter plaques, compared to mutations after codon 200

with larger plaques concentrated around blood vessels, and more severe CAA and

WMHs (Mann et al., 2001, Ryan et al., 2015).

Although the genetic form of AD probably accounts for less than 1% of all

AD cases, it has contributed much to our understanding of the pathological basis of

the more common sporadic form. As well as elucidating the potential pathogenic

mechanisms of AD as a whole, ADAD is an invaluable model to study the presymp-

tomatic phases of disease. As intervention strategies are being trialed on individuals

at an early stage in the disease process, research has shifted to identifying those pa-

tients who are in the long presymptomatic period before the onset of symptoms.

Initiatives like DIAN (Bateman et al., 2011) enable research to be carried out on

patients who with near certainty, due to almost 100% penetrance of ADAD genes,
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will go on to develop the disease. The young age of ADAD individuals enables

the study of AD features that are unrelated to the age-related comorbidities often

present in older sporadic AD patients. This is particularly important to enhance our

understanding of the AD-vascular disease relationship (discussed in detail in the

following section 1.3), helping to tease apart contributions from AD pathology and

those from vascular pathology.

1.3 Cerebrovascular disease and Alzheimer’s disease

1.3.1 Overview

The close linkage between AD and CVD is becoming increasingly well recognised,

with multiple shared risk factors and overlapping pathological presentations (At-

tems and Jellinger, 2014, Santos et al., 2017). CVD is a generic term for a het-

erogeneous set of insults to the cerebral vasculature, often leading to cognitive im-

pairment. There are three main diseases of cerebral blood vessels that are referred

to as CVD: large vessel atherosclerosis; small vessel disease (SVD); and cerebral

amyloid angiopathy (CAA) (McAleese et al., 2016). Atherosclerosis results in the

formation of atherosclerotic plaques in large cerebral arteries, leading to narrowing

and possible plaque rupture. Small vessel disease refers to degenerative alterations

to the vessel walls of smaller cerebral arteries, including small vessel atherosclero-

sis and arteriosclerosis. CAA is characterised by the deposition of Aβ in the walls

of arteries and capillaries.

Vascular dementia (VaD) is the second most common cause of dementia after

AD, and occurs as a result of CVD or stroke (Kalaria, 2018). Recently, the broader

term of vascular cognitive impairment (VCI) is preferred and refers to the whole

spectrum of cognitive impairment caused, to some extent, by vascular pathologies,

ranging from a subjective memory impairment through to dementia (van der Flier

et al., 2018). The cognitive manifestations of VCI include a decline in processing

speed and problems with executive function. Memory problems and behavioural

or psychological symptoms are also common, along with other neurological symp-

toms such as walking difficulties, dysarthria and autonomic features (van der Flier
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Figure 1.4: The relationship between VCI and vascular dementia. VCI is any level of im-
pairment that can be attributed, at least in part, to cerebrovascular pathology.
Vascular dementia represents a severe form of VCI attributable to a large bur-
den of cerebrovascular pathology. Figure taken from van der Flier et al. (2018).

et al., 2018). Whilst pure VaD refers to a form of VCI whose sole cause is vas-

cular pathology, the broader term VCI can also be given to those who also have

AD pathology. Indeed, VCI in combination with AD is very common demonstrated

by the large amount of AD cases demonstrating vascular pathology post mortem

(Boyle et al., 2018, Brayne et al., 2009) (Figure 1.4).

1.3.2 Shared risk factors

AD and CVD both develop over many years and so understanding the effects of

long-term exposure to risk requires large, longitudinal studies. Many population-

based epidemiological studies have provided robust evidence for a link between AD

and vascular health. AD and CVD share important cardiometabolic and lifestyle

risk factors such as diabetes, obesity, hypertension, high cholesterol, major depres-

sion, smoking and low physical fitness (Santos et al., 2017). Hypertension in middle

aged adults has shown to be associated with cognitive decline and dementia (Launer
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et al., 2000, Skoog et al., 1996), as has midlife obesity (Qizilbash et al., 2015). Re-

cent research using the 1946 birth cohort demonstrated that midlife hypertension

was associated with WMH and atrophy (Lane et al., 2019b). The Framingham

Heart study found that a lower cardiac index (a measure of cardiac performance)

was associated with an increased risk of AD (Jefferson et al., 2015). As well as

increasing risk, vascular risk factors such as atrial fibrillation, systolic hypertension

and angina have been shown to associate with a more rapid cognitive decline in AD

(Mielke et al., 2007).

It is estimated that over 35% of AD risk is comprised of these modifiable risk

factors (Livingston et al., 2017, 2020, Mukadam et al., 2019). This percentage is

calculated from population attributable fractions, estimates of the proportion of dis-

ease cases that would not occur in a population if an individual risk factor were to be

eliminated. This high proportion of potentially modifiable risk offers the potential

for wide-reaching primary prevention strategies. It is important to note though that

these estimates are dependent on accurate prevalence data, which in turn are depen-

dent on accurate measurement of a risk factor in the population. There are other risk

factors for both CVD and AD that are non-modifiable, including the largest of them

all: increasing age. The largest genetic risk factor for sporadic AD, the APOE ε4

allele, is also associated with incidence of cerebrovascular disease (Schilling et al.,

2013) and has functions in cholesterol metabolism and Aβ clearance through the

blood brain barrier (Masters et al., 2015).

1.3.3 Vascular pathology in AD

It is estimated that only 24% of patients with dementia have pure AD pathol-

ogy, compared to over 50% with some form of vascular co-pathology (Iadecola

and Gottesman, 2018). There is a large body of research demonstrating the co-

occurrence AD and CVD pathology (Brayne et al., 2009, Esiri et al., 2014, Jellinger

and Attems, 2006, Kapasi et al., 2017, Schneider et al., 2007, 2009). In a study

comparing autopsy cases of AD and age-matched controls, CVD pathology was

significantly more frequent in AD compared with controls (Jellinger and Attems,

2006). Several UK based longitudinal population studies have demonstrated the
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high incidence of overlapping pathology; the MRC Cognitive Function and Ageing

Study demonstrated that more than half of AD subjects had a significant vascular

burden (Fernando and Ince, 2004) and the Cambridge City over-75s Cohort study

showed that 22% of those presenting with dementia had mixed pathology, with AD

and CVD frequently coexisting (Brayne et al., 2009). The most frequent vascular

pathologies observed in AD are CAA and SVD (Attems and Jellinger, 2014).

1.3.3.1 CAA

CAA is highly prevalent amongst AD patients, occurring in 82% to 98% of cases,

compared to only about 30% of elderly controls (Biffi and Greenberg, 2011, Love

et al., 2003, 2014, Vinters, 1987). CAA has been shown to contribute to AD de-

mentia, over and above AD pathology (Boyle et al., 2015). CAA is characterised

by the deposition of Aβ in the vessel walls of cortical and leptomeningeal arteries,

arterioles and capillaries (Vinters, 1987), most commonly in the occipital lobe (Thal

et al., 2002a). The more soluble Aβ1-40 is the prominent form in CAA, compared

to Aβ1-42 which is more commonly found in plaques. CAA has been divided into

two pathological subtypes: CAA type 1, characterised by amyloid deposits in corti-

cal capillaries (as well as other vessels), and CAA type 2, where amyloid deposition

is restricted to cortical arteries or arterioles (Thal et al., 2002a).

It has been suggested that Aβ is drained along the perivascular interstitial fluid

pathways of the brain parenchyma and leptomeninges. A failure of this mechanism

to effectively drain Aβ leads to deposition along the basement membranes of ves-

sels (Weller et al., 2008). This build-up of Aβ in vessel walls causes loss of smooth

muscle cells and can lead to severe disruption of the vascular architecture (Revesz

et al., 2002). Intracerebral haemorrhage is a well-established consequence of CAA

due to the weakening of vessel walls. Additionally, Aβ deposits that decrease the

vessel lumen lead to ischaemia-related problems (Biffi and Greenberg, 2011). Re-

cently, more diverse clinical manifestations have been linked to CAA, including

cognitive decline with associated brain atrophy (Smith, 2018).
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1.3.3.2 SVD

SVD affects small cerebral arteries and arterioles and refers to degenerative al-

terations in small vessel walls consisting of atherosclerotic plaques, deposition of

a hyaline substance (lipohyalinosis), fibrotic changes causing stiffening and mi-

crovascular distortion (arteriolosclerosis) and total loss of vascular wall integrity

(Thal et al., 2012). The affected vessels are commonly located in the white matter

and in the basal ganglia. The multiple causes of SVD, can all lead to various vas-

cular lesions, including infarcts, enlarged perivascular spaces, haemorrhages and

white matter lesions. Small blood vessels are not directly visible on conventional

MRI and so the downstream consequences of damage are visualised instead, such

as WMHs, small subcortical infarcts, lacunes, prominent perivascular spaces and

cerebral microbleeds (Wardlaw et al., 2013). The most well characterised imaging

markers of SVD are WMHs, which are discussed in detail in section 1.5, and are

the main topic for this thesis.

1.3.4 Interactions between AD pathology and CVD

The frequent coexistence of AD and CVD pathology means that disentangling their

contributions to cognitive decline presents a huge challenge and one that has led

to several theories. An additive theory describes two independent pathologies that

can contribute to a greater cumulative risk of cognitive decline when they appear

together. On the other hand, a synergistic theory suggests that one pathology in-

fluences another pathology, resulting in a cognitive decline greater than the sum of

their parts.

In the literature, an additive relationship has been demonstrated, with AD and

vascular pathologies shown to act independently of each other to predict brain atro-

phy (Barnes et al., 2013, Gordon et al., 2015, Haight et al., 2013, Provenzano et al.,

2013), neurodegeneration (Bos et al., 2017) and/or cognitive decline (Lopez et al.,

2014, Vemuri and Knopman, 2016, Vemuri et al., 2015). There is a also evidence

supporting a synergistic relationship with a potential interaction between the two

pathologies. One study demonstrated that WMHs interact with Aβ to increase hip-

pocampal atrophy (Freeze et al., 2016). Two recent studies from the same group
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demonstrated that Aβ and vascular risks act synergistically on cognitive decline

(Rabin et al., 2018) and cortical tau burden (Rabin et al., 2019).

Evidence from autopsy studies have suggested that vascular disease lowers the

threshold for AD expression. Snowdon et al. (1997) demonstrated that in a study

of autopsies nuns fitting the neuropathological criteria for AD, a higher prevalence

of clinical dementia was observed when infarcts were present. Other studies have

suggested that the presence of concomitant vascular pathology at earlier disease

stages is important; lower cognitive scores were observed in those patients with

early stage AD and vascular lesions (Esiri et al., 1999).

Many mechanistic theories of how one pathology might exacerbate the effects

of the other have centered around the idea that vascular risk factors potentiate Aβ

deposition or visa versa. Studies have demonstrated that vascular damage could re-

duce the ability to clear Aβ from the brain, enhancing it’s deposition in blood vessel

walls as CAA (Weller et al., 2008). Conversely, Aβ deposition can cause a reduc-

tion in cerebral perfusion, increasing the susceptibility of the brain to ischaemia

(Iadecola and Gottesman, 2018).

1.4 Biomarkers in Alzheimer’s disease

1.4.1 Overview

Biomarkers, or biological markers, are quantifiable characteristics of in vivo pathol-

ogy allowing analysis of normal biological processes, pathogenic processes or phar-

macologic responses to a therapeutic intervention (Biomarkers Definitions Working

Group, 2001). Biomarkers are hugely important tools in diseases such as AD, where

clinical symptoms are not evident until the advanced pathological disease stages,

when any intervention strategy may be too late (Salloway et al., 2014, Sperling

et al., 2011).

Biomarkers are now commonplace in AD research, of which the most widely

used are cerebrospinal fluid (CSF) measures and neuroimaging. In 2018, a ma-

jor shift in the characterisation of AD was proposed by the National Institute on

Ageing-Alzheimer’s Association in a research framework (NIA-AA) (Jack et al.,
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AT(N) profiles Biomarker category

A-T-(N)- Normal AD biomarkers

A+T-(N)- Alzheimer’s pathologic change

A+T+(N)- Alzheimer’s disease

A+T+(N)+ Alzheimer’s disease

A+T-(N)+
Alzheimer’s and concomitant
suspected non-Alzheimer’s
pathologic change

Alzheimer’s continuum

A-T+(N)- Non-AD pathologic change

A-T-(N)+ Non-AD pathologic change

A-T+(N)+ Non-AD pathologic change

Table 1.1: NIA-AA Biomarker profiles and categories. Three biomarkers types Amy-
loid (A), tau (T) and neurodegeneration (N) categorise individuals into eight
biomarker profiles (Jack et al., 2018).

2018), in which disease diagnosis is defined by in vivo biomarkers as opposed to

clinical phenotypes. The AT(N) classification system places different biomarkers

(from both imaging and CSF modalities) into the pathological process they mea-

sure. Individuals are defined as being positive or negative for Aβ , T (tau) and N

(neurodegeneration) (Table 1.1). Whilst Aβ and tau define the presence or absence

of AD, neurodegeneration biomarkers combined with cognitive symptoms are used

for staging the severity of disease. The authors also stress that the framework can be

adapted to reflect the multifactorial nature of AD and new biomarkers can be added,

such as those relating to CVD or inflammation, once they become available.

As our understanding of AD shifts to one of a more multifactorial disease,

there is a need to explore new biomarkers to complement those of Aβ and tau in

order to aid in an early an accurate diagnosis of AD and to monitor the effect of a

therapeutic intervention. The failure of multiple AD clinical trials highlights more

than ever the need for a larger panel of biomarkers in order to understand any effect

on a broader range of pathogenic pathways.
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1.4.2 Fluid biomarkers

1.4.2.1 CSF

The classical method of a biomarker-led approach to AD diagnosis has been to

quantify Aβ and tau levels in the CSF. Although lumbar puncture procedures are

invasive, the CSF is potentially the most informative fluid biomarker about bio-

chemical changes in the brain due to the direct contact between them. Decreased

CSF Aβ and increased total-tau (t-tau) and phosphorylated tau (p-tau) show a high

specificity and sensitivity to AD diagnosis. While CSF Aβ has demonstrated a

robust correlation with pathology in the brain (Strozyk et al., 2003), the findings

from the CSF tau markers are less clear. Studies have demonstrated correlations of

CSF tau with AD neurodegeneration and tangle pathology at post mortem (Buerger

et al., 2006, Tapiola et al., 1997), but to a lesser extent than CSF Aβ -pathology cor-

relations, and a relationship is not demonstrated in all studies (Engelborghs et al.,

2007). Increases in CSF t-tau are not specific to AD, and are also seen in diseases

with severe neurodegeneration, such as Creutzfeldt-Jakob disease, which has led

some to consider t-tau as a marker of general neurodegeneration. However other

studies have demonstrated an AD-specific increase in CSF t-tau and p-tau that is

not reflected in other tauopathies (Itoh et al., 2001, Skillback et al., 2015). There

is evidence to suggest that levels of CSF t-tau are related to the severity of disease,

with high t-tau values predicting rapid cognitive decline (Buchhave et al., 2012,

Wallin et al., 2010).

As discussed in section 1.2.2, findings suggests that Aβ and tau pathology in

the brain predates symptom onset quite considerably. Although there is some evi-

dence that the AD CSF profile shows changes 10-15 years before symptom onset

(Bateman et al., 2012), some studies have demonstrated a lack of association with

cognitive decline (Toledo et al., 2013). Other reports hypothesise that these core

CSF biomarkers are not good markers of progression over the complete disease time

course as they are relatively stable in clinical AD (Jack et al., 2010b, Zhou et al.,

2009). The multifaceted nature of AD means that a larger panel of biomarkers needs

to be developed in order to improve early diagnosis and prognosis. There are many
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new potential CSF biomarkers that are in the process of being characterised. These

are involved in a range of pathogenic pathways and include inflammatory markers

such as YKL-40, markers of synaptic dysfunction such as neurogranin and mark-

ers of microglial disruption such as TREM2 (Dhiman et al., 2019). A particularly

promising CSF biomarker is neurofilament light chain protein (NFL), a marker of

axonal degeneration. NFL, although not an AD-specific disease marker, is a highly

sensitive marker of neurodegeneration that has been shown to differentiate between

AD and control patients and to be associated with cognitive decline, white matter

change and brain atrophy (Mattsson et al., 2016, Zetterberg et al., 2016).

1.4.2.2 Blood

Brain derived biomarkers are detectable in the blood, opening the possibility of an

inexpensive and less invasive way of diagnosing and monitoring AD progression.

Although a newer field than CSF biomarkers, recent research has shown promising

results. The plasma Aβ 42/40 ratio has been shown to decrease in a similar way to

CSF Aβ and has around a 90% diagnostic accuracy (Nakamura et al., 2018). Plasma

t-tau has consistently been shown to be elevated in AD compared with controls, al-

though not to such a high level as in the CSF (Olsson et al., 2016) and with less

clear results in those with mild cognitive impairment (MCI) (Mattsson et al., 2016).

Plasma p-tau has shown perhaps more promising results (Mielke et al., 2018), with

a recent study by O’Connor et al. (2020) demonstrating increased levels in symp-

tomatic and presymptomatic ADAD. Plasma NFL has also been shown to be highly

correlated with CSF NFL, and is increased in the early stages of familial and spo-

radic AD (Preische et al., 2019, Weston et al., 2019, Zetterberg and Blennow, 2018).

1.4.3 Imaging biomarkers

1.4.3.1 T1 and T2-weighted imaging

The role of imaging in AD has historically been to exclude any alternative patholo-

gies that could be causing the observed cognitive impairment such as space-

occupying lesions. However recent diagnostic criteria have recommended that the

presence of medial temporal lobe atrophy on magnetic resonance imaging (MRI)
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be included in AD diagnosis (Dubois et al., 2015, Jack et al., 2018, McKhann et al.,

2011).

Single timepoint T1-weighted imaging has great diagnostic potential by en-

abling patterns of brain atrophy to be uncovered. Volumetric T1-weighted scans

are high resolution images that are typically obtained with good contrast between

grey and white matter. In research, this enables measurement of volumes in spe-

cific structures and analysis of detailed atrophy patterns at the level of the voxel

or using surface-based techniques. Serial T1-weighted imaging can detect change

in volume or thickness of the cortex or specific structures and have been used as

outcome measures in clinical trials (Dubois et al., 2015, Fox et al., 2005, Salloway

et al., 2009).

The pattern of brain atrophy seen in AD on MRI, initiating in medial tem-

poral lobe structures and the limbic system before spreading out to cortical areas

(Scahill et al., 2002), closely fits the pattern outlined in histopathological studies

of the spread of neurofibrillary tau tangles (Braak and Braak, 1991). It is becom-

ing clear that by the time that a clinical diagnosis of AD is given (according to the

McKhann criteria, 1984), the atrophy in the brain is already widespread. Evidence

from longitudinal imaging studies suggests that hippocampal volumes are already

reduced by 10% 3 years prior to diagnosis, with a whole brain loss of 6% by the

time a diagnosis is made (Johnson et al., 2012, Ridha et al., 2006). It is therefore

important to be able to predict those who are on the AD pathway. Medial temporal

lobe atrophy has been shown to be an effective predictor of future AD, with several

studies demonstrating high sensitivity and specificity values (DeCarli et al., 2007,

Korf et al., 2004).

T2-weighted FLAIR imaging is particularly useful for visualising changes in

tissue characteristics caused by cerebrovascular pathological processes. FLAIR

imaging has been used in the identification of WMHs. As WMHs are commonly

found around the lateral ventricles, the suppression of the CSF signal by the FLAIR

sequence enables better delineation of these lesions compared with standard T2-

weighted imaging. Current research surrounding the use of FLAIR imaging in
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WMH quantification is discussed in detail in section 1.5. Unlike volumetric T1-

weighted imaging, volumetric FLAIR imaging is still in its relative infancy, which

means the potential of precise and accurate changes has not yet been fully realised.

1.4.3.2 Positron emission tomography imaging

Positron emission tomography (PET) imaging has enabled the visulisation of AD

pathology in vivo using radioactive ligands. Fluoro-deoxy-D-glucose (FDG)-PET,

a glucose analogue, is a widely accepted biomaker of overall brain metabolism and

has a high sensitivity and specificity in the diagnosis of AD and MCI (Bloudek

et al., 2011, Mosconi et al., 2008). Hypometabolism has been shown to precede

cognitive decline and to be predictive of AD progression (de Leon et al., 2001).

PET imaging has also been utilised to visualise Aβ pathology. Pittsburgh

compound B (PiB) binds to Aβ with a high affinity many years prior to symp-

tom onset, and replicates the sequence of Aβ deposition confirmed at post mortem

(Ikonomovic et al., 2008). More recently fluorine-based PET tracers have been de-

veloped, with a high correlation to PiB tracer binding, but with a with a longer

half-life (Villemagne et al., 2012).

Aβ PET imaging has been shown to have a high sensitivity in diagnosing AD

(Klunk, 2011). There is evidence that a positive Aβ PET scan in MCI patients is

predictive of AD conversion, especially those with a typical amnestic presentation

(Jack et al., 2008b). An increase in Aβ PET uptake has been demonstrated very

early on in the disease process in an ADAD cohort (McDade et al., 2018). Aβ PET

is stable in clinical AD, as is the case for CSF Aβ and therefore there is little ev-

idence for correlation between Aβ PET and cognitive impairment (Klunk, 2011).

Aβ PET has also shown utility in the imaging of CAA, with several studies demon-

strating detection of cerebrovascular amyloid (Farid et al., 2017, Johnson et al.,

2007).

Compared to Aβ PET imaging, tau PET imaging is still in its infancy. Sev-

eral tau PET ligands, known as the first generation of tau tracers, including

[18F ]THK5317, [18F]THK5351, [18F]AV1451 and [11C]PBB3) have been tested

extensively in several studies. Patients with AD have higher levels of tau tracer
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binding compared to controls (Johnson et al., 2016, Ossenkoppele et al., 2016), with

some studies also showing differences between MCI and controls (Cho et al., 2016).

The few longitudinal tau PET tracer studies have suggested that tau PET accumu-

lation appears to be more uniform than the well characterised spread of pathology

(Jack et al., 2018). A recent study in ADAD has shown that tau PET uptake is

tied to the onset of cognitive decline (Gordon et al., 2019). The first generation

tau tracers have demonstrated considerable off-target binding to non-tau protein,

such as monoamine oxidase (MAO)-B, leading to the need for development of sec-

ond generation tau tracers. These tracers, including [18F ]MK-6240, [18F ]RO-948

[18F ]PI-2620, [18F ]GTP1, [18F ]PM-PBB3, although much less extensively charac-

terised, have showed less off-target binding (Leuzy et al., 2019).

1.4.3.3 Diffusion weighted imaging

Diffusion weighted imaging can provide information about changes to the in-

tegrity of grey and white matter in the brain. By examining the diffusion of water

molecules, diffusion weighted imaging can give information about the orientation,

location and anisotropy of the brain’s white matter tracts. The three-dimensional

nature of diffusion weighted imaging is characterised by a diffusion tensor, from

which metrics can be derived. Fractional anisotropy (FA) provides information

about the directional preference of diffusion, with axial (AxD) and radial diffu-

sivity (RD) representing the diffusion in the main direction of the tract and the

transverse direction to this. Mean diffusivity (MD) on the other hand reflects the

overall movement of water in each voxel. Diffusion weighted imaging has been

used to show differences between AD patients and controls in multiple white matter

regions (Acosta-Cabronero et al., 2012). Additionally, diffusion weighted imaging

can be effective in imaging changes that occur early in the disease process, with

alterations in diffusion weighted imaging metrics shown in presymptomatic ADAD

patients (Ringman et al., 2007, Ryan et al., 2013).

1.4.3.4 Susceptibility weighted imaging

Susceptibility weighted imaging (SWI) utilises the magnetic susceptibility differ-

ences of compounds, such as deoxygenated blood, blood products, iron and cal-



1.4. Biomarkers in Alzheimer’s disease 47

cium to generate new contrasts. SWI is useful in detecting micro and macro haem-

orrhages and revealing abnormalities to the cerebral vasculature. SWI has been

shown to have useful clinical applications, such as in the detection of microbleeds

caused by CAA and haemorrhages as a result of stroke (Halefoglu and Yousem,

2018). Additionally the ability of SWI to detect alterations in iron deposition is of

importance in numerous neurodegenerative diseases including AD, where increases

in iron has been linked to disease pathogenesis (Gao et al., 2017, Halefoglu and

Yousem, 2018) .

1.4.4 Modelling of biomarkers

The use of biomarkers in AD is helping to elucidate changes occurring at early

disease stages that would otherwise be undetectable. Understanding the temporal

ordering of these biomarkers across the disease course is hugely important and is an

area of research which is growing rapidly. In the traditional hypothetical model of

Alzheimer’s disease proposed by Jack et al. (2010a), changes occur first in CSF Aβ

and amyloid PET, followed by CSF tau and FDG PET, then structural MRI, then

clinical symptoms.

There have been several models derived from the analysis of data from

dominantly-inherited AD, where those in the presymptomatic period can be iden-

tified and their estimated years to onset (EYO) predicted from the age of onset of

their parent or family. Bateman et al. (2012) demonstrated a similar ordering of

biomarkers to those proposed by Jack et al. (2010a) in cross-sectional data from

the DIAN cohort, with declining CSF Aβ levels estimated to occur 25 years before

symptom onset, and with amyloid PET change, increasing CSF tau levels and brain

atrophy observed at 15 years prior to onset. Other multimodal biomarker studies in

ADAD are in general agreement over this sequence (Benzinger et al., 2013, Fleisher

et al., 2015). Models derived from longitudinal data, although largely agreeing with

the hypothesised temporal ordering of biomarkers, have demonstrated some inter-

esting differences from cross-sectional studies. McDade et al. (2018) showed that,

although predictions of changes in amyloid, cortical metabolism, atrophy and cog-

nition appeared at similar times to cross-sectional estimates, longitudinal estimates
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of CSF tau and p-tau elevation occurred 10 years later. A marked decrease in p-tau

was also observed close to symptom onset, as opposed to the consistent increase in

cross-sectional studies.

Although longitudinal data is more informative about an individual’s disease

trajectory, reconstruction of complete biomarker trajectories requires extensive lon-

gitudinal data collection from across the entire disease course. Due to the great

difficulty of collecting such data, the vast majority of longitudinal studies collect

short-interval data. Moreover, the majority of previous modelling studies rely on

crude pre-defined disease stages (Yang et al., 2011) or use EYO as a proxy of disease

progression; EYO being only available in familial AD and can be imprecise (Ry-

man et al., 2014). To overcome these issues, more complex data-driven approaches

to modelling disease are being developed that can provide a greater precision in

disease staging (Oxtoby and Alexander, 2017). Approaches such as event-based

modelling, where disease progression is considered as a series of events of single

biomarker changes, enable sequences of biomarker abnormalities to be determined

and can be used to understand different trajectories within AD (Fonteijn et al., 2012,

Oxtoby et al., 2018, Venkatraghavan et al., 2019).
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1.5 White matter hyperintensities

1.5.1 Overview

There is currently no cerebrovascular biomarker included in the research frame-

work proposed by Jack et al. (2018). WMHs, largely thought to be vascular in

origin, have emerged as a good candidate marker to enhance our understanding of

the associations between AD and vascular pathology. WMHs appear hyperintense

on T2-weighted or FLAIR imaging and hypointense on T1-weighted imaging and

are commonly found in the periventricular region or in the deep white matter (Figure

1.5).

Although WMHs are widely considered to be a surrogate marker of SVD,

WMHs also appear in other diseases such as inflammatory conditions like multi-

ple sclerosis (MS), and in inherited leukodystrophies (Sarbu et al., 2016). Even

within AD, recent evidence suggests that not all WMHs may have the same ori-

gin; some may be degenerative rather than vascular, as a result of AD pathology

(McAleese et al., 2017). Research suggests that the pathological basis of WMHs

is heterogeneous and that location is important in terms of their underlying cause

Figure 1.5: T1-weighted image and T2 FLAIR weighted images demonstrating white mat-
ter hyperintensities (WMHs). The red arrows indicate periventricular WMHs
and the blue arrows demonstrate deep WMHs.
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(Gouw et al., 2011, McAleese et al., 2017, Murray et al., 2012). It is clear that more

extensive characterisation of WMHs is essential in order to fully understand their

potential as a biomarker in AD.

1.5.2 Relevance of WMHs to AD

WMHs are highly associated with age (de Leeuw et al., 2001a, Ylikoski et al.,

1995), but they are not always a benign consequence of ageing. WMHs are asso-

ciated with a greater decline in cognition, in particular in executive function and

processing speed (De Groot et al., 2002, Garde et al., 2005, Prins et al., 2005). Indi-

viduals with WMHs are also at greater risk of stroke, dementia and death (Debette

and Markus, 2010).

WMHs have been shown to be an important consideration in AD; WMH bur-

den is increased in AD and in patients with MCI compared to controls (Scheltens

et al., 1992, Yoshita et al., 2006), predicting controls or MCI patients who con-

vert to clinical AD or dementia (Lopez et al., 2014). There is evidence to suggest

that WMHs have direct associations with hallmark AD features; WMHs have been

shown to associate with longitudinal brain volume changes (Barnes et al., 2013, En-

zinger et al., 2005, Schmidt et al., 2005) and hippocampal volume changes (Fiford

et al., 2017). WMHs have also been shown to associate with both CSF Aβ1-42 and

amyloid PET in both control and disease groups (Marnane et al., 2016, Pietroboni

et al., 2018, Zhou et al., 2015). More mixed results have been demonstrated with

CSF tau, but some studies have demonstrated a positive association (Tosto et al.,

2015, Vemuri et al., 2017).

WMHs have been shown to be an early change in AD. Evidence from ADAD

suggests that changes in WMHs could occur in the presymptomatic stage of dis-

ease, with total WMH volume deviating from normal controls around 6 years be-

fore symptom onset, with increases up to 22 years prior to onset observed in the

parietal and occipital lobes (Lee et al., 2016). A second study from the same group

demonstrated increases in WMHs up to 20 years prior to estimated onset in a subset

of the same cohort (Lee et al., 2018). Another long-term study of healthy elderly

controls suggested that an increase in WMH volume was observed around 10 years
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before conversion to MCI (Silbert et al., 2012).

1.5.3 Underlying Pathology of WMHs

Compared to the numerous imaging studies on WMHs, research into their patho-

logical basis remains relatively scarce. Pathological studies face the considerable

challenge of matching up a relatively small or focal lesion observed on a histori-

cal MRI scan, to the corresponding area in the post mortem brain, that may have

faced distortion after death and fixation methods (Fazekas et al., 1993, Gouw et al.,

2008a). The pathological studies that have been carried out have suggested a hetero-

geneous aetiology, with numerous potential histopathological correlates including

demyelination, axonal loss and gliosis (Fazekas et al., 1993, Gouw et al., 2008a,

2011, Murray et al., 2012).

Some evidence suggests that the location and appearance of WMHs could be

associated with differences in underlying pathology. It is suggested that WMHs

in the periventricular region have myelin and oligodendrocyte loss and astroglio-

sis, whereas deep WMHs demonstrate a loss of myelin that is not accompanied

by oligodendrocyte loss (Fazekas et al., 1993, Gouw et al., 2008a, 2011, Murray

et al., 2012). Some studies have suggested that deep WMHs are more related to

ischaemic changes as a result of SVD, whereas periventricular WMHs are particu-

larly related to age and due to alterations in fluid dynamics at the ventricular lining

(Smith et al., 2016). Other research has differentiated WMHs even further, suggest-

ing that both mild, well-defined periventricular WMHs and deep punctate WMHs

may not be clinically relevant, whereas diffuse periventricular WMHs and confluent

deep WMHs correspond to more severe tissue changes of ischaemic origin (Gouw

et al., 2011). Other theories however are that periventricular and deep WMHs are

more likely part of a continuous pathology, and differences are more related to dis-

ease stage than anything else (Fazekas, 2014, Wardlaw et al., 2015).

1.5.4 Pathogenic mechanisms of WMH formation

The prevailing theory is that WMHs are a result of some form of vascular dysfunc-

tion, most commonly ischaemia. WMHs tend to be located in areas that receive
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their blood supply from long perforating arteries with a long and tortuous course,

resulting in the an increased susceptibility to ischaemic changes (Black et al., 2009,

Fazekas, 2014). Arteriolosclerosis and hyaline wall thickening of these long arter-

ies, along with impaired autoregulation could result in the ischaemia of the white

matter in these areas, leading to WMHs (Prins and Scheltens, 2015).

There is also evidence to suggest that CAA could be a factor in WMHs. One

proposed mechanism for this is that the vascular deposition of Aβ in the walls of

cerebral blood vessels can lead to a reduction in blood supply to the white matter

and subsequent ischaemia (Reijmer et al., 2016). The failure of interstitial fluid

drainage through perivascular pathways has been proposed to underlie the amyloid

deposition seen in CAA (Weller et al., 2015). Associations between CAA and pos-

terior locations of WMHs have been demonstrated in both sporadic and familial

Alzheimer’s disease (Ryan et al., 2015, Thanprasertsuk et al., 2014, Weaver et al.,

2019).

Another theory of WMH formation, is that they are related to cerebrovascular

endothelial failure, causing increased permeability of the blood-brain barrier. This

could lead to leakage of material into the vessel wall and surrounding brain tissue

causing downstream consequences such as thickening of the vessel wall, inflam-

mation and impaired autoregulation, leading to ischaemia (Wardlaw et al., 2013,

2017). It has also been hypothesised that periventricular hyperintensities could be

due to changes in CSF dynamics at the ependymal lining of ventricles (Fernando

et al., 2006, Simpson et al., 2007a).

As well as AD, WMHs are also a feature of inflammatory conditions such as

MS. Unlike MS, it is improbable that inflammation is the major cause of WMHs

seen in AD, however some large studies have demonstrated a potential involvement

for inflammatory pathways (Lin et al., 2017, Swardfager et al., 2017). Elevations of

peripheral inflammatory markers have been found in people with clinical AD and

extensive WMHs (Swardfager et al., 2017).

Recently, it has been proposed that WMHs may, at least in part, be a result of

Wallerian degeneration in the context of cortical AD pathology. McAleese et al.
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(2017) found that parietal WMHs were not related to SVD, instead associating with

Wallerian degeneration as a result of phosphorylated tau pathology, in AD, but not

controls (McAleese et al., 2017).

It is looking increasingly likely that WMHs are not the product of one unifying

mechanism. Much more work is necessary to identify if there are any characteris-

tics, such as location, size or disease type or presence, that can point to a particular

pathogenesis before any widespread use as an AD biomarker.

1.5.5 Quantification

In order to undertake any analysis of WMHs, a suitable method of identification

must be used. This needs to be effective in detecting such heterogeneous lesions as

WMHs, where there are large variances in size, confluence and location. MRI scans

commonly have regions of artefact that resemble WMHs (Figure 1.6), such as those

attributable to vascular or CSF flow (Bakshi et al., 2000, Gawne-Cain et al., 1997),

corticospinal tracts, motion (Gawne-Cain et al., 1997) and magnetic susceptibility

due to bone, air and teeth fillings at the base of the frontal lobe (Lavdas et al., 2014).

Additionally, FLAIR images, although the easiest modality on which to visualise

WMHs, are susceptible to regions of bright artefact (Bakshi et al., 2000).

Historically, WMHs have been assessed using a visual rating method such as

the Scheltens scale or Fazekas scale (Fazekas et al., 1987, Scheltens et al., 1993).

Both methods are highly subjective and are limited in their ability to fully capture

information relating to size, location and severity of lesions. Manual segmentation

methods are considered the ‘gold standard’ as they are very accurate in delineating

WMHs from artefact and allow exact WMHs volumes to be quantified. However

this process is still subject to both inter- and intra-rater variability and is time con-

suming (Wilke et al., 2011). WMH segmentation methods need to be translatable

to the large datasets that are increasingly common in AD research, and to volumet-

ric scans that take longer to segment. Research into WMHs is therefore shifting to

more automated segmentation techniques. Although faster, automated techniques

remain liable to errors relating to the artefacts described above and must therefore

be assessed in comparison with a gold standard and quality control procedures put
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Figure 1.6: Common hyperintense artefact. The orange arrows highlight artefact in the
temporal and frontal temporal lobes. The red boxes highlight artefact in the
cerebellum and brainstem, which is commonly due to vascular of CSF flow
artefact.

in place.

1.6 Thesis rationale
WMHs show great promise as a biomarker in AD; the burden of WMHs is increased

in AD and MCI compared to controls (Scheltens et al., 1992, Yoshita et al., 2006),
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they can predict controls or MCI patients who will convert to AD (Lopez et al.,

2014), they are associated with a greater decline in cognition (De Groot et al., 2002)

and WMH burden is increased early on in the disease process (Lee et al., 2016,

2018). However, the hyperintense signal observed on T2-weighted/FLAIR imag-

ing is non-specific and is likely to have a heterogeneous pathological basis (Gouw

et al., 2008a). In order for their use as a successful biomarker in AD, a greater

understanding of the pathology that WMHs represent is necessary. Although tra-

ditionally thought of as a marker of SVD, evidence suggests that the pathological

basis could be mixed, and dependent on traits such as location and disease stage

(Gouw et al., 2011, McAleese et al., 2017).

Additionally, how WMHs fit in the context of well characterised AD pathology

and existing biomarkers is poorly understood. Previous studies have shown associ-

ations between WMHs and Aβ (Marnane et al., 2016), but do not cover the entire

disease spectrum. The results for tau (Kester et al., 2014, Tosto et al., 2015) and

NFL biomarkers (Mattsson et al., 2019, Osborn et al., 2018) are more mixed, with

evidence for and against associations with WMHs.

In light of the above, the aims for this thesis are:

1. To investigate associations between WMHs and biomarkers of the hallmark

AD pathologies.

• Chapter 3 - In this chapter I will look at associations of WMHs and CSF

Aβ , t-tau and p-tau using baseline data from the ADNI cohort.

• Chapter 4 - In this chapter I will look at associations of WMHs and NFL

using baseline data from the ADNI cohort.

2. To investigate WMHs in ADAD and assess the affect of mutation status.

• Chapter 5 - In this chapter I will look at how WMHs change over time

using longitudinal data from the DIAN cohort. I will assess the affect of

mutation type on WMHs and look at associations with brain atrophy as

quantified using the boundary shift integral (BSI).
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3. To investigate the underlying pathology of specific WMHs using ex vivo

imaging and subsequent histology correlations.

• Chapter 6 - In this chapter I will assess ex vivo MRI and subsequent

histological investigation as a tool for studying the underlying pathol-

ogy of WMHs in a small, young onset AD cohort. I will develop and

assess the effectiveness of an ex vivo MRI, brain sampling and histology

pipeline, before testing methodology for the registration of the in vivo

and ex vivo scans, and the ex vivo scan and histological sections. I will

then assess whether similarities or differences in WMHs between the

last in vivo MRI and the ex vivo scan can be observed, before looking

for any pathological changes apparent at the location of WMHs.



Chapter 2

Methods

2.1 Cohorts

2.1.1 ADNI

For the data featured in Chapters 3 and 4, data from ADNI was used. ADNI is a

multicentre, longitudinal public-private funded partnership, with the primary goal

of using demographic, biomarker, neuropsychological and MRI data to monitor

progression of AD. Since 2003, Principle Investigator Michael W. Weiner, MD,

has overseen recruitment of healthy controls, MCI and AD subjects from over

50 sites across the United States and Canada. (For up-to-date information, see

www.adni-info.org). Participants took part in baseline and follow-up clinical,

neuropsychometric and MRI assessments. CSF data was collected from all subjects

where possible. Written informed consent was obtained by the Institutional Re-

view Board at each participating centre. The data was downloaded from the ADNI

database (http://adni.loni.usc.edu/). Detailed information on inclusion

and exclusion criteria can be found here https://adni.loni.usc.edu/

wp-content/uploads/2008/07/adni2-procedures-manual.pdf.

Of importance to the work in this thesis, participants with a score of greater

than 4 on the Hachinski scale were excluded (Hachinski et al., 1975), resulting in

data that reflects a low prevalance of cerebrovascular disease. Additionally, in order

to try and screen out atypical presentations of AD, an amnestic impairment was

required in MCI and AD participants. Recruitment into ADNI occurred in several

www.adni-info.org
http://adni.loni.usc.edu/
https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
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phases. The first phase, ADNI1, enrolled 200 controls, 400 MCI and 200 mild AD

participants. 500 of these controls and MCI subjects continued to be followed up

into the ADNIGO and ADNI2 phases. The second phase, ADNIGO, additionally

enrolled 200 new early MCI (EMCI) participants. The third phase, ADNI2, newly

enrolled 150 normal control, 150 EMCI, 150 late MCI (LMCI) and 200 mild AD.

In the work in this thesis, only used data from participants that were newly recruited

into the ADNIGO and ADNI2 phases were used.

A diagnosis of MCI was based on a significant memory concern (by

participant or informant) and a clinical dementia rating of 0.5, but a Mini-

Mental State Examination (MMSE) no lower than 24. Level of MCI (early

or late) was determined by the Wechsler Memory Scale Logical Memory II

(https://adni.loni.usc.edu/wp-content/uploads/2008/07/

adni2-procedures-manual.pdf.). The significant memory concern (SMC)

group was developed by ADNI to bridge the gap between controls and MCI par-

ticipants, and is characterised by individuals who have self-reported a memory

complaint but score within a normal range for cognition.

2.1.2 DIAN

For the work in Chapter 5, data was used from participants that were members of

the DIAN cohort, available at the tenth data freeze. Established in 2008, DIAN is

the first international collaborative study of individuals carrying PSEN1, PSEN2 and

APP mutations with the main aim of characterising the progression of disease, espe-

cially in presymptomatic periods. Longitudinal clinical, imaging, neuropsycholog-

ical, and blood and CSF data is collected across 14 centres worldwide. The cohort

includes asymptomatic and symptomatic mutation carrier and their non-carrier fam-

ily members, who serve as a control group. Genotyping was carried out to ascertain

the mutation and carrier status of each participant. Ethical approval was obtained

by each participating centre and all study participants provided written informed

consent. The institutional review board at Washington University (St Louis, MO,

USA) provided supervisory review and human studies approval. (For up to date

information see https://dian.wustl.edu).

https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
https://dian.wustl.edu
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Clinical and imaging visits in DIAN are performed every 3 years for asymp-

tomatic individuals until they are within 3 years of their parental age of dementia

onset. Assessments switch to annual once an individual is within 3 years of parental

age at onset or they become symptomatic.The clinical assessment of participants in-

cluded evaluation using the Clinical Dementia Rating (CDR) and an estimation of

parental age at onset, used as a predictor of participants’ expected age at onset. A

participant’s EYO was subsequently calculated by subtracting the affected parent’s

symptom onset age from the participant’s age at scan visit.

2.2 In vivo MRI acquisition

2.2.1 ADNI

All sites in ADNI use a standardised protocol to obtain MRI data (3T), de-

scribed in Jack et al. (2015), before undergoing quality control at the Mayo Clinic

(Rochester, MN) to assess protocol compliance, image quality and any significant

neurological/radiological abnormalities. Further quality control was undertaken at

the Dementia Research Centre for motion artefacts. In depth imaging protocols

can be found at http://adni.loni.usc.edu/methods/documents/

mri-protocols/.

2.2.2 DIAN

MRI scans in DIAN were obtained using the standardised ADNI protocol described

above in section 2.2.1.

2.3 MRI analysis

2.3.1 WMH segmentation

2.3.1.1 Bayesian Model Selection (BaMoS) WMH segmentation

BaMoS is a novel data modelling framework for segmentation of pathological tis-

sue types (such as WMHs), generated by Dr Carole Sudre (Sudre et al., 2015).

This method was used to segment WMHs in Chapters 3 and 4 and was compared

to a manual segmentation method in Chapter 5. WMHs were segmented jointly

http://adni.loni.usc. edu/methods/documents/mri-protocols/
http://adni.loni.usc. edu/methods/documents/mri-protocols/
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using T1-weighted and T2-weighted/FLAIR sequences linearly co-registered in T1

space. Images are bias field corrected. BaMoS jointly models healthy and unex-

pected pathological tissue types by modelling the data as a hierarchical three-level

Gaussian mixture model. Each anatomical tissue class (grey matter, white mat-

ter, CSF, non-brain) is modelled as a mixture of Gaussians whose number is au-

tomatically and dynamically determined using a split and merge strategy and con-

strained by anatomical probabilistic atlases and neighbourhood constraints. Both

skull-stripping and atlases are obtained as a result of the label-fusion Geodesic In-

formation Flows (GIF) framework (Cardoso et al., 2015). Skull stripping was in-

corporated in the automated segmentation in order to normalise the data as part of

the BaMoS pipeline.

Finally, correction for false positives was applied to discard regions of muscle,

fat, skin, choroid plexus or other wrongly classified tissue based on clinical knowl-

edge of WMHs. In order to increase sensitivity to smaller WMH lesions with a

higher susceptibility to partial volume effect, a two-step two-threshold detection of

candidate lesions was adopted. Furthermore, the classification of candidate lesion

connected components was performed in two consecutive steps: first with a 6 neigh-

bourhood followed by an 18 neighbourhood definition in order to avoid discarding

region of mixed origin (artefacts + true lesion). Only supratentorial WMHs were

used.

All WMH segmentations were checked by a trained WMH rater for gross er-

rors. This quality control step was used to further develop robust improvement to

the post-processing step, contributing to a better handling of artefacts and their dif-

ferentiation from true WMHs. The corresponding cases were re-processed with the

appropriate modifications. Where there were image duplicates, the best segmenta-

tion was chosen.

2.3.1.2 Semi-automated white matter hyperintensity segmentation

The semi-automated WMH segmentation method was developed by Dr Cassy Fi-

ford, described in Fiford et al. (2020). This method was used for the WMH segmen-

tation training described in Chapter 3 and for WMH segmentation in Chapter 5. T1-
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weighted scans were registered to the FLAIR scans and segmentation was carried

out in FLAIR space. This protocol involves two intensity thresholds for segmen-

tation, whereby a higher threshold was used for WMHs with unclear boundaries

and a lower threshold was used for WMHs with definite boundaries. The higher

threshold was used in areas where WMHs are likely to be developing, often having

a bright core with a diffuse boundary, and in areas that have WMHs that are consid-

ered clinically normal such as periventricular caps (Gawne-Cain et al., 1997). The

lower threshold was used for lesions that are typically less bright and with defined

boundaries. A manual freehand approach was used for specific WMHs that were

not identified by the thresholds, but extra care was taken to ensure that abnormal

signal was present on both imaging modalities (FLAIR and T1-weighted), and that

temporal lobe and vascular flow artefacts were not included.

The high and low thresholds were based on percentages of median whole brain

intensity of the FLAIR, which were calculated using brain masks generated using

the GIF label fusion framework (Cardoso et al., 2015) on the T1-weighted image

and then copied to the co-registered FLAIR image. Threshold values were opti-

mised for the scanner type used, with Siemens and Philips scanners having high

and low thresholds of 130% and 120% of median brain intensity and GE scanners

having higher thresholds of 140% and 130%. The median whole brain intensity was

also used to obtain minimum and maximum viewing intensities, calculated as 15%

and 238% of median brain intensity respectively.

Volumes from the two thresholds and any freehand segmentations were added

together using seg maths from the NiftySeg platform and the total segmentation

volumes were extracted.

For the segmentation of the WMHs in Chapter 5, the protocol was further

developed for use with longitudinal data to ensure consistency across the same sub-

ject. Two consecutive segmentations were carried out: First a ’separate timepoint’

method and secondly a ’multiple timepoint’ method.
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2.3.1.2.1 ‘Separate timepoint’ Method

Every timepoint from each subject was initially treated as if they were independent

scans from separate individuals. A script was created that loaded up images in

a random order, to blind the rater. T1-weighted images (registered to the FLAIR

images) and the FLAIR images at the required viewing intensity were loaded up side

by side in NiftyMIDAS. The values for the high and low segmentation thresholds

were coded to appear in the image file name and the thresholds were set prior to

each segmentation. The segmentation was then carried out in the manner described

above.

2.3.1.2.2 ‘Multiple timepoint’ Method

In a second round of segmentations, the longitudinal nature of the scans were taken

into account. This method was to ensure that WMHs from one subject were be-

ing consistently included across all timepoints. A script was developed to load all

timepoints from each subject into NiftyMIDAS concurrently. Low threshold, high

threshold and freehand segmentations from the ‘separate timepoint’ method over-

layed onto the FLAIR images, along with the T1-weighted images, were displayed

adjacent to each other. In order to ensure the person segmenting was blinded to both

subject and timepoint, the script loaded subjects randomly with their timepoints in

a random order. WMHs that had not met the threshold for inclusion, but were

consistently included across other timepoints, was considered for editing using the

following guidelines:

• In higher threshold regions where a definite WMH had been missed, the lower

threshold was used. In these subjects, it was common for the other timepoints

that had picked up this WMH to not capture the full extent of the lesion (the

T1-weighted image was used especially closely as a reference in these in-

stances). The higher threshold was therefore removed and replaced with the

lower threshold to be consistent across all timepoints for one subject.

• No freehand segmentations were used in strictly high threshold regions (e.g.

in the posterior corona radiata).

• Where WMHs had been missed in regions where the lower threshold would
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normally be used, a freehand segmentation was used using the hypointense

region on the T1-weighted image as a reference.

2.3.2 Boundary shift integral

In Chapter 5, brain volume loss was calculated using the using the BSI (Freebor-

ough and Fox, 1997). The BSI was used to estimate change directly from pairs

of T1-weighted scans, following whole brain segmentation using the whole brain

masks calculated from GIF. Pairs of scans were linearly registered (using 12 degrees

of freedom). The results of all the pairwise registrations were then averaged to find

the midpoint space. Scans were transformed to the midpoint space and underwent

differential bias correction. Volume change between baseline scan and each serial

scan was then measured using the BSI in the average space (Leung et al., 2012).

2.3.3 Total intracranial volume (TIV)

In many analyses TIV is used as a proxy for prodromal brain size. TIV was esti-

mated using GIF, using T1-weighted images only (Cardoso et al., 2015).

2.4 Pathology

2.4.1 Cases

The brains used in this study were donated to the Queen Square Brain Bank for

Neurological Disorders (QSBB; Institute of Neurology, University College Lon-

don). Ethical approval for the study was obtained from the Local Research Ethics

Committee of the National Hospital for Neurology and Neurosurgery.

2.4.1.1 Staging of cases

A neuropathological diagnosis was determined by the neuropathologist, Dr Zane

Jaunmuktane, at Queen Square Brain Bank using the three-tiered grading system set

out by the National Institute of Aging, Alzheimer’s Association guidelines. Firstly,

a Thal phase ranging from 0 - 5 was given based on the distribution of Aβ plaques in

the neocortex, allocortex and basal ganglia, brain stem and cerebellum (Thal et al.,

2002b) . Secondly, a Braak and Braak stage of I-VI was given for the distribution of

tau pathology throughout the brain (Braak and Braak, 1991). Lastly, the frequencies



2.4. Pathology 64

of neuritic plaques were staged with a score of 0 - 3 called the CERAD score. The

three different scores are then used to determine the overall ABC score (Montine

et al., 2012).

The extent and severity of CAA was determined by the neuropathologist, Dr

Zane Jaunmuktane, based on a five-tier grading system (Olichney et al., 1996).

Score 0 was given to vessels with no amyloid deposition, while score 1 was given

to those with traces or scattered distribution of amyloid in leptomeningeal or corti-

cal blood vessels. A score of 2 is indicative of some vessels in the leptomeninges

having circumferential amyloid staining. Score 3 represents widespread, circumfer-

ential staining of many leptomeningeal and superficial cortical vessels. A score of

4 corresponds to severe amyloid deposition accompanied by projection of amyloid

into the adjacent parenchyma or the presence of amyloid deposition in capillaries.

2.4.2 Histological staining

15µm thick parafin sections were dried at 37◦C overnight. Sections were placed in

three changes of xylene for 3 minutes each in order to deparaffinize them. Sections

were then rehydrated in graded alcohol in the order of 100%, 90% and 70%, before

washing. For haemotoxylin and oesin (H&E) staining, sections were placed in Gill’s

haematoxylin for 5 mins, followed by washing and differentiation in acid alcohol.

Sections were then washed under running tap water. For luxol fast blue (LFB) stain-

ing, sections were placed in filtered LFB solution at 60◦C overnight. Sections were

then washed twice in deionised water, before differentiating in lithium carbonate.

Sections were then placed in 70% alcohol, followed by washing in deionised wa-

ter. Sections were then stained in acidified, filtered cressyl violet solution for 20

minutes at 60◦C, before a final wash.

2.4.3 Immunohistochemistry

15µm thick parafin sections were dried at 37◦C overnight, before being incubated

at 60◦C overnight prior to staring the immunohistochemistry protocol. Sections

were placed in three changes of xylene for 3 minutes each in order to deparaffinize

them. They were then rehydrated in graded alcohol in the order of 100%, 90%
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and 70%. The endogenous peroxidase activity was blocked using 0.3% hydrogen

peroxide in methanol for 10 minutes and then washed in distilled water for 5 min-

utes. Sections were then pressure cooked in citrate buffer pH 6.0 for 10 minutes

or incubated with proteinase K (MBP antibody). Non-specific protein binding was

blocked by incubating the sections for 30 minutes at room temperature in 10% non-

fat milk in TBS-Tween. The slides were then incubated in primary antibody for 1

hour at room temperature. The sections were then washed 3 times in TBS-Tween,

with 2 minutes between each wash. The sections were then incubated with their re-

spective biotinylated secondary antibodies (rabbit anti-mouse, Dako, 1:200, swine

anti-rabbit, Dako, 1:200) for 30 minutes at room temperature followed by wash-

ing 3 times in TBS-Tween, with 2 minutes in between each wash. Sections were

then incubated in avidin-biotin complex (Dako) for 30 minutes at room tempera-

ture, followed by washing 3 times in TBS-Tween, with 2 minutes in between each

wash. The antigen-antibody reaction was visualised using diaminobenzidine (DAB,

Sigma) as the chromagen. Sections were placed in a TBS-Tween DAB solution,

which was activated with 128µl of hydrogen peroxide for 4 minutes before check-

ing the intensity of the colour. Sections were then counterstained with Mayer’s

Haemotoxylin (BDH) for 15 seconds before being washed in warm water. The

sections were then dehydrated through graded alcohol concentrations (70%, 90%

and 100%) before being cleared in two changes of xylene. The sections were then

mounted using Depex (BDH).

2.5 Software

2.5.1 NiftyMIDAS

NiftyMIDAS is a software tool used in this thesis for WMH segmentation. NiftyMI-

DAS has recently been developed by Centre for Medical Imaging Computing at

UCL. NiftyMIDAS enables simultaneous segmentation of multi-modal data, which

was used in this work to semi-automatically segment and display FLAIR and T1-

weighted images. NiftyMIDAS has recently been made open source as part of

NifTK (https://cmiclab.cs.ucl.ac.uk/CMIC/NifTK).

https://cmiclab.cs.ucl.ac.uk/CMIC/NifTK
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2.5.2 Stata

Stata version 16 (Stata Corporation, College Station, TX, USA) was used for all of

the statistical analysis in this thesis.

2.5.3 Olympus VS-desktop

VS-desktop (Olympus) is a image analysis tool used in this thesis for the visualisa-

tion and extraction of the scanned slides.

2.5.4 ImageJ

ImageJ (https://imagej.nih.gov/ij/) is an open source Java image pro-

cessing program developed at the National Institute of Health. ImageJ was used for

the analysis of the immunohistochemical stains.

https://imagej.nih.gov/ij/


Chapter 3

Associations of WMHs and CSF

biomarkers in sporadic AD

3.1 Introduction

Research studies are now moving toward a more biomarker led approach to AD

(Jack et al., 2018), making it important to understand how possible biomarkers are

interrelated at different stages of disease. Previous studies have found that WMHs

associate with amyloid accumulation, as measured by PET (Kandel et al., 2016,

Marnane et al., 2016) and CSF biomarkers (Marnane et al., 2016, Pietroboni et al.,

2018). Tau aggregation has also been linked to WMH burden (McAleese et al.,

2015, Tosto et al., 2015), although results are somewhat less consistent (Kester et al.,

2014, Osborn et al., 2018). The aim of this chapter was to add evidence to further

characterise these complex relationships between AD and WMHs, and to extend

the current literature by examining these relationships across the full spectrum from

normal ageing to AD.

I hypothesised that WMHs would show associations with CSF Aβ1-42, t-

tau, and p-tau biomarkers, reflecting the potential relationships between vascular

dysfunction, amyloid deposition, neurodegeneration, and tau deposition. Because

WMHs are likely to represent different admixtures of pathology at different dis-

ease stages, with recent evidence suggesting in later disease stages WMH associa-

tions with tau may be stronger (McAleese et al., 2017) and Aβ1-42 may be weaker
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(Zhou et al., 2009), I also hypothesised that the relationships between Aβ and tau

biomarkers and WMHs may change throughout the disease course with stronger

associations between tau markers and WMHs at later disease stages, and weaker

associations between Aβ1-42 and WMHs at the more advanced stages.

3.2 Methods

3.2.1 Cohort

All data used for this work was from the ADNI2 and GO database, see section

2.1.1. A proportion of subjects also had available CSF Aβ1-42, t-tau and p-tau data

collected. Controls, SMC, EMCI, LMCI, and AD participants newly recruited into

ADNI2 or GO, who had a baseline 3T FLAIR and T1-weighted MRI scan were

used in this study.

3.2.2 WMH segmentation

3.2.2.1 WMH segmentation training in a training ADNI dataset

In order to ensure I was proficient in assessing any segmentation of WMHs, I un-

derwent training on the semi-automated segmentation protocol developed by Dr

Cassy Fiford and described in section 2.3.1.2. Here my effectiveness at segmenting

WMHs was assessed on a training data set, using an expert rater to assess inter-rater

reliability. 60 subjects from the ADNI2/GO dataset were segmented by myself and

an expert rater (Dr Cassy Fiford). This assessment set were composed of 30 con-

trols and 30 AD patients from each of the three scanner types (Siemens, Philips and

GE). T1-weighted images were registered to the FLAIR images. Segmentation was

blinded to subject identity, diagnosis and scanner type. The only prior knowledge

was the high and low segmentation thresholds, which were calculated as percentage

of median brain intensity.

Overall WMH volumes from myself and the expert rater were compared, along

with Dice score coefficients. The Dice score coefficient is a measure of spatial

overlap between two segmentations. The Dice score is highly dependent on the

WMH load, with the same amounts of error between two segmentations affecting
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the Dice score of the small volume more than the larger volume. A Dice score of

0.7 or over is widely considered to be good (Caligiuri et al., 2015).

3.2.2.2 Automated segmentation in the full ADNI cohort

The ADNI MRI protocol has been described previously in (Jack et al., 2008a) and

in section 2.2.1. WMH segmentation was carried out using BaMoS, described pre-

viously in section 2.3.1.1. A visual assessment of all the BaMoS WMH segmen-

tations using NiftyMIDAS was carried out and their performance was graded from

1 - 3, where 1 was a pass, 2 had borderline levels of artefact and 3 had unusable

levels of artefact. Information about the artefact location was also noted. 911 par-

ticipants’ scans were reviewed, with 890 graded 1, and only 16 and 5 graded 2

and 3 respectively. The BaMoS algorithm subsequently underwent methodological

improvements using the information about the artefact severity and location. The

visual assessment was then repeated by Dr Josephine Barnes. In this second visual

assessment, an increased number of scans were available from ADNI so that 944

individuals were assessed, and 12 were considered unusable. 3 further individuals

were excluded because of lack of demographic/diagnostic information. To calcu-

late the parietal and nonparietal WMHs, Euclidean distance maps from the cortical

lobar parcellation obtained from GIF were used to assign each white matter voxel

to the closest associated lobe.

3.2.3 CSF measurements

CSF Aβ1-42, t-tau, and p-tau were measured at the ADNI biomarker core (Uni-

versity of Pennsylvania) using the microbead-based multiplex immunoassay, the

INNO-BIA AlzBio3 RUO test (Fujirebio, Ghent, Belgium), on the Luminex plat-

form (Luminex Corp, Austin, TX, USA). The raw, untransformed CSF values were

used in all analyses. Aditional analyses were carried out on CSF data obtained us-

ing the Roche Elecsys cobas e 601 fully automated immunoassay platform at the

ADNI biomarker core (University of Pennsylvania).
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3.2.4 Statistical analyses

3.2.4.1 Variables used in analyses

The participant information downloaded and used in this study included: age, gen-

der, MMSE scores, APOE ε4 status, height and weight, smoking status, history, hy-

pertension history and diabetes history. BMI was calculated from height and weight

variables. Smoking status was coded as 1) never smoked, 2) previous smoker, 3)

current smoker, using the information downloaded on smoking history.

3.2.4.2 Data transformation

For WMHs, most analyses were performed on loge transformed values to reduce

skewness. For analyses involving associations between WMH volume and CSF

biomarkers, CSF biomarker values were standardised using the pooled within-

group standard deviations (SDs) calculated from a linear regression model for each

biomarker that allowed for differences in mean levels by group. Because WMH

volumes were analysed on a logarithmic scale the resulting coefficients were back-

transformed so that they expressed percentage increases or decreases in WMHs for

each 1 SD increase in CSF biomarkers.

3.2.4.3 Diagnostic group differences

To estimate differences in means across groups for demographic, imaging, and

CSF variables, linear regression models were used for continuous variables. For

logeWMHs, linear regression models were used with group as the predictor of inter-

est and adjustment for TIV. Differences in untransformed WMH volumes across di-

agnostic groups were also assessed, using linear regression with adjustment for TIV.

Analogous comparisons were performed for categorical variables, with Fisher’s ex-

act tests used for gender, APOE ε4 status, hypertension and diabetes, and a chi-

square test for smoking status.

3.2.4.4 WMH and CSF biomarker relationships with age

Analyses were performed assessing the relationship between age and WMHs using

linear regression models with logeWMHs being the dependent variable and age

and TIV being predictors. This was initially performed in each diagnostic group
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separately, with one further model fitted that allowed for an interaction between

diagnostic group and age.

To examine relationships between age and CSF variables, linear regression

models were initially performed with Aβ1-42 as the dependent variable and age as

the predictor, before replacing Aβ1-42 with t-tau and then p-tau.

3.2.4.5 WMH and CSF biomarker relationships

To explore whether CSF Aβ1-42 was associated with WMHs across diagnostic

groups, separate diagnostic group-specific linear regression models were fitted with

logeWMHs as the dependent variable and standardised Aβ1-42 and TIV as predic-

tors. Between-group differences in slope were assessed by fitting a further model

in the combined diagnostic groups, with interactions between diagnostic group and

Aβ1-42, and carrying out a joint interaction test. All models were also refitted

with age at the baseline as an additional covariate. Analyses including age were

secondary, since age at the baseline may be on the causal pathway (theoretically a

proxy for the number of vascular events that may have happened to an individual

and the ability to clear amyloid). Analogous procedures were used with Aβ1-42

values being replaced by t-tau and then by p-tau. Scatter plots of logeWMH vol-

ume against CSF Aβ1-42, t-tau, or p-tau in each group were also generated to show

unadjusted associations.

Further analysis was carried out in the cohort as a whole, adjusting for par-

ticipant group. A first set of linear regression models explored the Aβ1-42-WMH

relationship adjusting for (1) nothing; (2) TIV; (3) TIV and diagnostic group; (4)

TIV, group and age; (5) TIV, group age and APOE ε4. This was repeated in a sec-

ond set of models adding t-tau as a covariate to all models in the set (1) to (5) and

in a third set of models by adding p-tau to all models in the set (1) to (5). Partial R2

values for these potential confounders were also calculated for each covariate from

model (5) in each set.

This covariate analysis was then repeated twice for the relationship with t-tau

and then p-tau with WMHs, with the second set of models adding in Aβ1-42 as a

covariate.
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3.2.4.6 Elecsys biomarker analysis

The group specific analyses described above were repeated using the Elecsys

biomarker data, where available. Group-specific linear regression models were fit-

ted with logeWMHs as the dependent variable and standardised biomarker and TIV

as predictors.

3.2.4.7 Vascular risk analysis

To assess the impact of vascular risk factors on the WMH-age relationship, smok-

ing, hypertension, body mass index (BMI), and diabetes were added as covariates

into separate diagnostic group-specific models and then in a combined model.

3.2.4.8 Parietal lobe vs whole brain analysis

Associations between CSF biomarkers and parietal lobe WMH volumes versus non-

parietal WMHs were also assessed. These analyses used CSF Aβ1-42, t-tau, or p-

tau as the dependent variable and loge transformed parietal and nonparietal WMH

volumes as predictor variables.
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3.3 Results

3.3.1 WMH segmentation training

Figure 3.1: Scatter plots showing a) the comparison of the raw WMH volumes segmented
using BaMoS and the semi-automated protocol and b) Dice score coefficients
demonstrating the degree of overlap.

Figure 3.1 demonstrates the high level of similarity between the semi-automated

segmentations carried out by myself and the expert rater on the training set of 60

scans. This is indicated by the volumes (Figure 3.1a) and the Dice score coefficient

(Figure 3.1b). The Dice score coefficient demonstrates a high degree of overlap

between the trainee and expert, with values of between 0.8 and 1 for most subjects.

3.3.2 Group demographics

There were 929 subjects with useable WMH values and available demographic data.

Table 3.1 shows demographic, imaging, and CSF biomarker summary statistics for

each diagnostic group. Between-group differences were seen in age, with the AD

group being the oldest and the EMCI group being the youngest. Participants dif-

fered as expected in terms of MMSE, APOE ε status, CSF Aβ , CSF t-tau, and

CSF p-tau with poorer scores, greater ε4 carriage, and CSF biomarkers indicative

of more pathology from controls to EMCI to LMCI to AD. Group differences were

also seen in WMH volume, driven by the AD group having a significantly higher

burden than all groups (Table 3.1, Figure 3.2). In terms of vascular risk factors, dif-

ferences were only observed between groups in BMI, with a lower BMI observed

in the AD group.
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Table 3.1: Demographic, imaging and CSF summary statistics

Controls SMC EMCI LMCI AD
p value
across
groups

N (total = 929) 180 107 320 171 151

Age 73.4 (6.2) 72.3 (5.5) 71.0 (7.5) 72.4 (7.7) 75.0 (8.0) <0.001

Male (%) 46 43 54 56 56 0.08

MMSE /30 29.0 (1.3) 29.0 (1.3) 28.3 (1.6) 27.6 (1.8) 23.1 (2.1) <0.001

APOE ε4 positive
(%)

33 36 47 60 71 <0.001

TIV (ml) 1403 (134) 1414 (125) 1423 (136) 1436 (132) 1416 (151) 0.2

WMH volume (ml) Median (IQR) 3.4 (4.8) 3.4 (4.4) 3.8 (6.1) 3.7 (8.1) 5.8 (9.0) 0.005a

LogeWMHs (ml) 1.3 (0.9) 1.3 (0.9) 1.4 (1.0) 1.4 (1.0) 1.7 (1.0) 0.002a

CSF Aβ1-42 (pg/ml)b 270.5 (80.2) 308.3 (91.2) 251.0 (79.0) 212.0 (77.3) 181.1 (64.3)
<0.001

Median (IQR) 287.5 (120.5) 318.0 (157.0) 255.0 (136.0) 190.5 (103.0) 169.0 (53.0)

CSF t-tau (pg/ml)c 62.5 (29.0) 59.6 (24.7) 70.9 (42.3) 93.3 (50.2) 120.1 (56.3)
<0.001

Median (IQR) 53.0 (33.6) 53.6 (27.3) 59.2 (39.1) 81.3 (72.6) 108.0 (71.2)

CSF p-tau (pg/ml)d 21.8 (10.0) 21.6 (10.6) 23.0 (11.0) 28.6 (14.3) 34.2 (17.8)
<0.001

Median (IQR) 19.6 (11.1) 18.3 (10.6) 20.4 (12.9) 25.5 (17.0) 31.3 (17.9)

History of
hypertension (%)

49 47 50 45 52 0.8

Smoking:

Never (%) 58 53 39 65 61

0.4Previous (%) 37 45 2 33 34

Current (%) 4 2 10 2 4

BMI 27.4 (4.6) 28.4 (6.3) 28.2 (5.3) 27.4 (4.9) 26.2 (5.3) <0.001

History of diabetes 7 10 11 9 15 0.2

Values are mean (SD) unless reported.
a Adjusted for TIV
b Available in 138 controls, 92 SMC, 252 EMCI, 144 LMCI, 119 AD
c Available in 139 controls, 92 SMC, 252 EMCI, 145 LMCI, 119 AD.
d Available in 143 controls, 92 SMC, 265 EMCI, 149 LMCI, 125 AD.

3.3.3 WMHs and age

Table 3.2 shows the partial regression coefficients for the relationship between

WMHs and age in each diagnostic group, and Figure 3.3 shows the corresponding

Table 3.2: Regression model results for the relationship between WMHs and age, by group

WMHs and age Controls SMC EMCI LMCI AD

Change in WMHs (ml) per decade
increase in age 0.4 0.4 0.7 0.6 0.6

95% confidence intervals (0.2 to 0.6) (0.1 to 0.7) (0.6 to 0.8) (0.4 to 0.8) (0.4 to 0.8)

p value <0.001 <0.001 <0.001 <0.001 <0.001

Between group differences in slope: p value = 0.2

Estimates are shown for logeWMH volume increase, with 95% confidence intervals, for every decade increase in age and all
adjusted for TIV.
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Figure 3.2: Box plot showing WMH volume per group. Values are shown as group means
for logeWMH volume adjusted for TIV, with 95% confidence intervals.

scatter plots. There was strong evidence for a positive association between WMHs

and age in each diagnostic group, but no significant interactions between age and

diagnostic group were observed.

3.3.4 CSF biomarkers and age

Table 3.3 shows partial regression coefficients for the relationship between CSF

biomarkers and age, in each diagnostic group and Figures 3.4, 3.5 and 3.6 show

corresponding scatter plots. Aβ1-42 has an inverse relationship with age in both

control and EMCI groups, whereby a 1 year increase in age is associated with a

0.04 and 0.03 SD decrease respectively. T-tau and p-tau demonstrate similar rela-

tionships with age, albeit with smaller effect that Aβ1-42, with the control (0.03

and 0.02 SD change respectively) and EMCI (0.03 and 0.01 SD change respec-

tively) groups positively associated and the AD group showing an inverse relation-

ship (-0.03 and -0.04 SD change respectively). The SMC group also demonstrated

a positive association between tau and age (0.02 SD change).

There is a significant overall interaction between Aβ1-42’s relationship with

age and diagnostic group. This is driven by the AD group being significantly dif-
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Figure 3.3: Scatter plots showing the relationship between WMHs and age in controls,
SMC, EMCI, LMCI and AD groups. WMH volume is shown on a log scale
and is unadjusted for any covariates.

Figure 3.4: Scatter plots showing the relationship between CSF Aβ1-42 and age in con-
trols, SMC, EMCI, LMCI and AD groups.
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Figure 3.5: Scatter plots showing the relationship between CSF t-tau and age in controls,
SMC, EMCI, LMCI and AD groups.

Figure 3.6: Scatter plots showing the relationship between CSF p-tau and age in controls,
SMC, EMCI, LMCI and AD groups.
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Table 3.3: Regression model results for the relationship between CSF biomarkers and age,
by group

Controls SMC EMCI LMCI AD

Aβ1-42
SD change in Aβ1-42 per
decade increase in age

-0.4 -0.2 -0.3 -0.2 0.08

95% confidence intervals (-0.7 to -0.2) (-0.6 to 0.3) (-0.5 to -0.2) (-0.4 to 0.1) (-0.1 to 0.3)

p value 0.001 0.4 <0.001 0.07 0.4

Between group differences in slope: p value = <0.001

T-tau
SD change in t-tau per
decade increase in age

0.3 0.2 0.3 -0.02 -0.3

95% confidence intervals (0.1 to 0.5) (0.008 to 0.4) (0.1 to 0.4) (-0.3 to 0.2) (-0.6 to -0.06)

p value 0.001 0.04 0.002 0.9 0.02

Between group differences in slope: p value = <0.001

P-tau
SD change in t-tau per
decade increase in age

0.2 0.05 0.1 -0.2 -0.4

95% confidence intervals (0.01 to 0.4) (-0.3 to 0.4) (0.005 to 0.3) (-0.4 to 0.03) (-0.7 to -0.07)

p value 0.04 0.8 0.04 0.09 0.02

Between group differences in slope: p value = <0.001

Estimates are for SD change in CSF biomarker per decade increase in age. The SD is the pooled within-group SD, calculated
from a linear regression model that allowed for differences in mean levels of CSF biomarker by group.

ferent from controls and EMCI, whereby the AD group demonstrates an increase in

CSF Aβ1-42 with increasing age, compared to the inverse relationship in the other

groups. This difference is greater in younger subjects.

There is a significant overall interaction between both t-tau’s and p-tau’s rela-

tionship with age and diagnostic group. For both t-tau and p-tau this is driven by the

AD group being significantly different from controls and EMCI, whereby the AD

group demonstrates a decrease in tau with increasing age, compared to the opposite

relationship in the other groups.
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3.3.5 CSF biomarkers and WMHs in each group

Table 3.4: Regression model results for the relationship between WMHs and CSF Aβ1-42,
by group

WMHs and Aβ1-42 Controls SMC EMCI LMCI AD

TIV adjusted
% reduction in WMHs (ml) per
1SD change inAβ1-42 30.4 20.0 22.0 14.9 18.0

95% confidence intervals (20.3 to 39.3) (6.4 to 31.6) (12.5 to 30.5) (-0.5 to 28.0) (-0.2 to 32.8)

p value <0.001 0.006 <0.001 0.06 0.05

TIV and age adjusted
% reduction in WMHs (ml) per
1SD change in Aβ1-42 26.7 18.7 12.3 9.4 21.7

95% confidence intervals (15.7 to 36.2) (5.2 to 30.2) (2.5 to 21.0) (-5.5 to 22.2) (6.8 to 34.2)

p value <0.001 0.009 0.02 0.2 0.006

Between group differences in % reductions per 1SD change in Aβ1-42: p value = 0.4 (0.4 with age adjustment)

Estimates are percentage decrease in WMH volume per one SD change (1 SD = 78.3pg/ml) in Aβ1-42. The SD is the pooled
within-group SD, calculated from a linear regression model that allowed for differences in mean levels of Aβ1-42 by group.

Figure 3.7: Scatter plots showing the relationship between WMHs and CSF Aβ1-42 in
controls, SMC, EMCI, LMCI and AD groups. WMH volume is shown on a log
scale and is unadjusted for any covariates.

Table 3.4 shows the estimated percentage decreases in WMHs for increases

in CSF Aβ1-42 after adjustment for TIV and Figure 3.7 shows the corresponding

scatter plots. Evidence for an association between CSF Aβ1-42 and WMH was

observed, whereby an increase in WMHs was associated with a decrease in CSF
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Table 3.5: Regression model results for the relationship between WMH and CSF t-tau, by
group

WMHs and t-tau Controls SMC EMCI LMCI AD

TIV adjusted
% reduction in WMHs (ml)
per 1SD change in t-tau

5.1 3.8 13.2 -4.0 -3.3

95% confidence intervals (-16.4 to 32.0) (-24.9 to 43.5) (0.2 to 27.7) (-16.9 to 11.1) (-15.2 to 10.2)

p value 0.7 0.8 0.05 0.6 0.6

TIV and age adjusted
% reduction in WMHs (ml)
per 1SD change in t-tau

-7.3 -5.1 2.4 -3.9 3.6

95% confidence intervals (-26.6 to 16.3) (-31.2 to 30.9) (-8.0 to 14.0) (-15.7 to 9.5) (-7.9 to 16.5)

p value 0.5 0.8 0.7 0.6 0.6

Between group differences in % reductions per 1SD change in t-tau: p value = 0.4 (0.7 with age adjustment)

Estimates are percentage increase in WMH volume per one SD change (1 SD = 42.8pg/ml) in t-tau. The SD is the pooled
within-group SD, calculated from a linear regression model that allowed for differences in mean levels of t-tau by group.

Figure 3.8: Scatter plots showing the relationship between WMHs and CSF t-tau in con-
trols, SMC, EMCI, LMCI and AD groups. WMH volume is shown on a log
scale and is unadjusted for any covariates.

Aβ1-42. Although the estimated slope of the association in the five diagnostic

groups varied somewhat (and was not formally statistically significant in the LMCI

and AD groups), 95% confidence intervals were relatively wide and the variability

in estimates was consistent with chance (joint tests for differences in slopes among

groups were not statistically significant). The effect of CSF Aβ1-42 on WMHs was
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Table 3.6: Regression model results for the relationship between WMHs and CSF p-tau, by
group

WMHs and p-tau Controls SMC EMCI LMCI AD

TIV adjusted
% reduction in WMHs (ml)
per 1SD change in p-tau

13.6 14.1 3.5 -8.7 0.5

95% confidence intervals (-6.6 to 38.3) (-8.8 to 42.8) (-10.0 to 18.9) (21.3 to 5.9) (-10.8 to 13.3)

p value 0.2 0.3 0.6 0.2 0.9

TIV and age adjusted
% reduction in WMHs (ml)
per 1SD change in p-tau

7.3 13.1 -3.9 -3.0 8.0

95% confidence intervals (-11.3 to 29.9) (-9.0 to 40.5 ) (-14.8 to 8.4) (-15.3 to 11.1) (-3.0 to 20.3)

p value 0.5 0.3 0.5 0.7 0.1

Between group differences in % reductions per 1SD change in p-tau: p value = 0.4 (0.5 with age adjustment)

Estimates are percentage increase in WMH volume per one SD (1 SD = 12.8pg/ml) change in p-tau. The SD is the pooled
within-group SD, calculated from a linear regression model that allowed for differences in mean levels of p-tau by group.

Figure 3.9: Scatter plots showing the relationship between WMHs and CSF p-tau in con-
trols, SMC, EMCI, LMCI and AD groups. WMH volume is shown on a log
scale and is unadjusted for any covariates.

typically reduced after adjustment for age.

Table 3.5 shows the percentage increases in WMHs for increases in CSF t-tau

and Figure 3.8 shows the corresponding scatter plots. With adjustment for TIV,

WMH burden was borderline positively associated with t-tau only in the EMCI

group. This association was no longer significant after adjusting for age. There was
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no evidence for an interaction between t-tau and group.

Table 3.6 shows the percentage increases in WMHs for increases in CSF p-tau

and Figure 3.9 shows the corresponding scatter plots. There was no evidence for an

association between WMHs and p-tau in any diagnostic group. There no evidence

for an interaction between group and p-tau.

3.3.5.1 Elecsys biomarker analysis

Table 3.7: Elecsys CSF summary statistics, by group.

Controls n=137 SMC n=92 EMCI n=252 LMCI n=143 AD n=119
p value
across
groups

1252.2 (450.9) 1228.8 (424.7) 1109.8 (440.2) 908.3 (382.8) 693.7 (329.5)
CSF Aβ1-42 (pg/ml)

Median (IQR) 1345.0 (810.1) 1313.5 (825.2) 1085.5 (925.1) 810.6 (440.7) 624.1 (292.4)
<0.001

235.7(91.5) 241.9 (95.2) 255.5 (117.4) 309.9 (137.6) 384.4 (155.7)
CSF t-tau (pg/ml)

Median (IQR) 210.1 (103.1) 217.8 (133.2) 233.9 (121.7) 283.7 (171.8) 353.7 (177.7)
<0.001

21.7 (9.2) 22.1 (9.8) 24.1 (13.2) 30.3 (13.7) 37.9 (16.2)
CSF p-tau (pg/ml)

Median (IQR) 19.3 (10.6) 19.3 (11.5) 20.7 (12.8) 27.7 (17.5) 34.3 (20.4)
<0.001

Values are mean (SD) unless reported.

Summary statistics for the subgroup with CSF measures from the Elecsys assay

are shown in Table 3.7. The relationships between WMH volumes and these Elecsys

measures of CSF Aβ1-42, t-tau and p-tau are demonstrated in Tables 3.8 to 3.10.

The results from the original assay (Tables 3.4 to 3.6) are not materially changed by

the use of this alternative CSF assay.

Table 3.8: Regression model results for the relationship between WMHs and CSF Aβ1-42
(Elecsys assay), by group

WMHs and Aβ1-42 Controls SMC EMCI LMCI AD

TIV adjusted

% reduction in WMHs (ml) per 1SD change inAβ1-42 25.5 30.9 23.4 27.4 20.5

95% confidence intervals (10.3 to 38.2) (13.5 to 44.8) (10.9 to 34.2) (6.1 to 44.0) (-3.9 to 39.2)

p value 0.002 0.002 0.001 0.02 0.09

TIV and age adjusted

% reduction in WMHs (ml) per 1SD change in Aβ1-42 22.3 26.4 15.1 19.5 29.1

95% confidence intervals (6.8 to 35.2) (7.7 to 41.3) (2.8 to 25.9) (-2.2 to 36.6) (10.5 to 43.8)

p value 0.007 0.008 0.02 0.07 0.004

Between group differences in % reductions per 1SD change in Aβ1-42 p value = 0.9 (0.9 with age adjustment)

Estimates are percentage decrease in WMH volume per one SD change (1 SD = 413.2pg/ml) in Aβ1-42. The SD is the
pooled within-group SD, calculated from a linear regression model that allowed for differences in mean levels of Aβ1-42 by
group.
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Table 3.9: Regression model results for the relationship between WMHs and CSF t-tau
(Elecsys assay), by group

WMHs and t-tau Controls SMC EMCI LMCI AD

TIV adjusted

% increase in WMHs (ml) per 1SD change in t-tau 1.6 1.3 15.0 -1.4 -4.8

95% confidence intervals (-17.4 to 24.9) (-20.5 to 29.2) (2.0 to 29.7) (-15.2 to 14.6) (-16.8 to 9.0) to

p value 0.9 0.9 0.02 0.9 0.5

TIV and age adjusted

% reduction in WMHs (ml) per 1SD change in t-tau -9.0 -5.5 2.8 -0.8 -0.9

95% confidence intervals (-25.9 to 11.6) (-25.7 to 20.2) (-7.6 to 14.5) (-13.3 to 13.6) (-12.1 to 11.7)

p value 0.4 0.6 0.6 0.9 0.9

Between group differences in % reductions per 1SD change in t-tau p value = 0.3 (0.3 with age adjustment)

Estimates are percentage decrease in WMH volume per one SD change (1 SD = 123.5pg/ml) in t-tau. The SD is the pooled
within-group SD, calculated from a linear regression model that allowed for differences in mean levels of t-tau by group.

Table 3.10: Regression model results for the relationship between WMHs and CSF p-tau
(Elecsys assay), by group

WMHs and p-tau Controls SMC EMCI LMCI AD

TIV adjusted

% increase in WMHs (ml) per 1SD change in p-tau 8.2 6.0 14.2 -0.5 -3.9

95% confidence intervals (-13.2 to 34.9) (-17.9 to 36.7) (1.7 to 28.1) (-14.2 to 15.4) (-16.4 to 10.4)

p value 0.5 0.7 0.03 1.0 0.6

TIV and age adjusted

% reduction in WMHs (ml) per 1SD change in p-tau -3.6 -0.6 2.6 0.6 0.9

95% confidence intervals (-22.7 to 20.3) (-22.8 to 28.0) (-7.4 to 13.7) (-11.9 to 14.9) (-10.9 to 14.2)

p value 0.7 0.6 0.6 0.9 0.9

Between group differences in % reductions per 1SD change in p-tau p value = 0.3 (0.3 with age adjustment)

Estimates are percentage decrease in WMH volume per one SD change (1 SD = 13.4pg/ml) in p-tau. The SD is the pooled
within-group SD, calculated from a linear regression model that allowed for differences in mean levels of p-tau by group.

3.3.6 CSF biomarkers and WMHs in the full cohort

Table 3.11a shows the percentage reductions in WMHs volume for a 1 SD increase

in CSF Aβ1-42 adjusting for group, age, APOE ε status, t-tau, and p-tau. The rela-

tionship between WMHs and Aβ1-42 remains significant and materially unchanged

(between a 16% and 22% reduction in WMHs per 1 SD change in CSF Aβ1-42)

after progressive adjustment for covariates. This association between CSF Aβ1-42

and WMHs was also independent of the effects of CSF t-tau and p-tau.

Table 3.11b shows partial R2 values for all the covariates in each model set.

Aβ consistently explained approximately 5% of the variance in WMHs across all

models. Age explained the largest variance in WMHs at ∼15%, compared with tau

biomarkers, group, and APOE ε status, with each only explaining only around 1%.
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Table 3.11: Regression model results examining the association between CSF Aβ1-42 and
WMHs with various covariates

a)

Model set Covariates
% reduction in
WMHs per 1SD

change in Aβ1-42

95% confidence
interval p value

i) None 21.9 17.1 to 26.5 <0.001

ii) TIV 21.5 16.7 to 26.0 <0.001

iii) TIV, group 21.6 16.2 to 26.6 <0.001

iv) TIV, group, age 16.4 11.2 to 21.3 <0.001

1

v) TIV, group, age, APOE ε4 status 17.9 12.2 to 23.2 <0.001

i) T-tau 24.5 19.2 to 29.5 <0.001

ii) T-tau, TIV 23.2 17.9 to 28.1 <0.001

iii) T-tau, TIV, group 23.1 17.5 to 28.3 <0.001

iv) T-tau, TIV, group, age 18.0 12.6 to 23.1 <0.001

2

v) T-tau, TIV, group, age, APOE ε4 status 18.8 13.0 to 24.2 <0.001

i) P-tau 24.1 18.7 to 29.1 <0.001

ii) P-tau, TIV 23.8 18.6 to 28.7 <0.001

iii) P-tau, TIV, group 23.8 18.2 to 29.0 <0.001

iv) P-tau, TIV, group, age 17.7 12.2 to 23.0 <0.001

3

v) P-Tau, TIV, group, age, APOE ε4 status 18.9 12.9 to 24.4 <0.001

b)

Model set Covariates from v) Partial R2

Aβ1-42 0.05

TIV 0.05

Group 0.003

Age 0.16

1

APOE ε4 status 0.002

Aβ1-42 0.05

t-tau 0.005

TIV 0.06

Group 0.005

Age 0.16

2

APOE ε4 status 0.0007

Aβ1-42 0.05

p-tau 0.003

TIV 0.06

Group 0.004

Age 0.15

3

APOE ε4 status 0.001

All models assess associations between WMHs and Aβ with various covariates, with model 2 additionally adjusting for t-tau
and model 3 additionally adjusting for p-tau. In a) estimates are percentage changes in WMH volume per one SD change (1
SD=78.3 pg/mL) in Aβ . The SD is the pooled within-group SD, calculated from a linear regression model that allowed for
differences in mean levels of Aβ by group. In b) partial R2 are shown for each covariate in the fully-adjusted model v) from
each of the 3 model sets. R2 values are shown to 2 significant figures for values >0.1 and 1 significant figure for values <0.1.
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Table 3.12: Regression model results examining the association between CSF t-tau and
WMHs with various covariates

a)

Model set Covariates
% reduction in
WMHs per 1SD
change in t-tau

95% confidence
interval p value

i) None 5.7 -0.9 to 12.7 0.09

ii) TIV 7.8 1.3 to 14.7 0.02

iii) TIV, group 2.7 -4.2 to 10.0 0.5

iv) TIV, group, age -0.1 -6.1 to 6.3 0.9

1

v) TIV, group, age, APOE ε4 status -1.4 -7.5 to 5.2 0.7

i) Aβ1-42 -6.8 -0.1 to -12.9 0.05

ii) Aβ1-42, TIV -4.3 -10.5 to 2.3 0.2

iii) Aβ1-42, TIV, group -5.9 -12.3 to 1.0 0.09

iv) Aβ1-42, TIV, group, age -6.3 -12.1 to 0.06 0.05

2

v) Aβ1-42, TIV, group, age, APOE ε4 status -5.9 -11.9 to 0.3 0.06

b)

Model set Covariates from v) Partial R2

t-tau 0

TIV 0.06

Group 0.006

Age 0.2

1

APOE ε4 status 0.004

t-tau 0.005

Aβ1-42 0.04

TIV 0.06

Group 0.005

Age 0.2

2

APOE ε4 status 0.0007

All models assess associations between WMHs and t-tau with various covariates, with model 2 additionally adjusting for Aβ .
In a) estimates are percentage changes in WMH volume per one SD change (1 SD=42.8 pg/mL) in t-tau. The SD is the pooled
within-group SD, calculated from a linear regression model that allowed for differences in mean levels of t-tau by group. In
b) partial R2 are shown for each covariate in the fully-adjusted model v) from each of the 3 model sets. R2 values are shown
to 2 significant figures for values >0.1 and 1 significant figure for values <0.1.
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Table 3.13: Regression model results examining the association between CSF p-tau and
WMHs with various covariates

a)

Model set Covariates
% reduction in
WMHs per 1SD
change in p-tau

95% confidence
interval p value

i) None 6.2 -0.6 to 13.4 0.08

ii) TIV 5.5 -1.1 to 12.5 0.1

iii) TIV, group 1.4 -5.2 to 8.6 0.7

iv) TIV, group, age 2.6 -3.5 to 9.0 0.4

1

v) TIV, group, age, APOE ε4 status 1.6 -4.7 to 8.2 0.6

i) Aβ1-42 -6.6 -13.0 to 0.3 0.06

ii) Aβ1-42, TIV -7.1 -13.3 to -0.4 0.04

iii) Aβ1-42, TIV, group -8.1 -14.3 to -1.4 0.02

iv) Aβ1-42, TIV, group, age -4.5 -10.5 to 1.8 0.2

2

v) Aβ1-42, TIV, group, age, APOE ε4 status -4.1 -10.2 to 2.3 0.2

b)

Model set Covariates from v) Partial R2

t-tau 0.0005

TIV 0.05

Group 0.005

Age 0.2

1

APOE ε4 status 0.003

t-tau 0.003

Aβ1-42 0.05

TIV 0.06

Group 0.004

Age 0.2

2

APOE ε4 status 0.001

All models assess associations between WMHs and p-tau with various covariates, with model 2 additionally adjusting for
Aβ . In a) estimates are percentage changes in WMH volume per one SD change (1 SD=12.8 pg/mL) in p-tau. The SD is the
pooled within-group SD, calculated from a linear regression model that allowed for differences in mean levels of p-tau by
group. In b) partial R2 are shown for each covariate in the fully-adjusted model v) from each of the 3 model sets. R2 values
are shown to 2 significant figures for values >0.1 and 1 significant figure for values <0.1.
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Table 3.12a and Table 3.13a shows the percentage reductions in WMH volume

for a 1 SD increase in CSF t-tau and p-tau respectively, independent of group, age,

APOE ε4, and Aβ1-42. There is evidence for a positive association between t-tau

and WMHs, after adjustment for TIV. This association is lost after adjustment for

group, age and APOE ε4. There was no evidence for an association between p-tau

and WMHs in a model with no adjustors, and after adjustment for TIV, group, age

and APOE ε4. The was some weak and inconsistent evidence for inverse associa-

tions of both t-tau and p-tau with WMHs when Aβ1-42 is added to the model.

Both t-tau and p-tau explains a very small proportion of the variance in WMHs,

with a partial R2 in model 1 of 0.03 and 0.5% in model 2 for t-tau (Table 3.12b) and

0.02 and 0.2% for p-tau (Table 3.13b)

3.3.7 Vascular risk analysis

Table 3.14 shows partial regression coefficients for the relationship between WMHs

and age in each diagnostic group, adjusting with adjustment for the vascular risk

factors of smoking status, a history of hypertension, a history of diabetes and BMI.

With separate and combined adjustment for the four vascular risk factors, there

was no evidence for a marked attenuation of the association between WMHs and

age (shown in Table 3.2) in any disease group. Table 3.15 shows that combined

adjustment for the vascular risk factors had minimal effect on the partial regression

coefficients for the WMH-Aβ relationship.

3.3.8 Parietal lobe vs whole brain analysis

Table 3.16 shows partial regression coefficients for the association of CSF Aβ1-42,

t-tau and p-tau with WMHs in both the parietal lobe and the rest of the brain. There

was no evidence that parietal WMHs were a better predictor of any CSF biomarker

compared with non-parietal WMHs. However, there was evidence that there was

an independent relationship between CSF Aβ1-42 and non-parietal WMH volume,

both with and without age adjustment.
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Table 3.14: Regression model results for the relationship between WMHs and age by
group, adjusting for vascular risk

Controls SMC EMCI LMCI AD

a) Adjusted for hypertension
Change in WMHs (ml) per decade
increase in age 0.3 0.4 0.7 0.6 0.6

95% confidence intervals (0.1 to 0.6) (0.1 to 0.7) (0.5 to 0.8) (0.4 to 0.7) (0.4 to 0.7)

p value <0.001 <0.001 <0.001 <0.001 <0.001

b) Adjusted for smoking
Change in WMHs (ml) per decade
increase in age 0.4 0.4 0.7 0.6 0.6

95% confidence intervals (0.2 to 0.6) (0.1 to 0.7) (0.6 to 0.8) (0.4 to 0.8) (0.4 to 0.8)

p value <0.001 <0.001 <0.001 <0.001 <0.001

c) Adjusted for BMI
Change in WMHs (ml) per decade
increase in age 0.4 0.5 0.7 0.6 0.6

95% confidence intervals (0.2 to 0.7) (0.2 to 0.8) (0.6 to 0.8) (0.4 to 0.7) (0.4 to 0.8)

p value <0.001 <0.001 <0.001 <0.001 <0.001

d) Adjusted for diabetes
Change in WMHs (ml) per decade
increase in age 0.4 0.4 0.7 0.6 0.6

95% confidence intervals (0.2 to 0.6) (0.1 to 0.8) (0.6 to 0.8) (0.4 to 0.8) (0.4 to 0.8)

p value <0.001 <0.001 <0.001 <0.001 <0.001

e) Adjusted for hypertension,
smoking, BMI and diabetes
Change in WMHs (ml) per decade
increase in age 0.3 0.5 0.7 0.6 0.6

95% confidence intervals (0.1 to 0.6) (0.2 to 0.8) (0.6 to 0.8) (0.4 to 0.7) (0.4 to 0.8)

p value <0.001 <0.001 <0.001 <0.001 <0.001

Estimates are shown for logeWMH volume increase, with 95% confidence intervals, for every decade increase in age and all
adjusted for TIV. Tables adjusted for a) hypertension, b) smoking, c) BMI d) diabetes e) hypertension, smoking, BMI and
diabetes.
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Table 3.15: Regression models results for the relationship between WMHs and CSF Aβ1-
42 with adjustment for smoking status, history of hypertension, history of dia-
betes and BMI by group

WMHs and CSF Aβ1-42
adjusted for smoking,
hypertension, diabetes and
BMI (N=820)

Controls SMC EMCI LMCI AD

SD decrease in Aβ1-42 per
decade increase in age

28.9 23.7 19.7 13.9 20.1

95% confidence intervals (18.2 to 38.1) (9.8 to 35.6) (9.7 to 28.5) (-2.2 to 27.5) (1.4 to 35.2)

p value <0.001 0.002 <0.001 0.09 0.04

Estimates are percentage decreases in WMH volume per one SD change (1 SD = 78.3pg/ml) in Aβ1-42, with 95% confidence
intervals and adjustment for TIV. The SD is the pooled within-group SD, calculated from a linear regression model that
allowed for differences in mean levels of Aβ1-42 by group.

Table 3.16: Regression models of the associations between CSF biomarkers and either the
parietal lobe WMHs or the rest of the brain WMHs.

Outcome Predictors
SD change in

biomarker per 1 unit
increase in WMH

CI p value

Parietal logeWMHs -5.5 -13.9 to 3.8 0.2
Non-age adjusted

Non-parietal logeWMHs -18.1 -29.2 to -5.4 0.007

Parietal logeWMHs -5.0 -13.5 to 4.3 0.3
Aβ1-42

Age adjusted
Non-parietal logeWMHs -16.2 -27.6 to -2.9 0.02

Parietal logeWMHs -7.0 -15.7 to 2.6 0.1
Non-age adjusted

Non-parietal logeWMHs 14.4 -1.7 to 33.1 0.08

Parietal logeWMHs -7.4 -16.1 to 2.2 0.1
T-tau

Age adjusted
Non-parietal logeWMHs 11.5 -4.5 to 30.1 0.2

Parietal logeWMHs -2.7 -11.7 to 7.2 0.6
Non-age adjusted

Non-parietal logeWMHs 5.8 -8.9 to 22.9 0.5

Parietal logeWMHs -2.4 -11.4 to 7.6 0.6
P-tau

Age adjusted
Non-parietal logeWMHs 7.4 -7.7 to 25.1 0.4

Estimates are for an SD increase in CSF biomarker for every 1 unit increase in WMH volume (ml). The SD is the pooled
within-group SD, calculated from a linear regression model that allowed for differences in mean levels of CSF biomarker
by group. All are adjusted for TIV and diagnostic group. Results for one predictor are adjusted for the other predictor.
Non-parietal WMH is total brain WMH minus the parietal lobe WMH.
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3.4 Discussion

This work provides evidence of a consistent association between CSF Aβ and

WMHs across the disease spectrum, from normal ageing to AD. Evidence of a

decrease in CSF Aβ was associated with an increase in WMHs in control, SMC,

EMCI, LMCI and AD groups, and also in the pooled cohort after adjusting for age,

diagnostic group, TIV, and APOE ε status. Importantly, this CSF Aβ -WMH rela-

tionship was independent of CSF t-tau and independent of CSF p-tau. Very little

evidence was found for a relationship between WMHs and either t-tau or p-tau.

There was no evidence for differing relationships in WMHs and Aβ , p-tau,

or t-tau between diagnostic groups. WMHs are heterogeneous and are likely to

represent multiple pathologies that could potentially vary throughout the disease

course. Given the recent evidence that WMHs may be more related to neurodegen-

erative and tau pathologies in clinical AD (McAleese et al., 2017), it would have

been reasonable to propose stronger relationships with tau at later disease stages.

Because Aβ levels are thought to be relatively stable in clinical AD stages (Zhou

et al., 2009), it could also be expected that there might be less of an association

with WMHs in later disease stages. The fact that no differences were found be-

tween disease stages suggests that WMH relationships with AD CSF biomarkers

actually remain consistent across the disease course.

Age at the baseline was a stronger independent predictor of WMHs than Aβ ,

which likely reflects the contributions of vascular risk factors, vascular events, and

comorbidities that accrue with age. Taken together, although this study is purely

correlative, these results are compatible with the theory that some WMHs are part of

the AD pathological process, and some are the result of an ageing/vascular process

(McAleese et al., 2015, 2017). Although there was no evidence for contributions

from smoking, hypertension, BMI, and diabetes to the relationship between WMHs

and age, or WMH and Aβ , a more comprehensive examination of the effects of

vascular risk factors, vascular disease, and vascular-related events on the age-WMH

relationship may provide greater insight into the potential causes of WMHs associ-

ated with age.
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In studies of Aβ and WMHs, there have been mixed findings; some have re-

ported a lack of any association (Kalheim et al., 2017, Kester et al., 2014) while

several studies confirm these findings that lower CSF Aβ is associated with higher

WMHs in both controls and disease groups (Marnane et al., 2016, Pietroboni et al.,

2018) Some have reported that lower levels of CSF Aβ were particularly associ-

ated with WMHs in AD subjects, as opposed to controls or MCI subjects (Shams

et al., 2016, van Westen et al., 2016). Results from amyloid PET studies have also

demonstrated significant associations with WMHs in controls (Kandel et al., 2016,

Marnane et al., 2016), MCI and AD groups (Zhou et al., 2015). Although a recent

systematic review concluded that most studies demonstrate a lack of significant re-

lationship between amyloid PET and WMH burden (Roseborough et al., 2017).

This study adds to the expanding body of literature attempting to characterise

the complex relationship between AD and presumed vascular pathology at different

disease stages. As well as evidence that both Aβ deposition and WMHs indepen-

dently predict cognitive impairment or brain atrophy (Barnes et al., 2013, Gordon

et al., 2015, Haight et al., 2013, Provenzano et al., 2013), a growing number of

studies are suggestive of an additive effect of combined pathology on neurodegen-

eration (Bos et al., 2017) and/or cognitive decline (Lopez et al., 2014, Vemuri and

Knopman, 2016, Vemuri et al., 2015). Several studies have investigated the possi-

bility of an interactive effect between the two pathologies, whereby there is a direct

influence of one pathology on the other. One study found that WMHs predicted

hippocampal atrophy in preclinical AD subjects with abnormal CSF Aβ (Freeze

et al., 2016), and another found that low CSF Aβ predicted greater WMH accrual

over time (Scott et al., 2016).

Hypotheses into mechanistic links between Aβ and WMHs have mainly fo-

cused on the proposed vascular origin of WMHs and reflect the idea that there may

be positive feedback between the two pathologies (Smith and Greenberg, 2009,

Zlokovic, 2011). Cerebral amyloid angiopathy (CAA) may be a potential mediator

of the relationship between WMHs and Aβ , whereby SVD could lead to reduced

clearance of Aβ from brain parenchyma, enhancing its deposition in cerebral vessel
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walls. This in turn may result in cerebrovascular dysfunction, leading to eventual

hypoperfusion and ischemia and subsequent white matter lesions that appear as

WMHs (Grinberg and Thal, 2010, Hawkes et al., 2014, Weller et al., 2008). Previ-

ous research has demonstrated associations of CAA with WMHs (Ryan et al., 2015)

and with CSF Aβ /(Renard et al., 2012, Verbeek et al., 2009). A recent paper has

shown that WMHs related to Aβ are associated with cerebral microbleeds (a sur-

rogate of CAA pathology) (Graff-Radford et al., 2019). In addition to the vascular

origin of WMHs, recent evidence suggests that parietal WMHs could be a result of

degenerative axonal loss caused by AD pathology (McAleese et al., 2015, 2017).

In this study though, there was no evidence for a stronger association between CSF

biomarkers and WMHs in the parietal lobe.

There are comparatively fewer studies regarding the association with tau and

WMHs and results are often conflicting. A positive association has been demon-

strated neuropathologically (McAleese et al., 2015) and with PET (Vemuri et al.,

2017); more direct measures of brain tau load than CSF measures. A positive as-

sociation has been demonstrated over time in CSF, but the relationship is less clear

with baseline measures of tau (Tosto et al., 2015). This study did not find much

evidence of a relationship between tau pathology and WMHs, which is in line with

several other studies (Guzman et al., 2013, Kester et al., 2014, Osborn et al., 2018).

The fact that age was the strongest predictor of WMHs is consistent with pre-

vious studies (de Leeuw et al., 2001b, Raz et al., 2012, Schneider et al., 2009).

The association between biomarkers and age was not uniform between diagnostic

groups. In controls and EMCI groups, older ages were associated with lower Aβ

and higher tau, but in the AD group, younger ages were associated with higher tau.

This differential effect of age on CSF biomarkers between AD groups and controls

has been previously reported (Mattsson et al., 2012).

Investigations of the associations between AD CSF biomarkers and WMHs in

previous studies have either been performed on small samples or in studies with

variable acquisition and analysis protocols (Bos et al., 2017, Freeze et al., 2016,

Kalheim et al., 2017, Pietroboni et al., 2018, Tosto et al., 2015). Using the ADNI
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cohort therefore provides the benefits of a multicentre standardised data acquisition

protocol, as well as participants who have been systematically evaluated. This study

adds to previous findings using the ADNI cohort (Guzman et al., 2013, Haight et al.,

2013, Marnane et al., 2016, Scott et al., 2016), in that data from all diagnostic

groups are used and biomarkers for both tau and Aβ are compared with quantitative

WMHs. The biomarker and WMH data were also treated as continuous variables;

most previous studies have dichotomised variables.

One key limitation to this work, and other such association studies, is that

correlation does not mean causation. Therefore it is not possible to determine

from the results in this study whether the association observed between Aβ is in-

duced by one biomarker causing change in the other. Further research to reveal

such a causal relationship would need to be designed with the Bradford Hill Cri-

teria for causation in mind (Hill, 1965). Other limitations to this work include the

selection criteria for the ADNI cohort, meaning any generalisations to the wider

population must be made cautiously. ADNI participants tend to be of high so-

cioeconomic status, well-educated and, importantly for this study, free of large

amounts of cerebrovascular disease (a score of 4 or lower on the Hachinski Ischemic

Scale) (https://adni.loni.usc.edu/wp-content/uploads/2008/

07/adni2-procedures-manual.pdf). This study was also only carried out

using baseline data; longitudinal studies are necessary to characterise the relation-

ship between WMHs and AD biomarkers over time, an approach which will be

facilitated by the increasing use of volumetric FLAIR imaging providing more pre-

cise measures of change.

There are limitations surrounding the use of CSF biomarkers in this study to

investigate AD pathology. CSF biomarkers can now be measured by several dif-

ferent assays, introducing the possibility that these methodological differences may

influence study findings. However the analyses carried out using another assay

platform, Elecsys, confirm the findings of an associations between CSF biomark-

ers and WMHs. In addition, despite the benefits of using continuous biomarker

variables, it would be interesting to look at associations within biomarker-negative

https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
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and biomarker-positive individuals to explore whether associations may be driven

by those on the amyloid pathway (Jack et al., 2018) or those who are not. CSF

biomarkers are increasingly used to provide information about underlying biochem-

ical changes associated with disease, with Aβ and p-tau well established as markers

of AD pathology and t-tau as an established marker of neurodegeneration (Blennow

et al., 2010, Jack et al., 2018). While CSF Aβ has shown robust correlations to

plaque burden (Strozyk et al., 2003), the relationship of CSF tau to tangle pathology

is less clear (Engelborghs et al., 2007) and may account for the lack of association

with WMH in this study. However, measures of actual brain Aβ and tau burden and

their local distribution, through PET imaging or pathological investigations, were

either not available or not used. Only total WMH volume were looked at and there-

fore no regional associations between NFL and WMH volume were assessed. A

detailed assessment of regional WMH associations would be an important future

direction.

This study only examined associations between WMHs and the well-

established AD biomarkers of CSF Aβ , t-tau, and p-tau. The existence of additional

co-pathologies in AD suggest that further biomarkers are needed to complement

these classical measurements. One biomarker of particular relevance is neuro-

filament light, a marker of large caliber axonal injury (Skillback et al., 2014).

Previous studies of associations between WMHs and neurofilament light have re-

ported mixed results (Mattsson et al., 2019, Osborn et al., 2018, Zetterberg et al.,

2016). An analysis of this emerging biomarkers’ association with WMHs will be

carried out Chapter 4.

A lack of pathological confirmation of cases in the ADNI cohort may, in part,

explain the findings in this study. Diagnostic groups may be bimodal in nature;

control groups may contain atypical or early stage AD subjects along with the cog-

nitively normal, and a significant proportion of MCI subjects supposedly at high

risk for conversion to AD will not have any underlying AD pathology (Jicha et al.,

2006, Petersen et al., 2006). Indeed in this study, this may have been a contribut-

ing factor to the lack of observed differences in biomarker and WMH relationships
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between diagnostic groups. In addition, although the four measures of vascular risk

used in this study are among the most notable risk factors, as well as being the most

consistently documented for the ADNI cohort, they are unlikely to fully characterise

all aspects of SVD and are not direct measures of SVD pathology.

In summary, this study suggests that CSF Aβ is a consistent predictor of

WMHs across all diagnostic groups, in a manner that is not dependent on CSF

tau. As WMHs are thought to be largely vascular in origin, this study adds to the

literature exploring the complex relationship between amyloid and presumed vascu-

lar pathologies. Understanding the different relationships between disease markers

are important to build more realistic models of biomarkers changes across the full

spectrum of normal ageing to AD.



Chapter 4

Associations of WMHs and plasma

NFL in sporadic AD

4.1 Introduction

In order to fully investigate AD in vivo, additional biomarkers are needed that com-

plement the classical biomarkers of CSF Aβ , t-tau and p-tau. NFL is a biomarker

of large-calibre axonal injury (Skillback et al., 2014); increases in CSF levels have

been demonstrated in AD (Mattsson et al., 2019, Zetterberg et al., 2016), as well as

other diseases, such as frontotemporal dementia, amyotrophic lateral sclerosis and

MS (Kuhle et al., 2013, Lu et al., 2015, Rohrer et al., 2016, Teunissen and Khalil,

2012). Recent technological developments have also enabled the analysis of NFL

in blood (serum and plasma), showing good correlation with CSF levels (Zetterberg

and Blennow, 2018).

Links between NFL and white matter changes in AD have previously been

demonstrated. There are similarities in the timing of changes in both NFL and

WMHs, with recent studies in ADAD reporting elevations in WMHs (Lee et al.,

2016) and serum NFL (Preische et al., 2019) in very early disease stages. Studies

have also shown direct associations between NFL and WMHs (Osborn et al., 2018,

Zetterberg et al., 2016), and NFL and diffusion tensor imaging (DTI) measures

(Moore et al., 2018). Other studies however found no evidence of associations

between NFL and DTI (Kim et al., 2019) or WMHs (Mattsson et al., 2019).
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Here, I sought to investigate whether NFL and WMHs are associated across the

full range of normal ageing to AD and whether any relationship was altered with age

adjustment. I hypothesise that WMHs would show associations with NFL and that

this relationship would change depending on disease stage. This is because WMHs

are thought to have a heterogeneous pathological basis (Gouw et al., 2008a) and,

although I have shown that WMHs have consistent relationships with CSF Aβ1-

42 across the disease course from this dataset (Chapter 3 and Walsh et al. (2020)),

other studies from other datasets have shown that relationships can vary depending

on disease stage (Barnes et al., 2013, Fiford et al., 2017, McAleese et al., 2017,

Zhou et al., 2009). Since NFL increases with axonal degeneration, which is likely

to become more prominent with the development of AD pathology, I considered the

relationship would be stronger at later disease stages. I further considered that the

relationship between WMHs and NFL could be mediated by vascular risk factors.

4.2 Methods

4.2.1 Cohort

All data used for this chapter was from the Alzheimer’s Disease Neuroimaging

Initiative (ADNI2 and GO) database, see section 2.1.1.

4.2.2 Plasma NFL measurements

Plasma NFL level was measured at the Clinical Neurochemistry Laboratory, Uni-

versity of Gothenburg, Molndal Campus, Molndal, Sweden, using an ultrasensitive

enzyme-linked immunosorbent assay on a single molecule array platform (Quan-

terix Corp).

4.2.3 WMH segmentation

All sites in ADNI use a standardised imaging protocol, described in Jack et al.

(2008a) and in section 2.2.1. WMH segmentation was carried out using BaMoS,

described previously in section 2.3.1.1. Visual assessment of the BaMoS segmenta-

tions and subsequent exclusions is described in Chapter 3. 827 of the 929 subjects

in the ADNI cohort used in Chapter 3 had plasma NFL data and therefore made up
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the cohort used here. Two subjects had missing information regarding history of

diabetes and three subjects had missing information regarding their BMI and were

therefore not included in analyses using these variables.

4.2.4 Statistical analyses

4.2.4.1 Variables used in analyses

Demographic and biological data was downloaded from the ADNI database

(http://adni.loni.usc.edu/). The participant information downloaded

and used in this study included: age, gender, MMSE scores, APOE ε4 status,

plasma NFL values, height and weight, smoking status, hypertension history and

diabetes history. BMI was calculated from height and weight variables. Smoking

status was coded as 1) never smoked, 2) previous smoker, 3) current smoker, using

the information downloaded on smoking history.

4.2.4.2 Data transformation

Analyses involving WMHs were carried out on loge transformed values to reduce

skewness. NFL values were standardised using the pooled within-group SD, calcu-

lated using a linear regression that allowed for differences in mean levels by group.

The use of standardised variables enabled comparisons with previous work assess-

ing other CSF-based AD biomarkers to be made. As WMHs were analysed on a

logarithmic scale, the coefficients from regression models were back-transformed

and expressed as percentage increases or decreases in WMHs for each 1 SD change

in plasma NFL.

4.2.4.3 Group demographics and biomarker summary

For estimates of differences in means across control, EMCI, LMCI, SMC and AD

groups in demographic, imaging and plasma NFL continuous data, linear regres-

sion models were used. For logeWMHs, linear regression models were used with

group as the predictor of interest and adjustment for TIV. Differences among the

five groups were tested with joint Wald tests. Analogous comparisons were per-

formed for categorical variables, with Fisher’s exact tests used for gender, APOE ε

4 status and hypertension, and a chi-square test for smoking status.

http://adni.loni.usc.edu/
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4.2.4.4 WMH and NFL relationships

In order to explore the relationships between WMHs and plasma NFL within each

diagnostic group, scatter plots of WMHs (on a log scale) against plasma NFL in

each group were generated to show unadjusted associations. After inspection of

the plots, one outlier from the control group and one from the SMC group with very

high plasma NFL were identified and removed from the subsequent main analysis of

the NFL-WMH relationship. These outliers were included in a separate sensitivity

analysis (see below). The standardisation of NFL values described above was there-

fore performed twice: once with these two outliers excluded (used in main analyses)

and once with the two outliers included (used in sensitivity analyses). Separate lin-

ear regression models for each group were then fitted. The dependent variable used

in all models was logeWMHs, with standardised plasma NFL as the predictor vari-

able of primary interest, and adjusted for TIV. To investigate differences in slope

between diagnostic groups, a separate model was fitted to the combined data from

all five groups with an interaction term between diagnostic group and plasma NFL.

Differences among the five groups were tested with joint Wald tests. All of the

above models were then refitted with participant age at baseline as an additional co-

variate. Analyses including age were secondary, since age at baseline may be on the

causal pathway (theoretically a proxy for the number of vascular events that may

have happened to an individual and a resultant increase in axonal degeneration).

Partial R2 values were calculated for the five separate diagnostic group mod-

els of logeWMHs, and plasma NFL. Partial R2 values from two models for each

diagnostic group were calculated from models adjusting for: i) TIV; ii) TIV and

age.

In order to investigate potential mechanisms involved in NFL-WMH relation-

ships, the analysis in each of the separate diagnostic groups was extended to assess

the effect of four additional covariates: smoking history; history of hypertension;

history of diabetes; and current BMI. The new variables were all added as covari-

ates into a combined linear regression model, as specified above. This allowed

an assessment of whether the addition of these vascular risk factors influenced the
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NFL-WMH relationship in any manner.

4.2.4.5 NFL and age

In order to assess the relationship between age and plasma NFL, further regression

models were fitted with plasma NFL being the dependent variable and age the pre-

dictor. This was performed in each diagnostic group separately with an additional

model fitted to the combined data including interactions between group and plasma

NFL. Scatter plots of plasma NFL against age in each group were also generated.

4.2.4.6 NFL and Aβ

To assess the relationship of WMHs and NFL in those who are Aβ positive and

negative, the group specific models (as described in 4.2.4.4) were fitted twice

more; once in those with a CSF Aβ value of less than 254pg/ml, defined as Aβ

positive, and once in those with a value of more than 254pg/ml, defined as Aβ

negative (cutpoints defined by ADNI in https://adni.bitbucket.io/

reference/docs/UPENNBIOMK_MASTER/ADNI_Methods_Template_

Shaw%20Figurski%20Waligorska%20Trojanowski%20overview%

20for%20CSF%20Ab1-42%20tau%20and%20ptau181%20AlzBio3%

20immunoassay%20datav3%20(5).pdf).

4.2.4.7 Sensitivity analysis

A sensitivity analysis was carried out that repeated the regression models assessing

the NFL-WMH relationship in each group, but with the inclusion of the one out-

lier from each of the control and SMC groups respectively. The models were all

adjusted for TIV and were carried out with and without age adjustment. Partial R2

values were again calculated, as above.

4.3 Results

4.3.1 Group demographics and biomarker summary

There were 827 subjects with both useable WMH volumes and available NFL data.

Table 4.1 shows demographic, imaging and biomarker summary statistics for each

diagnostic group. There were statistically significant (p<0.05) between group dif-

https://adni.bitbucket.io/reference/docs/UPENNBIOMK_MASTER/ADNI_Methods_Template_Shaw%20Figurski%20Waligorska%20Trojanowski%20overview%20for%20CSF%20Ab1-42%20tau%20and%20ptau181%20AlzBio3%20immunoassay%20datav3%20(5).pdf)
https://adni.bitbucket.io/reference/docs/UPENNBIOMK_MASTER/ADNI_Methods_Template_Shaw%20Figurski%20Waligorska%20Trojanowski%20overview%20for%20CSF%20Ab1-42%20tau%20and%20ptau181%20AlzBio3%20immunoassay%20datav3%20(5).pdf)
https://adni.bitbucket.io/reference/docs/UPENNBIOMK_MASTER/ADNI_Methods_Template_Shaw%20Figurski%20Waligorska%20Trojanowski%20overview%20for%20CSF%20Ab1-42%20tau%20and%20ptau181%20AlzBio3%20immunoassay%20datav3%20(5).pdf)
https://adni.bitbucket.io/reference/docs/UPENNBIOMK_MASTER/ADNI_Methods_Template_Shaw%20Figurski%20Waligorska%20Trojanowski%20overview%20for%20CSF%20Ab1-42%20tau%20and%20ptau181%20AlzBio3%20immunoassay%20datav3%20(5).pdf)
https://adni.bitbucket.io/reference/docs/UPENNBIOMK_MASTER/ADNI_Methods_Template_Shaw%20Figurski%20Waligorska%20Trojanowski%20overview%20for%20CSF%20Ab1-42%20tau%20and%20ptau181%20AlzBio3%20immunoassay%20datav3%20(5).pdf)
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Table 4.1: Demographic and imaging data summary statistics

Controls SMC EMCI LMCI AD
p value
across
groups

N (total = 827) 163 103 279 152 130

Age 73.6 (6.2) 72.3 (5.5) 71.2 (7.5) 72.1 (7.6) 74.2 (8.0) 0.005

Male (%) 47 43 54 55 56 0.1

MMSE /30 29.0 (1.3) 29.0 (1.2) 28.3 (1.6) 27.5 (1.8) 23.1 (2.1) <0.001

APOE ε4 positive
(%)

27 34 42 57 68 <0.001

TIV (ml) 1407 (136) 1414 (126) 1427 (135) 1431 (133) 1422 (153) 0.5

WMH volume (ml)
Median (IQR)

3.4 (4.9) 3.5 (4.4) 3.9 (6.5) 3.7 (8.3) 5.8 (8.3) 0.03a

LogeWMH (ml) 1.2 (0.9) 1.3 (0.9) 1.4 (1.0) 1.4 (1.0) 1.7 (1.0) 0.005a

Plasma NFL (pg/ml) 36.6 (24.0) 32.5 (18.2) 36.6 (19.5) 40.3 (20.0) 47.5 (22.7) <0.001

History of
hypertension (%)

50 47 51 46 45 0.8

Smoking:

Never (%) 60 51 60 65 62

0.2Previous (%) 36 47 38 32 33

Current (%) 4 2 2 3 5

BMI 27.4 (4.5) 28.3 (6.1) 28.2 (5.5) 27.5 (5.0) 26.3 (5.6) 0.01

History of diabetes
(%)

7 10 11 9 14 0.4

Values are mean (SD) unless reported.
a Adjusted for TIV

ferences in age, with the youngest participants seen in the EMCI group and the

oldest in the AD group. Differences were also seen in MMSE, APOE ε4 status

and WMH volume with worsening scores, increasing proportion of ε4 carriers, and

increasing WMH volumes from controls to EMCI to LMCI though to AD. For BMI

the highest values were seen in the SMC and EMCI groups and the lowest values

in the AD group. For plasma NFL, the highest levels were seen in the AD group,

followed by the LMCI and then EMCI, control and SMC groups.

4.3.2 Plasma NFL and WMHs

Table 4.2a shows percentage increases in WMHs for increases in plasma NFL esti-

mated from diagnostic group specific models and Figure 4.1 shows corresponding

scatter plots. After TIV adjustment, significant increases of between 20% and 41%

in WMH volume per 1 SD increase in NFL were seen in SMC, EMCI, LMCI and

AD groups (p<0.004). There was no evidence for differences in the slopes of the
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Table 4.2: Regression model results for the relationship between WMHs and plasma NFL,
by group

a) WMHs and NFL Controls SMC EMCI LMCI AD

i)

TIV adjusted
% change in WMHs (ml) per
1SD change in NFL

18.2 36.9 29.5 41.1 20.6

95% confidence intervals (-1.7 to 42.0) (-5.2 to 78.1) (16.8 to 43.6) (21.9 to 63.4) (6.2 to 36.8)

p value 0.08 0.02 <0.001 <0.001 0.004

ii)

TIV and age adjusted
% change in WMHs (ml) per
1SD change in NFL

2.0 16.1 4.3 15.5 1.3

95% confidence intervals (-16.7 to 24.4) (-14.8 to 58.1) (-5.7 to 15.5) (-1.7 to 35.7) (-11.0 to 15.5)

p value 0.9 0.3 0.4 0.08 0.8

Between group differences in % reductions per 1SD change in NFL: p value = 0.5 (0.5 with age adjustment)

b) Controls SMC EMCI LMCI AD

i)
NFL 0.02 0.05 0.08 0.1 0.06

TIV 0.07 0.06 0.05 0.09 0.1

ii)

NFL 0.0002 0.009 0.003 0.02 0.0003

TIV 0.06 0.06 0.05 0.05 0.07

Age 0.06 0.04 0.2 0.1 0.2

Models assess associations between WMHs and plasma NFL in each diagnostic group, with the addition of TIV (i) and TIV
and age (ii) as covariates. In a) estimates are percentage changes in WMH volume per one SD change (1 SD = 18.3pg/ml)
in NFL, with 95% confidence intervals. The SD is the pooled within-group SD, calculated from a linear regression model
that allowed for differences in mean levels of NFL by group. The results from a model combining all five groups, but with a
diagnostic group-NFL interaction is also displayed to investigate between group differences. In b) partial R2 are shown for
each covariate in both models i) and ii).

associations across groups (p=0.5). These positive associations between WMHs

and NFL were not significant following adjustment for age. Table 4.2b shows par-

tial R2 values for all covariates from the group-specific models. In model i) with

WMHs, NFL and TIV, NFL explained from between 2% to 10% of the variance

in WMHs. In model ii) after adjustment for age, a large decrease was observed in

the percentage variance explained, with all values less than 2%. Age explained the

largest proportion of variance in WMHs in each group, ranging from 4% to 20%.

4.3.3 NFL and age

Table 4.3 shows the relationship between plasma NFL and age in each diagnostic

group, with Figure 4.2 showing the corresponding scatter plots. A strong relation-

ship was observed across all groups (p<0.001, all groups), but no differences in the

slopes of the associations across groups (p=0.8)
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Figure 4.1: Scatter plots showing the relationship between WMHs and plasma NFL in con-
trols, SMC, EMCI, LMCI and AD groups. WMH volume is shown on a log
scale and is unadjusted for any covariates. There is an x-axis break to show to
show the one NFL outlier in both the control and SMC groups.

Figure 4.2: Scatter plots showing the relationship between plasma NFL and age in controls,
SMC, EMCI, LMCI and AD groups. There is a y-axis break to show to show
the one NFL outlier in both the control and SMC groups.
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Table 4.3: Regression model results for the relationship between plasma NFL and age, by
diagnostic group

NFL and age Controls SMC EMCI LMCI AD

SD change in NFL per
decade increase in age

0.6 0.7 0.6 0.7 0.7

95% confidence intervals (0.4 to 0.7) (0.5 to 0.9) (0.5 to 0.8) (0.5 to 0.9) (0.5 to 1.0)

p value <0.001 <0.001 <0.001 <0.001 <0.001

Between group differences in slope among all five groups: p value = 0.8

Estimates are for SD change in NFL per decade increase in age. The SD is the pooled within-group SD, calculated from a
linear regression model that allowed for differences in mean levels of NFL by group.

4.3.4 NFL and Aβ

Table 4.4 shows the relationship between WMHs and NFL in Aβ positive and Aβ

negative groups. In the Aβ positive group, a significant relationship was observed

in the EMCI, LMCI and AD groups. An approximately 10% greater increase in

WMHs per 1 SD change in NFL was observed in these three groups, compared to

the results from the full cohort. In the Aβ negative group, a significant increase in

WMHs was only observed in the EMCI group, although all other groups remained

directionally consistent with the results in the full cohort.

Table 4.4: Regression model results for the relationship between plasma NFL and WMH,
divided into those who are Aβ positive and Aβ negative.

WMHs and NFL Controls SMC EMCI LMCI AD

Aβ+ N=396 N=59 N=30 N=125 N=109 N=108

% increase in WMHs per
1SD change in NFL

-0.4 13.7 37.7 52.8 27.7

Confidence intervals (-15.3 to 17.2) (-33.3 to 93.7) (12.0 to 69.3) (25.2 to 86.6) (7.5 to 51.7)

p value 1.0 0.6 0.003 <0.001 0.006

Aβ - N=431 N=104 N=73 N=154 N=43 N=22

% increase in WMHs per
1SD change in NFL

-2.3 8.0 28.9 36.9 22.1

Confidence intervals (-22.9 to 23.8) (-13.0 to 34.1) (11.5 to 49.0) (-5.8 to 99.0) (-3.1 to 54.0)

p value 0.8 0.5 0.001 0.1 0.09

Estimates are percentage changes in WMH volume per one SD change (1 SD = 18.3pg/ml) in NFL, with 95% confidence
intervals. The SD is the pooled within-group SD, calculated from a linear regression model that allowed for differences in
mean levels of NFL by group.
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4.3.5 Plasma NFL and WMHs: sensitivity analyses

The analyses presented in Table 4.2 with the addition of one outlier from both the

control and SMC groups, are shown in Table 4.5 (outliers visible in Figure 4.1). The

addition of these outliers (to the regression analysis and the NFL standardisation)

meant that the positive association between NFL and WMHs observed in the SMC

group was reduced and was no longer significant (10.6% increase in WMHs for a 1

SD increase in NFL, p=0.3). The borderline percentage increase in the control group

was also attenuated (5% increase in WMHs for a 1 SD increase in NFL, p=0.4).

The inclusion of these overly influential outliers lead to a statistically significant

difference in the slopes of the associations across all groups (p=0.007).

Table 4.5: Regression model results for the relationship between WMHs and plasma NFL
by diagnostic group, after the inclusion of two outliers

a) WMHs and NFL Controls SMC EMCI LMCI AD

i)

TIV adjusted
% reduction in WMHs (ml)
per 1SD change in NFL

5.0 10.6 34.1 47.8 23.7

95% confidence intervals (-7.3 to 19.0) (-9.7 to 35.4) (19.2 to 50.8) (25.1 to 74.6) (7.2 to 42.7)

p value 0.4 0.3 <0.001 <0.001 0.004

ii)

TIV and age adjusted
% reduction in WMHs (ml)
per 1SD change in NFL

-0.5 -4.2 4.9 17.8 1.5

95% confidence intervals (-12.1 to 12.6) (-23.6 to 20.1) (-6.4 to 17.7) (-1.9 to 41.4) (-12.4 to 17.7)

p value 0.9 0.7 0.4 0.08 0.8

Between group differences in % reductions per 1SD increase in NFL: p value = 0.007 (0.2 with age adjustment)

b) Controls SMC EMCI LMCI AD

i)
NFL 0.004 0.01 0.08 0.1 0.06

TIV 0.07 0.06 0.05 0.09 0.1

ii)

NFL 0 0.001 0.003 0.02 0.0003

TIV 0.06 0.06 0.05 0.05 0.07

Age 0.08 0.06 0.2 0.1 0.2

Models assess associations between WMHs and plasma NFL in each diagnostic group, with the addition of TIV (i) and TIV
and age (ii) as covariates. These models include one outlier from the control group and one from the SMC group. In a)
estimates are percentage changes in WMH volume per one SD change (1 SD = 20.7pg/ml) in NFL, with 95% confidence
intervals. The SD is the pooled within-group SD, calculated from a linear regression model that allowed for differences
in mean levels of NFL by group. The results from a model combining all five groups, but with a diagnostic group-NFL
interaction is also displayed to investigate between group differences. In In b) partial R2 are shown for each covariate in both
models i) and ii).
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4.3.6 Exploring the WMHs and NFL relationship: the potential

role for vascular risk

Table 4.6 shows percentage increases in WMHs for increases in plasma NFL, with

adjustment for the vascular risk factors of smoking status, a history of hypertension,

a history of diabetes and BMI. With combined adjustment for the four vascular risk

factors, there was no evidence for a marked attenuation of the association between

NFL and WMHs (shown in Table 4.2) in any disease group.

Table 4.6: Regression models results for the relationship between WMHs and plasma NFL
with adjustment for smoking status, history of hypertension, history of diabetes
and BMI by group

WMHs and NFL adjusted
for smoking, hypertension,
diabetes and BMI (N=820)

Controls SMC EMCI LMCI AD

SD change in NFL per
decade increase in age

18.7 43.3 29.1 37.3 20.3

95% confidence intervals (-2.1 to 44.1) (8.1 to 90.1) (13.6 to 39.9) (17.7 to 60.2) (5.1 to 37.8)

p value 0.08 0.01 <0.001 <0.001 0.008

Estimates are percentage increases in WMH volume per one SD change (1 SD = 18.3pg/ml) in NFL, with 95% confidence
intervals and adjustment for TIV. The SD is the pooled within-group SD, calculated from a linear regression model that
allowed for differences in mean levels of NFL by group.

4.4 Discussion
This work provides evidence for an association between plasma NFL and WMHs

in those with a significant memory concern, and from the early stages of cognitive

impairment through to clinical AD. Baseline participant age had a strong impact

on the relationship, accounting for the most variance in WMH volumes and signif-

icantly attenuating the relationship between WMHs and NFL when included as a

covariate.

These findings suggest that WMHs seen in cognitive impairment are likely to

be related to axonal damage, as indicated by plasma NFL, in a manner that is depen-

dent on age. There is previous evidence that supports a relationship between WMHs

and plasma NFL. Following injury to large myelinated axons, NFL has been shown

to be released into the extracellular space and subsequently into the CSF (Sjogren
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et al., 2001). CSF NFL has been shown to be a sensitive biomarker for neurode-

generation in AD, with levels correlating with cognitive decline and brain atrophy

(Mattsson et al., 2019, Zetterberg et al., 2016). Recent technological developments

have enabled measurement of NFL in blood (Almeida et al., 2015), levels of which

are highly correlated with CSF NFL (Zetterberg and Blennow, 2018). Recently it

was shown that plasma NFL was more strongly associated with cognitive and neu-

roimaging outcomes than CSF NFL (Mielke et al., 2019). Given that taking blood

samples is less invasive than taking CSF, it may be that plasma NFL has great po-

tential for widespread clinical use.

NFL levels are associated with white matter changes in multiple neurodegen-

erative diseases, including AD, VaD and MS (Sjogren et al., 2001, Teunissen and

Khalil, 2012, Zetterberg et al., 2016). Previous studies have demonstrated associa-

tions of NFL with WMHs in cognitively normal and MCI (Osborn et al., 2018), and

MCI and AD groups (Zetterberg et al., 2016), and with compromised white mat-

ter microstructure using diffusion imaging (Moore et al., 2018). However a recent

study by Mattsson et al. (2019) in the ADNI cohort did not find any evidence for an

association of WMHs with baseline or longitudinal NFL data. The discrepancy with

this study is likely partly due to differing methods used to generate WMH volumes.

Additionally, Mattsson et al. combined two ADNI phases with different imaging

protocols, which may have affected any associations seen.

WMHs seen in AD are often presumed to be vascular in origin, as a result

of cerebral SVD (Wardlaw et al., 2013). Evidence has also suggested that NFL

biomarker increases could signify damage related to vascular pathologies (Duering

et al., 2018, Gattringer et al., 2017). The positive WMH-NFL relationship may be

caused by either traditional Alzheimer’s pathologies (Aβ deposited as plaques or in

the vasculature as cerebral amyloid angiopathy, and tau) or co-morbid cerebrovas-

cular disease due to conventional risk factors, or both. The association of WMHs

with age is well documented (de Leeuw et al., 2001a, Ylikoski et al., 1995), and has

been shown in this cohort in Chapter 3 and in Walsh et al. (2020). This relationship

could be due to cerebrovascular events, disease and risk factors, which all increase
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with age. In this study, however, there was no effect of the vascular risk factors

of smoking, hypertension, BMI or diabetes on the relationship between WMHs and

NFL. These results could be interpreted as support for the growing body of evidence

that WMHs represent core aspects of AD and cannot simply be attributed to con-

comitant CVD (McAleese et al., 2017). This evidence includes studies of ADAD,

where WMH accumulation is seen in presymptomatic disease stages in young muta-

tion carriers without comorbid CVD (Lee et al., 2016, 2018). There is also evidence

of elevated NFL in ADAD cohorts (Preische et al., 2019, Weston et al., 2017).

The vascular risk factors included in this study were used as they are some of

the most notable (Livingston et al., 2017) and are also consistently recorded in the

ADNI cohort. However not all vascular risk factors, vascular disease and vascular-

related events will be characterised by these variables collected and a more com-

prehensive analysis may elucidate more of the NFL-vascular disease relationship.

Osborn et al. (2019) recently assessed this relationship between systemic vascu-

lar risk and NFL and found that associations are amplified by the presence of Aβ

and tau pathology. Interestingly, a previous study from the same group had found

that NFL associations with vascular pathology were independent of Aβ (Osborn

et al., 2018). Here the relationship of NFL and WMHs was assessed separately in

Aβ positive and negative groups. There is some evidence (although not formally

tested) that Aβ is exacerbating the relationship between WMHs and NFL, with a

significant relationship observed in the Aβ positive group in the three most cog-

nitively impaired groups, compared to only the EMCI group in the Aβ negative

group. It is important though to note though that the group size was reduced sig-

nificantly in several of the groups, which may be a contributing factor in the lack

of significance observed. Looking at changes in the percentage increases, it seems

that although the presence of Aβ seems to augment the NFL-WMH relationship, it

does not appear to be the sole driver, as a positive relationship is still observed in

the Aβ negative group.

One potentially major influence on the findings here are the cerebrovas-

cular exclusion criteria in ADNI (a score above 4 on the Hachinski Ischemic
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Scale) (https://adni.loni.usc.edu/wp-content/uploads/2008/

07/adni2-procedures-manual.pdf). For example, the reason why the

association between NFL and WMHs was lower in AD than the MCI groups may

be due to the exclusion criteria in ADNI, whereby those AD patients with signif-

icant cerebrovascular burden (and likely higher WMHs and NFL) may have had

a Hachinski score of greater than 4. Indeed, there appears to be a proportion of

participants in the AD group with high NFL levels and low WMH volumes, but

no participants both with these highest NFL levels and high WMHs (see Figure

4.1). Individuals with higher numbers of vascular risk factors are likely to develop

significant cerebrovascular disease and therefore be excluded from this study.

A strong relationship of NFL with age was found, with a highly significant pos-

itive relationship in each diagnostic group. The marked reduction in the association

between NFL and WMHs after age adjustment also suggests that the relationship

between WMHs and NFL is largely due to their associations with age. Results with

and without adjustment for age at baseline were presented, to be sensitive to the

fact that age can be considered a proxy measure of vascular events and other co-

morbidities that increase over time and cause resultant degeneration. Adjusting for

age cannot simply be considered as removal of the effects of normal ageing on the

WMH-NFL relationship. Such an approach could be achieved by the adjustment of

the models with the slope of the association in healthy controls, and potentially only

using the controls without evidence of amyloid pathology, in attempt to remove the

effects of normal ageing.

The strong association between NFL and age is in agreement with previous

studies that have demonstrated this positive association in both controls and in AD

(Lewczuk et al., 2018, Vagberg et al., 2015). It is unclear what underpins this in-

crease in NFL with age, but it is suggestive of subclinical axonal damage. Whilst

the increase could potentially be caused by an increase in cerebrovascular pathology

with increasing age (Lewczuk et al., 2018, Vagberg et al., 2015), these results do

not support this notion since adjustment for most of the major vascular risk factors

had little impact on the NFL and WMH relationship. This hypothesis should not be

https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
https://adni.loni.usc.edu/wp-content/uploads/2008/07/adni2-procedures-manual.pdf
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entirely discounted since the lack of support for it from this study may have been

due to the nature of the vascular variables used here or the selection bias, induced

by the Hachinski score cut off, acting on this cohort. Nonetheless, these findings

highlight the importance of looking beyond vascular disease and studying the role

that other pathological processes may effect upon axonal and white matter health in

ageing and in AD.

The highest levels of NFL were observed in the AD group, followed by the

LMCI group, with the less cognitively impaired groups having lower levels of

NFL. This suggests that NFL differs by disease stage which is a key feature of a

biomarker. Further work is needed to understand whether it predicts further WMH

development, serves as a good prognostic biomarker, or tracks with disease progres-

sion, particularly in the early disease stages. The strong association of NFL with

age could have potential implications when considering its use as an AD biomarker.

Previous reports found an age-dependent increase in the sensitivity at the cost of a

decrease in the specificity, with the most marked effect seen at older ages (Lewczuk

et al., 2018, Mattsson et al., 2017). Furthermore, increases in NFL are not specific

to the neurodegeneration observed in AD, and have been observed in MS (Kuhle

et al., 2013), amyotrophic lateral sclerosis (Lu et al., 2015), frontotemporal demen-

tia (Rohrer et al., 2016) and after traumatic brain injury (Shahim et al., 2018). It

may therefore be more plausible for NFL to be used as a screening tool for neu-

rodegeneration, as opposed to a diagnostic test for any condition.

Many of the limitations of this study are the same as in Chapter 3. These

include the use of the ADNI cohort, which is largely free of cerebrovascular disease

and of higher socioecomic status. Pathological confirmation of diagnosis is also

not available for the ADNI cohort, leaving open the possibility of bimodal disease

groups (Jicha et al., 2006, Petersen et al., 2006). Related to this, in the analysis

involving Aβ , positive individuals were observed in the control groups and negative

individuals were observed in the diseased groups. This could provide evidence

of bimodal disease groups, or could be the result of using cutoff values. Like in

Chapter 3, this study was only carried out using baseline data and so changes over
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time in the relationship between NFL and WMHs were not assessed. Again, only

total WMH volumes were assessed, so no conclusions about regional distribution

can be drawn. Additionally, it is unlikely that all vascular risks will be accounted

for in the variables selected. Further, height and weight were collapsed into the

commonly-used BMI measure in this analysis, but were not further collapsed over

all vascular risk variables to generate a points-based vascular risk score as has been

carried out in other studies (D’Agostino et al., 2008, Lane et al., 2019a). There was

merit in entering each of these vascular risk factors, given the possibility that they

may not all have the same relationship with WMHs or NFL levels.

Only Plasma NFL was used in this study due to CSF NFL not currently be-

ing available for ADNI2/GO, but it would have been interesting to compare CSF

NFL as differing associations with outcome measures have been reported (Mielke

et al., 2019). Only total WMH volume were looked at and therefore no regional

associations between NFL and WMH volume were assessed. An important caveat

to the study design is that no causality in the WMH-NFL relationship can be in-

ferred. Therefore it is not possible to discern whether the association we observe

between NFL and WMHs is induced by each biomarker’s strong associations with

age, or whether one biomarker causes change in the other. Further research would

be necessary to reveal any causal relationship.

In summary, this study is suggestive of an association between plasma NFL

and WMHs in MCI and AD, but in a manner that is largely dependent on age. This

study adds to our understanding of the ageing brain’s vulnerability to damage, such

as axonal degeneration. Plasma NFL could offer insight into white matter dam-

age in cognitively impaired individuals in a relatively non-invasive and inexpensive

manner.



Chapter 5

Associations of WMHs and brain

atrophy in ADAD

5.1 Introduction

WMHs are increasingly recognised as a feature of late-onset sporadic Alzheimer’s

disease; WMH burden is predictive of AD progression (Brickman et al., 2015,

Lopez et al., 2014, van Straaten et al., 2008) and is associated with AD hallmarks

such as measures of Aβ (Walsh et al., 2020, Zhou et al., 2015) and tau pathology

(McAleese et al., 2015, Tosto et al., 2015) and brain atrophy (Barnes et al., 2013,

Fiford et al., 2017, Schmidt et al., 2005). There are very few studies of WMHs in

ADAD. One study demonstrated greater WMHs in mutation carriers up to 22 years

before symptom onset, suggesting that WMHs are a key feature in AD (Lee et al.,

2016). ADAD provides a unique chance to track WMH progression from presymp-

tomatic stages to clinical AD, due to the heritability of age at symptom onset and

the virtually complete penetrance of the causative mutations in PSEN1, PSEN2 and

APP genes. Individuals with ADAD are younger than sporadic AD with a low inci-

dence of comorbidities, enabling an important opportunity to uncover the extent to

which WMHs are a core feature of AD, rather than the result of age-related vascular

risk factors, vascular events and vascular dysfunction.

In this study, I used the DIAN cohort to assess how WMH change over time

differs between non-carriers and PSEN1, PSEN2 and APP mutation groups, and
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whether WMH burden increases as estimated onset is approached and passed. I

also aimed to assess whether WMH and brain atrophy rates are associated features

across the disease course. I hypothesised that heterogeneity in WMH accrual may

be evident in ADAD, with previous reports showing differences in multiple aspects

of the disease according to mutation group (Ryan et al., 2015, Ryan and Rossor,

2010, Shepherd et al., 2009). As indicated from studies in sporadic AD, I hypoth-

esised that brain atrophy and WMHs are associated over the course of the disease

(Enzinger et al., 2005, Schmidt et al., 2005).

5.1.1 Cohort

All data used in this chapter was from from the tenth data freeze of the DIAN

cohort (see section 2.1.2). Four mutation groups were used in this study: non-

carriers, PSEN1 mutation carriers, PSEN2 carriers and APP carriers. The mutation

carrier groups were further classified into three symptom severity groups based on

mutation status and global CDR score, similar to a previous study (Kinnunen et al.,

2018):

• Presymptomatic (P-Sym): mutation carriers with a global CDR score of 0 at

both of their first two visits

• Questionably symptomatic (Q-Sym): mutation carriers with a global CDR

score of 0.5 at one or both of their first two visits (the other being 0 or 0.5)

• Symptomatic (Sym): mutation carriers with a global CDR score of 1.0 or

greater at one or both of their first two visits

5.1.2 Quality control

221 FLAIR and T1-weighted images with baseline data and at least one follow-

up, and with complete clinical data (mutation status, age, CDR score, EYO) were

transferred to the Dementia Research Centre, UCL, London. Following visual in-

spection of T1-weighted and FLAIR images, 20 participants were excluded due

to acquisition-related changes between timepoints, lack of clinical information and

presence of non-AD pathology (e.g. infarcts, neoplasm). The full cohort consisted
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of 201 participants, comprising 72 non-carriers, 95 with PSEN1 mutations, 7 with

PSEN2 mutations and 27 with APP mutations. Of these 201, 26 participants were

identified as having imaging artefacts (e.g. motion) that could result in unreliable

brain atrophy measures and included in an ‘artefact’ group. For investigations in-

cluding brain atrophy measures, sensitivity analyses were subsequently performed

with and without this ‘artefact’ group.

5.1.3 WMH segmentation

5.1.3.1 Automated segmentation

An automated WMH segmentation was initially carried out by running BaMoS (see

section 2.3.1.1) on the serial DIAN scans.

5.1.3.2 Quality control of BaMoS segmentations

BaMoS segmentations from each individual timepoint were visually assessed sep-

arately and graded on performance. An improved grading system was introduced

from the one used in section 3.2.2.2, whereby the amount of artefact was graded on

a 5-point scale for each region commonly associated with artefact (frontal lobe, tem-

poral lobe, cortical, midline), with 1 being very minor and 5 being very severe and

unusable. This was to account for the fact that the DIAN BaMoS segmentations

appeared to have greater levels of artefact than the ADNI BaMoS segmentations.

Scans were flagged up if they had a score of 4 or greater in any one region, or a

score of 3 in greater than one region. A substantial proportion of the scans from the

221 participants ( 35%) were flagged. A decision was therefore taken to undertake

further analysis of the effectiveness of the BaMoS segmentation tool in the DIAN

cohort.

5.1.3.3 Comparison of automated and semi-automated segmenta-

tion in a subset

A subset of participants from the full DIAN cohort were selected to undergo manual

segmentation of WMHs, to which the results from BaMoS could be compared. 19

subjects were chosen to reflect the complete range of timepoints and WMH load
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Table 5.1: DIAN subset selection

Number of timepoints Subjects

2 8

3 5

4 4

5 1

6 1

WMH Load Subjects

High (>5ml) 5

Medium (<1ml,>5ml) 9

Low (<1ml) 5

WMH accrual Subjects

Stable 9

Accruing 10

present in the full cohort (Table 5.1). Manual segmentation was carried out as de-

scribed in section 2.3.1.2, using both the ’Separate timepoint’ and the ’Multiple

timepoint’ methods. BaMoS segmentations are run in normally T1 space, whilst

the semi-automated segmentations are performed in FLAIR space. To account for

this, BaMoS segmentations for this subset were re-run in FLAIR space so that both

sets of segmentations would be comparable. A scatter plot was generated to visu-

ally confirm that equivalent volumes were obtained from the FLAIR and T1 space

BaMoS segmentations.

To examine the agreement between the WMH volumes resulting from BaMoS

segmentation and from semi-automated segmentation in this subset, several statis-

tical comparisons were carried out. Firstly, Bland-Altman plots were generated

to graphically compare baseline BaMoS WMH estimates with the semi-automated

segmentation estimates. Bland-Altman plots are generated by plotting the differ-

ence between the volumes from the two techniques against the average of the two

volumes. The mean difference between the two techniques and the 95% limits of

agreement were also calculated and plotted. Dice score coefficients from WMH
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segmentations on baseline scans were then calculated to measure the level of over-

lap between the two methods.

To assess how the segmentation method affects assessment of WMH change

over time, mixed effect modelling was carried out. After testing for fit, a random

intercepts model that did not allow rate of change to vary between subjects was

selected.

5.1.3.4 Results: Comparison of automated and manual segmenta-

tion in subset

There was a high degree of agreement between the BaMoS WMH volumes gener-

ated from T1 and those from FLAIR space (Figure 5.1). The decision was therefore

made to use the FLAIR space volumes for the remaining DIAN subset analysis, in

order to be directly comparable to the manual WMH segmentations.

Figure 5.1: A scatter plot demonstrating similarities in the BaMoS generated baseline
WMH segmentation volumes from FLAIR and T1 space

When assessing similarities between baseline WMH volumes obtained from

BaMoS and the semi-automated method, a moderate degree of agreement was ob-

tained and demonstrated in the Bland-Altman plot in Figure 5.2. The mean differ-

ence line is close to zero and the majority of the points fall close to this mean differ-

ence line, especially at smaller WMH volumes. At medium and larger WMH vol-
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umes, BaMoS tends to overestimate WMH volume compared to the semi-automated

method, apart from the largest volume where it has underestimated. In terms of the

amount of spatial overlap between the two segmentation methods, the majority of

the Dice score coefficients (Figure 5.3) were below the level of 0.7 that is gener-

ally considered good in the literature (Caligiuri et al., 2015). The lowest degree of

overlap was observed for the smallest WMH volumes, whereas very high degrees

of overlap were observed for WMH volumes above 20ml.

Figure 5.2: Bland-Altman plot of BaMoS generated baseline WMH volumes compared to
semi-automated baseline WMH volumes. The difference between the two vol-
umes is plotted on the y axis and the mean of the two volumes is plotted on the
x axis. The mean difference between the two volumes is represented by the red
line, and the 95% limits of agreement are the black lines

When comparing the two segmentation methods in the assessment of WMH

changes over time, the rate of change in the BaMoS volumes was estimated to be

over 1.5 times less than the semi-automated volumes (Table 5.2). This suggests that

using the BaMoS segmentations results in a flatter estimated trajectory, which is not

accompanied by any reduction in within subject variation.

The evidence from both assessing baseline WMHs and WMH change over time

suggests that BaMoS is significantly less accurate in segmenting WMHs compared

to the semi-automated method. This confirms the original observations from the

visual assessment of the BaMoS segementations in the full cohort, where over 35%
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Figure 5.3: A scatter plot showing the Dice score coefficient as a measure of segmentation
overlap between the BaMoS and semi-automated volumes, against the mean
WMH volume

were flagged as having significant artefact. The decision was therefore taken to

proceed with the semi-automated segmentation method on the full cohort.

5.1.4 Brain volume

Brain volume loss was calculate using the BSI, as described in 2.3.2.

5.1.5 Statistical analysis

5.1.5.1 Variable creation and transformation

All statistical analyses were performed on loge transformed WMH values to reduce

skewness. The resulting coefficients from all linear regression models were back-

Table 5.2: Differences in segmentation methods in assessing WMH change over time from
mixed effect modelling

Semi-automated BaMoS

Mean intercept 0.99 1.62

Mean rate of change 0.12 0.06

Between subject intercept variation 2.12 1.79

Within subject variation 0.23 0.25
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transformed so that they expressed percentage differences in WMHs. Baseline val-

ues of TIV for each participant were used as a covariate in all models for WMHs

and brain atrophy (unless otherwise stated), allowing rates of change to depend on

head size.

5.1.5.2 Analysis of baseline demographic and imaging variables

Fisher’s exact test was used to test differences in the distribution of gender, APOE

ε4 status and symptom severity across mutation groups (non-carrier, PSEN1,

PSEN2 and APP). For all other variables joint Wald tests of differences amongst

groups were performed after fitting a linear regression model with mutation group

as a categorical predictor (with adjustment for TIV for loge transformed WMHs).

5.1.5.3 WMH Change over time in each mutation group

Line plots showing logeWMH volume relative to time from baseline (years) in each

subject were generated for each mutation group. To relate changes in logeWMH

volume to time from baseline, linear mixed models (group-specific model 1) with

correlated random slopes and intercepts were fitted in each mutation group sepa-

rately. Slopes and intercepts were allowed to depend on TIV. Fitted lines (with 95%

confidence intervals) for a person having the overall mean TIV were overlaid onto

each line plot.

A model (combined model 1) was also fitted to the data from all mutation

groups. This model allowed all mean slopes and intercepts, all random effect

variances and covariances, and all residual variances, to differ by mutation group.

Slopes and intercepts were allowed to depend on TIV, with these dependencies as-

sumed constant across groups. From this (and other later combined models), joint

Wald tests of differences amongst the slopes in the non-carriers and three mutation

groups were carried out.

To explore whether results were materially affected by baseline age, the above

analysis was repeated with slopes and intercepts additionally allowed to depend

on age (group-specific model 2 and combined model 2). Fitted slopes (with 95%

confidence intervals) for a person of overall mean age and having the overall mean

TIV were obtained from the group-specific models.
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To explore differences between the non-carriers and the three mutation groups

in those without symptoms, group-specific and combined models 1 and 2 were refit-

ted omitting symptomatic and questionably symptomatic individuals. For the non-

carrier group, nine individuals with a CDR of 0.5 were omitted from this analysis.

To assess potential differences in logeWMH change between PSEN1 carriers with

a mutation pre-codon 200 versus those with a mutation post-codon 200, a variant

of combined model 1 was fitted in PSEN1 carriers only. This model (combined

model 3) allowed all mean slopes and intercepts, all random effect variances and

covariances, and all residual variances, to differ by codon group.

5.1.5.4 WMH Change over time in each symptom group

To explore symptom group differences in WMH change over time, group specific

and combined models 1 and 2 were refitted with symptom group instead of mutation

group. Line plots were also generated to show logeWMH volume relative to time

from baseline (years) in each subject for each symptom group. Fitted lines (with

95% confidence intervals) for a person having the overall mean TIV were overlaid

onto each line plot.

5.1.5.5 Change based on estimated years to onset

To relate logeWMH change to estimated years pre-/post onset (EYO), a mixed-

effect model (group-specific model 3) with random slopes but fixed person-specific

intercepts (because intercepts did not appear Gaussian with a few clear outliers),

was fitted in each mutation group (PSEN1, PSEN2 and APP). Slopes were allowed

to depend on TIV. A second model (group-specific model 4), with an additional

fixed quadratic time term, was also fitted in each mutation group (PSEN1, PSEN2

and APP) to assess evidence of an acceleration in WMH change. From this, the

mean annualised rates of WMH change from 10 years before onset to 5 years before

onset, and in subsequent 5-year periods up to between 10 and 15-years post onset

were calculated (with 95% confidence interval). This EYO range was used since

most participants were assessed in these intervals. Graphs of logeWMHs against

EYO for each individual were plotted for each mutation group. Mean fitted lines

(with 95% confidence intervals), created by averaging across people, were overlaid
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onto each mutation group graph.

5.1.5.6 Associations between brain atrophy and WMH changes

Scatter plots were generated in each mutation group, to show participant-specific

rates of change in WMHs and brain volume. For WMHs these rates of change

were estimated from participant-specific simple regression models relating log-

transformed WMHs to time. For whole brain volume participant-specific regres-

sion, models relating each BSI to the time interval over which the BSI was mea-

sured without a constant term were used. Crude Pearson correlation coefficients

(with p-values and 95% confidence intervals) were calculated for the associations

between rate of change in WMHs and brain volume. Partial correlation coefficients

adjusting for TIV and an individual’s mean follow-up relative to age at expected

onset were also calculated.

5.2 Results

5.2.1 Demographic and imaging summary statistics

Table 5.3 shows demographic, imaging and clinical data from the 201 subjects used

in this study. No evidence of differences was observed between non-carriers and the

three mutation groups in the proportions of males and APOE ε4 positive individuals,

or in expected years from onset or TIV. Statistically significant differences were

seen between baseline loge transformed WMH volumes with the largest volumes in

the PSEN2 and APP groups and the smallest in the non-carriers. Differences were

also observed in the mean length of follow up between mutation groups, with the

PSEN2 group having a longer follow-up interval. There were 31 individuals with a

PSEN1 mutation post-codon 200 and 62 individuals with a mutation pre-codon 200.

Table 5.4 demonstrates that the majority of participants from all groups had no

more than two visits in total for this study. As expected, the number of participants

declined as the number of visits increased. 5 PSEN1, 1 PSEN2 and 1 APP partici-

pant had a total of 5 visits, and only 1 PSEN1 and 1 APP participant had a total of

6 visits.
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Table 5.3: Demographic and imaging data in each mutation group

Non-carrier PSEN1 PSEN2 APP
p value
across
groups

N (total=201) 72 95 7 27

Age 38.9 (10.5) 40.0 (10.6) 42.3 (12.6) 42.9 (9.8) 0.4

Male (%) 63 61 43 63 0.8

APOE ε4 positive (%) 25 26 43 26 0.7

EYOa -7.1 (10.7) -4.5 (9.6) -7.5 (13.6) -5.5 (9.4) 0.4

Symptom status:

P-Sym - 41 (43%) 5 (71%) 15 (54%)

0.6Q-Sym - 34 (36%) 1 (14%) 8 (30%)

Sym - 20 (22%) 1 (14%) 4 (14%)

Length of follow up (years);

min, max

2.8 (0.8);

1.9, 5.0

2.6 (1.1);

0.9, 5.2

3.6 (0.5);

3.0, 4.3

2.6 (1.3);

1.0, 5.1
0.008

TIV (ml) 1387 (132) 1378 (136) 1497 (139) 1418 (166) 0.1

WMH (ml) 0.7 (0.7) 0.9 (1.5) 1.5 (4.3) 1.2 (2.1)

LogeWMH (ml) -0.4 (0.9) -0.05 (1.3) 0.4 (2.1) 0.2 (1.5) 0.004b

Values are mean (SD) unless reported. White matter hyperintensity values reported as median (IQR).
a Based on parental age at onset. A negative value of EYO indicates that a participant joined the study prior to expected age
of onset; EYO values for non-carriers use parental age at onset (as with carriers). This EYO variable in non-carriers does not
indicate that they will develop ADAD.
b Adjusted for TIV

Table 5.4: Frequency of participants with each maximum visit number, in each mutation
group

Maximum visit number

2 3 4 5 6

Non-carrier 55 10 7 0 0

PSEN1 61 25 2 6 1

PSEN2 5 0 1 1 0

APP 17 5 3 1 1

Total 138 40 13 8 2
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5.2.2 WMH change over time by mutation group

Table 5.5 shows fitted (for participants with overall mean TIV, and mean age) per-

centage increases in WMHs over time for non-carriers and each mutation group.

Figure 5.4a-d shows these fitted values together with raw data. In Table 5.5a statis-

tically significant increases over time were observed in the non-carrier, PSEN1 and

APP mutation groups, with the greatest WMHs increase per year (12.8%) observed

in the APP group, compared with a 5.5% increase in the PSEN1 group and a 3.3%

increase per year in non-carriers. The mean rate in the PSEN2 group was close

to zero, but the 95% confidence was wide, reflecting the small number of partici-

pants in this group. These results were not materially changed with allowance for

age. Differences in WMH accrual between groups were formally tested in a com-

bined model and there was evidence for a significant variation amongst the groups

(p=0.01), driven by the higher rate of accrual in the APP group and showing bor-

derline statistical significance after adjustment for age. In Table 5.5b, in models re-

Table 5.5: Regression model results for the mean change in WMHs over time, in each mu-
tation group

Non-carriers PSEN1 PSEN2 APP

p
value
across
groups*

a) All
participants

Analysis allowing rates of change to depend on TIV

0.01
% increase in WMHs per year at overall mean TIV 3.3 5.5 -0.1 12.8

95% confidence intervals (0.5 to 6.1) (1.7 to 9.6) (-13.1 to 14.8) (6.9 to 19.0)

p value 0.02 0.005 1.0 <0.001

Analysis allowing additional dependency on age

0.08
% increase in WMHs per year at overall mean TIV 3.6 5.5 -0.1 12.8

95% confidence intervals (0.8 to 6.5) (2.2 to 9.8) (-10.4 to 14.4) (6.6 to 17.8)

p value 0.01 0.002 0.8 <0.001

b) Participants
without
symptoms

Analysis allowing rates of change to depend on TIV N=63 N=41 N=5 N=15

<0.001
% increase in WMHs per year at overall mean TIV 3.2 -0.8 -9.5 13.3

95% confidence intervals (0.3 to 5.8) (-5.0 to 3.6) (-21.9 to 4.9) (8.5 to 18.3)

p value 0.01 0.7 0.2 <0.001

Analysis allowing additional dependency on age N=63 N=41 N=5 N=15

<0.001
% increase in WMHs per year at overall mean TIV 3.2 1.0 -8.4 14.0

95% confidence intervals (0.5 to 6.1) (-4.4 to 6.9) (-27.3 to 15.3) (9.5 to 18.7)

p value 0.02 0.7 0.5 <0.001

Fitted percentage increases (with 95% confidence intervals and p-values) in WMH volume per year. In a) results are
assessing WMH change in each group, allowing for dependency of baseline values and rates of change on TIV, and then
additionally on age. In b) analogous results are restricted to those without symptoms. The N for each group included in each
model is as displayed in Table 5.3, unless otherwise stated.).
* Assumes effects of TIV on slopes and intercepts are the same in each mutation group.
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Figure 5.4: Plots showing WMH change over time for each participant (coloured lines)
with fitted lines (black) in a) non-carriers, b) PSEN1, c) PSEN2 and d) APP
mutation groups. Fitted lines (with 95% confidence intervals) are from mixed
models relating WMHs to time, for a participant with the overall mean TIV. All
graphs have been truncated at 4 years and only the first year is displayed on the
axis to ensure anonymity of participants.

stricted to those without symptoms, statistically significant increases were observed

in the APP group, with a 13.3% increase in WMHs per year. These results were

not materially changed with allowance for, and standardisation to the mean, age.

Again, there was evidence for a significant variation amongst the groups (p<0.001)

that was driven by the higher rate of accrual in the APP group and not materially

changed with age adjustment. No significant difference was observed in WMH

change between the PSEN1 pre-codon 200 and post-codon 200 mutation groups

(p=0.4).
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5.2.3 WMH change over time by symptom group

Table 5.6: Regression model results for the mean change in WMHs over time, in each
symptom group

Non-carriers P-Sym Q-Sym Sym
p value
across

groups*

Analysis allowing rates of change to depend on TIV

<0.001
% increase in WMHs per year at overall mean TIV 3.3 2.2 7.8 25.4

95% confidence intervals (0.5 to 6.1) (-1.4 to 5.9) (1.2 to 14.8) (17.3 to 34.3)

p value 0.02 0.2 0.02 <0.001

Analysis allowing additional dependency on age

<0.001
% increase in WMHs per year at overall mean TIV 3.6 3.9 6.4 26.7

95% confidence intervals (0.8 to 6.5) (0.4 to 8.0) (0.1 to 13.1) (15.7 to 38.7)

p value 0.01 0.05 0.05 <0.001

Fitted percentage increases (with 95% confidence intervals and p-values) in WMH volume per year. Results are assessing
WMH change in each symptom group, allowing for dependency of baseline values and rates of change on TIV, and then
additionally on age.
* Assumes effects of TIV on slopes and intercepts are the same in each mutation group.

Figure 5.5: Plots showing WMH change over time for each participant (coloured lines)
with fitted lines (black) in a) non-carriers, b) P-Sym, c) Q-Sym and d) Sym
mutation groups. Fitted lines (with 95% confidence intervals) are from mixed
models relating WMHs to time, for a participant with the overall mean TIV. All
graphs have been truncated at 4 years and only the first year is displayed on the
axis to ensure anonymity of participants.
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Table 5.6 demonstrates symptom group differences in WMHs increase per year,

with Figure 5.5 showing the corresponding plots. Significant percentage increases

in WMHs per year were observed with increasing magnitude across non-carrier

(3.2%), Q-Sym (7.8%) and Sym (25.4%) groups, and remain unchanged after ad-

justment for age. A non-significant association was observed in the P-Sym group,

but this reached borderline significance when adjusting for age.

5.2.4 WMH change and associations with estimated years to on-

set

From models which assumed linear increases in WMH volume with estimated years

to onset, statistically significant increases were observed in the PSEN1 and APP

groups, with estimated mean increases in WMHs per year (for participants with

mean TIV) of 4.6% (p=0.02) and 12.7% (p<0.001) increase in WMHs per year,

Table 5.7: Regression model results for the relationship between WMHs and estimated
years to onset, in each mutation group

Estimated years to
onset

% change
in WMHs
per 1 year

95% confidence
intervals

PSEN1

-10 to -5 2.8 -0.9 to 6.7

-5 to 0 5.6 1.9 to 9.5

0 to 5 8.4 3.8 to 13.3

5 to 10 11.4 5.2 to 17.8

10 to 15 14.3 6.4 to 22.9

PSEN2

-10 to -5 1.3 -8.5 to 12.2

-5 to 0 5.7 -5.3 to 17.9

0 to 5 10.2 -2.8 to 25.0

5 to 10 15.0 -0.8 to 33.3

10 to 15 19.9 0.8 to 42.6

APP

-10 to -5 12.2 6.4 to 18.3

-5 to 0 14.3 8.1 to 21.0

0 to 5 16.5 8.6 to 25.1

5 to 10 18.8 8.4 to 30.1

10 to 15 21.0 7.9 to 35.7

Estimates are shown as % change per year in WMHs for successive 5-year intervals relative to estimated onset, calculated
from separate linear mixed models in each mutation group. Estimates are shown at overall mean TIV.
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Figure 5.6: Plots of WMH accrual with estimated years to onset in each mutation group.
Fitted mean lines from a mixed model (described in text and shown in red,
with 95% confidence intervals), are overlaid onto each mutation group graph.
Participants with an EYO less than -10 were excluded from these graphs, but
not the models, to ensure anonymity.

respectively. From models with quadratic terms, there was also evidence for an

acceleration in WMH accrual with increasing EYO in the PSEN1 (p=0.005) and

PSEN2 groups (p=0.01) with a non-statistically significant (p=0.2), but directionally

consistent effect seen in the APP group. Annualised percentage increases in WMHs

in 5-year EYO intervals were calculated from these models and are displayed in

Table 5.7. Because of the estimated acceleration, percentage increases in WMHs

became greater every 5 year increase in EYO; in the PSEN1 group this ranged from

a 2.8% average increase per year at 10 to 5 years prior to onset, to a 14.3% increase

at 10 to 15 years post onset; in the PSEN2 group this ranged from a 1.3% average

increase per year at 10 to 5 years prior to onset, to a 19.9% increase at 10 to 15 years

post onset; in the APP group this ranged from a 12.2% average increase per year at

10 to 5 years prior to onset, to a 21.0% increase at 10 to 15 years post onset. Figure
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5.6 shows line plots for individual WMH change with estimated years to onset, with

fitted lines for each mutation group.

5.2.5 Jointly modelling brain volume and WMH changes

Figure 5.7 shows scatter plots of participant-specific rates of change in WMHs and

brain volume for each mutation group, colour coded for symptom group. Correla-

tion coefficients between the rates were between 0.50 and 0.66. After adjusting for

time relative to expected onset and for TIV, partial correlation coefficients were cal-

culated at 0.44 (p<0.001), 0.55 (p=0.3) and 0.48 (p=0.01) for PSEN1, PSEN2 and

APP group respectively. After excluding the 17 participants in the PSEN1 group,

1 participant in the PSEN2 group and 8 participants in the APP group in the ‘arte-

fact’ group, the correlation coefficients increased to 0.52 (p<0.001), 0.82 (p=0.04)

and 0.70 (p<0.001) respectively. The partial correlation coefficients also increased

Figure 5.7: Scatter plots showing the crude relationship between atrophy rate and WMH
accrual rate for a) PSEN1, b) PSEN2and c) APP, colour coded by symptom
status. Displayed on the graph are Pearson correlation coefficients (with 95%
confidence intervals and p values).
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to 0.47 (p<0.001) and 0.64 (p=0.006) in the PSEN2 and APP respectively, but de-

creased to 0.36 (p=0.6) in the PSEN2 group.

5.3 Discussion

This study found that mutation type was an important predictor of WMH accrual

in ADAD with individuals with APP having the highest rates, even in those with-

out symptoms. There were relationships between WMH volume and distance to

estimated age of onset in PSEN1 and APP mutation groups, with evidence of an

acceleration as estimated onset is approached and passed in the PSEN1 and PSEN2

groups. There was also evidence that WMH accrual is highly associated with pro-

gressive brain atrophy, even after allowing for the stage of disease.

The fact that WMHs are associated both with brain atrophy and with EYO in

APP and PSEN1 groups, highlights that WMHs accrual is an important biomarker in

ADAD that can be tracked throughout the disease course. This is also demonstrated

by the large increase in WMHs observed in the symptomatic disease group. This is

in agreement with previous studies in late onset sporadic AD that have implicated

WMHs as core features of AD, associating with progression of disease and clinical

symptoms (Brickman et al., 2015, Prins and Scheltens, 2015, Silbert et al., 2012)

and with the hallmark AD pathologies of Aβ (Bos et al., 2017, Walsh et al., 2020),

tau (McAleese et al., 2015, Tosto et al., 2015) and brain atrophy (Barnes et al., 2013,

Fiford et al., 2017, Schmidt et al., 2005).

There have been very few studies investigating WMHs in ADAD, a younger

patient group in whom any changes seen are more likely to be the result of AD

pathology and relatively unaffected by age-related co-morbidities. Lee et al. (2016)

showed that in a cross-sectional study of the DIAN cohort, mutation carriers had a

greater WMH burden than non-carriers, which appeared to increase 6 years before

expected symptom onset (22 years in posterior regions). Furthermore, this same

research group demonstrated that WMHs in ADAD may be independent of vascu-

lar Aβ deposition as CAA (Lee et al., 2018). This was based on their observation

that cerebral microbleeds, an imaging marker of CAA, contribute to but do not fully
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explain the association between WMH and mutation carrier status. Another smaller

cross-sectional study by Ryan et al. (2015) showed increased WMH in symptomatic

individuals carrying PSEN1 mutations located post-codon 200, and demonstrated an

association between WMH burden and severity of CAA and cotton wool-type amy-

loid plaques postmortem. There have been several diffusion imaging studies that

have investigated white matter involvement in ADAD (Ringman et al., 2007, Ryan

et al., 2013, Sánchez-Valle et al., 2016), of which the largest and most comprehen-

sive showed increases in mean diffusivity 5-10 years before estimated disease onset,

with global mean diffusivity correlated with lower levels of Aβ1-42 but higher lev-

els of tau, phosphorylated-tau and soluble TREM2 in the CSF (Araque Caballero

et al., 2018).

The highest rate of WMH accrual was seen in the APP group, which demon-

strated faster increases in volume than the non-carrier and PSEN1 groups, even in

those without symptoms. The APP group also showed a 12.7% linear increase in

WMHs per year increase in EYO, over double that of the PSEN1 group (4.6%).

When allowing for acceleration, this higher rate in the APP group is evident at all

5 year intervals of EYO. The acceleration of WMH accrual seen in the PSEN1 and

PSEN2 mutation groups (but not APP) with proximity to estimated disease onset is

also suggestive of variability in WMHs development according to mutation type.

Heterogeneity is present in many aspects of ADAD, with differences observed

genetically and clinically, but also at a histopathological and molecular level. Along

with the characteristic amnesia, patients can present with atypical symptoms such as

behavioural and language features, spastic paraparesis, seizures and extra pyramidal

and cerebellar signs (Ryan and Rossor, 2010, Ryan et al., 2016). Different muta-

tions influence the production of Aβ in various ways, with some increasing overall

Aβ42 deposition, some increasing the ratio of Aβ42/40 and some enhancing Aβ

protofibril formation (Nilsberth et al., 2001, Ryan and Rossor, 2010). Pathological

findings have also demonstrated variability in neuronal loss, tau tangle load and the

type, distribution and size of Aβ plaques (Maarouf et al., 2008, Shepherd et al.,

2009). This considerable heterogeneity within ADAD suggests that many factors



5.3. Discussion 131

could be influencing the variability in WMH accrual that was observed between

mutation groups.

Certain APP mutations, particularly those located in the Aβ coding region,

typically have severe CAA and can present with haemorrhage as well as demen-

tia, potentially underlying a greater WMH presentation. These mutations include

the Arctic (p.Glu693Gly), Dutch (p.Glu693Gln), Flemish (p.Ala692Gly), and Iowa

(p.Asp694Asn) mutations (Revesz et al., 2009, Shepherd et al., 2009). In this study

there were 11 participants with such APP mutations (out of 27 APP carriers), how-

ever all were in the presymptomatic stages of disease, making it difficult to draw

any conclusions about whether the higher rates of WMH accrual over time in the

APP group is at least in part driven by these mutation carriers. Variability in WMH

presentation within PSEN1 mutation carriers has been demonstrated previously,

whereby symptomatic PSEN1 mutation carriers with a mutation after codon 200

had more severe WMHs (Roks et al., 2000, Ryan et al., 2015, van Rooden et al.,

2016). The study by Ryan et al. (2015) had been motivated by an earlier pathology

study demonstrating more severe CAA in PSEN1 mutations located post-codon 200

(Mann et al., 2001). However, I did not find any differences between pre-codon 200

and post-codon 200 PSEN1 mutation carriers in the accrual of WMHs.

The variability in Aβ pathology with different mutations could be a factor in

the WMH accrual heterogeneity seen in this study. I and others have previously

described close associations between Aβ and WMHs (Lee et al., 2016, Pietroboni

et al., 2018, Walsh et al., 2020, Zhou et al., 2015) and therefore it could be hypoth-

esised that heterogeneity in Aβ pathology could underlie variations in WMHs. One

proposed mechanism behind this association is that Aβ deposited in blood vessel

walls as CAA could lead to hypoperfusion and ischaemia, resulting in the appear-

ance of white matter lesions (Grinberg and Thal, 2010, Hawkes et al., 2014, Weller

et al., 2008). In addition to the vascular origin of WMHs, there is recent evidence

to suggest that they could be a result of degenerative axonal loss caused by AD

pathology (McAleese et al., 2015, 2017).

In this study, strong correlations between WMH accrual and progressive brain
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atrophy were found, suggesting that WMH burden and brain atrophy track together

across the disease course. Associations between baseline WMHs and longitudi-

nal atrophy of the whole brain (Barnes et al., 2013, Enzinger et al., 2005, Schmidt

et al., 2005) and hippocampus (Fiford et al., 2017) have previously been demon-

strated in LOAD. An association between WMH change and longitudinal atrophy

has also been shown (Schmidt et al., 2005). There are multiple proposed models

that could explain this co-relationship. One possibility is that WMHs and brain at-

rophy are temporally-associated outcomes of separate pathways; the vascular nature

of WMHs is well documented (Prins and Scheltens, 2015, Wardlaw et al., 2013),

as is the effect of AD pathology on axonal loss and subsequent atrophy (La Joie

et al., 2020, Ossenkoppele et al., 2019, Spillantini and Goedert, 1998). Alterna-

tively, either vascular risk factors or AD pathology could be independently causing

both WMHs and brain atrophy. From the vascular perspective, SVD-related hypop-

erfusion could independently be resulting in lesions in the white matter (visible as

WMHs), but also neuronal loss in the grey matter (Zlokovic, 2011). From the per-

spective of AD pathology, as well as Aβ and tau-related cortical degeneration, it has

recently been shown that AD pathology is associated with axonal degeneration in

the white matter (McAleese et al., 2015, 2017). An additional possibility is that they

occur as serial events, whereby either vascular-related damage to the white matter

could result in neuronal degeneration (Erten-Lyons et al., 2013), or neurodegenera-

tive changes secondarily induce WMHs (Ihara et al., 2010). In LOAD, the evidence

suggests that both vascular risk factors and degeneration due to AD pathology are

important factors in the associations between WMHs and brain atrophy. However,

in this study of a young ADAD cohort with likely little age-related vascular co-

pathology, it seems more likely that WMHs and brain atrophy increase together as

a result of progressive AD pathological processes.

There are several limitations to this study. First, the PSEN2 group had a very

small number of participants, which, although is to be expected due to the very

rare nature of PSEN2 mutations, meant that several analyses were unable to be per-

formed and was probably a significant factor in the non-significant results obtained
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in this group. Secondly, only thick-slice FLAIR imaging was available for this

cohort and so future improvements to this study may be possible with the use of

volumetric FLAIR imaging, which can provide more precise measures of change.

Regional changes in WMHs, which may be more sensitive biomarkers than a mea-

sure of total WMHs, were also not looked at. Additionally, we did not investigate

Aβ and tau levels in this study, and how they may relate to WMHs or brain atrophy

change. Although this study demonstrates the tracking of WMHs and brain atro-

phy over time, the correlation of residual changes may be in part caused by other

scanner-related or biological factors affecting both WMHs and atrophy measures

but unrelated to the processes of interest. These results also depend upon the accu-

racy of EYO, which although has previously been shown to be strongly associated

with actual age at onset, there can be substantial within-family and within-mutation

differences (Ryman et al., 2014). Finally, one statistical limitation surrounds the

use of our linear mixed models with quadratic terms to provide evidence of accel-

eration in the rate of change with time relative to expected age of onset. Addition

of quadratic terms to regression models facilitate testing for acceleration (or de-

celeration) but since all accelerating quadratic curves must have a minimum value

they should not be taken to provide evidence of decreasing levels of WMHs many

years prior to onset, see Goetghebeur and Pocock (1995) for a discussion of the

limitations of quadratic curves in detecting J-shaped relationships.

In conclusion, an increase in WMH burden was observed with increasing prox-

imity to onset and that WMH accrual tracks together with brain atrophy across the

disease course. Moreover, this study has demonstrated that mutation type has an

impact on WMH accrual, highlighting how mutation differences contribute to the

heterogeneity observed in ADAD. Although WMHs are common in normal age-

ing and are often directly attributed to age-related vascular disease, dysfunction and

events, this study in a young ADAD cohort demonstrates that WMHs are a core

feature of AD and could be an important biomarker of disease progression.



Chapter 6

Pathological investigations of WMHs

using ex vivo MRI with histological

correlations

6.1 Introduction

MRI markers are often non-specific and can be related to heterogeneous changes

in tissue as a result of disease. One such marker are WMHs, where numerous

histopathological correlates have been suggested from a relatively small body of

literature (Fazekas et al., 1993, Gouw et al., 2008a, 2011, Murray et al., 2012).

There is a need to identify the specific pathological underpinnings of any signal

change observed on MRI, something which can potentially be achieved through

joint MRI-pathology studies.

Ex vivo MRI can provide an essential link between in vivo imaging and patho-

logical analysis, as the last available in vivo MRI scan may be obtained many years

before the patient comes to post mortem, during which time the location and sever-

ity of brain changes could have changed quite considerably. Additionally, ex vivo

MRI scanning enables high resolution images in multiple modalities to be obtained,

as time limitations for scanning a post mortem sample compared to a patient are

greatly reduced. There are important considerations though relating to the differ-

ences between scanning tissue and scanning a patient in life. The lower temperature
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of the post mortem brain and the tissue fixation process requires MRI parameters

to be adapted accordingly (Birkl et al., 2014, Richardson et al., 2014, Shatil et al.,

2018). Further, the tissue can be distorted as a result of extraction from the skull

and fixation.

There have been previous MRI-pathology studies of WMHs, but these have

used a variety of methodologies and have suggested a broad range of pathological

correlates. Due to the large amount of variation in findings from a relatively small

number of studies, a systematic literature review has been carried out to better un-

derstand the current research landscape and to identify knowledge gaps.

6.1.1 Literature review: ex vivo MRI-histology correlations in

the study of WMHs

Studies that have correlated ex vivo MRI to histopathology of WMHs are sum-

marised in Table 6.1. The older ex vivo MRI and histopathology studies are small

and descriptive and mainly use histological staining, as opposed to immunohis-

tochemistry. They have proposed a large number of pathological correlates of

WMHs in AD, VaD and controls, namely a loss of myelin, axons and oligoden-

drocytes, astrogliosis, dilation of perivascular spaces, activated macrophages and

fibrohyalinotic and arteriosclerotic vessel changes (Awad et al., 1986, Braffman

et al., 1988, Fazekas et al., 1991, Mascalchi et al., 1989, Revesz et al., 1989, van

Swieten et al., 1991). The degree of neuropathological changes range from mild

myelin pallor (without actual loss) likely due to an increase in water content or

oedema (Fazekas et al., 1993, Moody et al., 2004, Munoz et al., 1993), to more

overt degenerative changes that include loss of myelin, oligodendrocytes and axons

(Awad et al., 1986, Mascalchi et al., 1989) with gliosis and infarction in the most

severe cases (Marshall et al., 1988). The changes are often reported to be perivas-

cular and surrounded by enlarged perivascular spaces (Fazekas et al., 1991, Revesz

et al., 1989).
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Several studies have classified WMHs into different types based on their lo-

cation in the periventricular region or deep white matter (Fazekas et al., 1993, Fer-

nando et al., 2006, Grafton et al., 1991, Murray et al., 2012, Polvikoski et al., 2010,

Simpson et al., 2007a, Young et al., 2008). Periventricular WMHs correspond with

ependymal lining disruption in controls and/or AD (Fernando et al., 2006, Scarpelli

et al., 1994, Scheltens et al., 1995, Simpson et al., 2007a); subependymal gliosis in

controls (Chimowitz et al., 1992, Murray et al., 2012); widened perivascular spaces

in controls and/or AD (Grafton et al., 1991, Murray et al., 2012); myelin pallor or

loss in controls, AD and cohorts with multiple diagnoses (Scarpelli et al., 1994,

Simpson et al., 2007a); and more MHCII positive microglia suggesting a more pro-

liferative and immune reactive environment in a cohort with multiple diagnoses,

including controls, AD, cardiovascular disease, cancer, and Parkinson’s disease

(Simpson et al., 2007b). In general, periventricular WMHs were less associated

with ischaemic changes (Smith et al., 2000), although some studies have suggested

a pathological distinction between smaller ventricular caps and the larger irregu-

lar periventricular WMHs that extend into the deep white matter (Chimowitz et al.,

1992, Fazekas et al., 1993). It has been proposed that smaller and smooth periven-

tricular caps are likely to be non-ischaemic and are caused by milder changes to

the ependymal layer, whereas the latter correspond to more severe pathology such

as complete myelin loss and reactive gliosis, sometimes in combination with fibro-

hyalinotic and arteriosclerotic vessels. Similarly, deep WMHs were suggested to

be on a spectrum of tissue change, with punctate WMHs being associated with less

severe damage than confluent WMHs (Fazekas et al., 1993, Scarpelli et al., 1994).

Punctate, deep WMHs were suggested to be mild and related to enlarged perivas-

cular spaces, where as more confluent WMHs were associated with loss of myelin,

axons and oligodendrocytes, astrogliosis and complete infarcts (Chimowitz et al.,

1992, Fazekas et al., 1993).

Ex vivo MRI studies are often in small and mixed cohorts, making it difficult to

draw conclusions about the pathological differences of WMHs in different disease

groups. Studies commonly found WMHs to be more extensive in AD groups com-
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pared to controls (McAleese et al., 2015, Polvikoski et al., 2010, Scheltens et al.,

1995). The type of pathological correlate has reported to be comparable in some

studies (Fernando et al., 2006, Scheltens et al., 1995), although some have reported

that the resulting tissue changes are more severe in AD compared to controls (Schel-

tens et al., 1995). Pathological differences have been reported by some, with Gouw

et al. (2008a) showing more microglia activation and distinct quantitative MRI mea-

sures (lower FA and higher T1 relaxation time) in the WMHs in AD compared to

controls. The histopathological profile of WMHs was found to be comparable be-

tween AD and VaD patients (Englund, 1998) leading some to suggest that the two

diseases are part of a pathological continuum (Fernando et al., 2006, Gouw et al.,

2011).

More recently, studies have examined the pathogenic mechanisms that lead to

the histological alterations described above. Combining ex vivo MRI with quan-

titative assessments of immunohistochemical staining, often in larger cohorts, has

enabled more detailed investigations of the pathological basis of WMHs. An is-

chaemic hypothesis has been assessed by Fernando et al. (2006) where markers of

hypoxia and alterations to vessel walls were found to be associated with WMHs.

This agrees with previous studies demonstrating arteriolar tortuosity, arterioscle-

rotic changes to vessel walls and decreased vascular density (Fazekas et al., 1993,

Moody et al., 2004, Revesz et al., 1989), supportive of an ischaemic pathogenesis

of WMHs especially in the deep white matter.

Blood-brain barrier dysfunction has also been shown to underlie a proportion

of WMHs. The presence of clasmatodendritic astrocytes that stain positive for the

serum protein fibrinogen (Marshall et al., 1988, Simpson et al., 2007a) and the de-

crease in markers of vascular and blood-brain barrier integrity (Young et al., 2008)

collectively suggests leakage of the blood-brain barrier. However a recent study

by Hainsworth et al. (2017) of 126 control and dementia cases found that the ex-

tent of fibrinogen labelling was not significantly associated with WMHs. Several

studies have also provided evidence that a disruption of the brain-CSF barrier is a

potential mechanism of some WMHs. Loss of the ependymal lining of the ven-
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tricles has been demonstrated to underlie periventricular WMHs, leading to severe

subependymal myelin loss and dense gliosis (Fernando et al., 2006, Simpson et al.,

2007a).

A number of ex vivo MRI studies have also assessed the role of cortical Aβ and

tau deposition in WMH formation. McAleese et al. (2015) has demonstrated that tau

pathology is predictive of WMHs. A very recent and very large study by Arfanakis

et al. (2020) has demonstrated that Aβ plaques were associated with higher WMH

burden in 603 control, MCI and AD cases. Although, the use of non-standardised

pathology systems and the use of total (as opposed to regional) cortical pathology

to assess associations with WMH, should be recognised as limitations to this study.

Interestingly, both these studies found that vascular pathologies were less likely to

be associated with WMHs in AD subjects.

The study by Arfanakis et al. (2020) also carried out an assessment of the dif-

ferences between WMH detection on in vivo and ex vivo MRI, finding that a longer

interval between scans was associated with higher burden of WMHs post mortem.

This highlights the value of ex vivo MRI scans in elucidating the underlying pathol-

ogy of WMHs, as it provides the most current picture of the intact brain. In vivo

MRI-pathology studies have however provided useful insights into the pathology of

WMHs, especially where the most recent in vivo scan was taken close to time of

death. Moreover these studies often include greater numbers of subjects due to the

more routine nature of conducting in vivo MRI in large cohorts and the ethical, lo-

gistical and image acquisition complexities of performing scans on either cadavers

or brain tissue.

In vivo studies have been supportive of a loss of myelin (Erten-Lyons et al.,

2013, Iordanishvili et al., 2019) and axons (Ryan et al., 2015) as a contributing fac-

tor to WMHs. Several studies have also provided evidence of a vascular origin,

with associations of WMHs demonstrated with arteriosclerosis and other markers

of CVD (Alosco et al., 2018, Erten-Lyons et al., 2013). Similarly to the regional dif-

ferences demonstrated by the ex vivo MRI studies, microinfarcts and haemorrhages

were shown to associate most strongly with deep WMHs (Shim et al., 2015). CAA
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has also been demonstrated as a possible underlying cause of WMHs in individuals

with ADAD (Ryan et al., 2015) and in patients admitted to hospital with intracere-

bral hemorrhage (Charidimou et al., 2016). Blood-brain barrier dysfunction has also

been proposed as a core mechanism of WMH formation in in vivo MRI-pathology

studies (Todd et al., 2018, Wardlaw et al., 2017). Multiple studies have suggested

a role for ependymal dysfunction in the formation of periventricular WMHs (An-

derson et al., 2014, Iordanishvili et al., 2019, Shim et al., 2015, Todd et al., 2018).

In the most comprehensive investigation, Todd et al. (2018) recently demonstrated

a link between lateral ventricle volume and periventricular WMHs, relating ven-

tricular expansion to the replacement of the ependymal layer with astrocytic glio-

sis. Associations between the burden of AD pathology and WMHs have also been

demonstrated (Alosco et al., 2018, Erten-Lyons et al., 2013), with several studies

proposing the observed link is due to Wallerian degeneration of myelinated axons

caused by AD pathology (Erten-Lyons et al., 2013, McAleese et al., 2017). Finally,

an inflammatory basis has been proposed by Swardfager et al. (2017), whereby an

increase in the peripheral inflammatory markers IL-1β , IL-21, IL-10, IL-23 and

TNF-α were shown to be associated with WMHs.

The ex vivo MRI studies described here have used a range of methodologies

for matching up the WMHs seen on imaging to the corresponding region on the

histological sections. Older studies have typically matched hyperintense regions

of interest on the ex vivo MRI to histological sections using anatomical landmarks

(Awad et al., 1986, Braffman et al., 1988, Marshall et al., 1988, Mascalchi et al.,

1989, van Swieten et al., 1991). Brains are often cut in the same plane as the MRI

slices and using the same slice thickness to aid alignment (Bronge et al., 2002, Chi-

mowitz et al., 1992, Fazekas et al., 1991, 1993). Some studies have used externally

added visual markers to aid in the registration (Grafton et al., 1991, Munoz et al.,

1993), or have used purpose built containers for scanning and subsequent coronal

sectioning (Munoz et al., 1993). Other studies have carried out MRI scanning after

the brain cutting procedure, so that the scanned brain slices could be sectioned for

staining and therefore requiring no further registration (Fernando and Ince, 2004,
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Fernando et al., 2006, Moody et al., 2004, Revesz et al., 1989). Murray et al. (2012)

used autopsy photographs as an intermediate modality to which both MRI slices

and brain slices could be registered. This method is an early iteration of the more

complex registration techniques that are being developed with the assistance of so-

phisticated registration software to provide precise matching of histological sections

to MRI images (Iglesias et al., 2018, Mancini et al., 2019, Pallebage-Gamarallage

et al., 2018, Pichat et al., 2018). Several of the larger ex vivo MRI studies have

not directly examined the pathology of specific white matter hyperintensities, in-

stead assessing associations between the overall burden of WMHs and pathology

(Arfanakis et al., 2020, McAleese et al., 2015), similar to the approach used in the

the majority of the in vivo MRI-histology studies (Alosco et al., 2018, Erten-Lyons

et al., 2013, McAleese et al., 2017).

6.1.2 Gaps in the literature

The MRI-pathology studies described above demonstrated a large number of patho-

logical correlates of WMHs. The cohorts were often small and only considered a

limited number of pathologies each, meaning there was often little overlap in the

markers assessed between studies. Additionally, the methodologies employed for

ex vivo scanning and registration were variable and could further exacerbate dis-

crepancies. Moreover, the registration techniques were generally not sophisticated

enough to enable exact matching and full registration of the in vivo imaging, ex vivo

imaging and histology was not carried out. It may be that the homogeneous signal

on MRI scans is the result of such heterogeneous pathology, meaning that it is very

difficult to conclusively find patterns in the data. It is clear then that there is a need

to gain a greater understanding of whether any features of WMH appearance and/or

location can pinpoint a particular pathological process.

6.1.3 Aims

With the above unmet needs in mind, this work will act as the first step towards the

ultimate goal of being able to predict the underlying pathology of WMHs based on

their appearance on clinical imaging. This ultimate goal would require the align-
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ment of in vivo MRI, ex vivo MRI and histopathological images to elucidate whether

there are distinct features of WMHs seen during life that translate to underlying

pathology.

As this is a novel area of research, the work presented here can be considered

a pilot study that was developed with scalability in mind. An in depth ex vivo

MRI-histology pipeline was developed with the aim of answering the following

questions:

• Question 1: Can high quality ex vivo MRI images be obtained?

• Question 2: Is registration of in vivo and ex vivo MRI scans possible?

• Question 3: Is registration of histological sections to ex vivo MRI images

possible?

• Question 4: Can similarities or differences in WMHs between the last in vivo

MRI and the ex vivo scan be observed?

• Question 5: Can any pathological changes be observed in regions of WMHs?

6.2 Methods
Due to the novelty of this work and the necessary involvement of multiple dis-

ciplines and collaborators in this project, a detailed pipeline was first developed

to carefully coordinate the process of brain donation, ex vivo MRI scanning, brain

sampling and histological staining, WMH segmentation, registration of the multiple

modalities and analysis of histological staining. The finalised pipeline is displayed

in Figure 6.1 and described below. The research outcomes of the pipeline that per-

tain to each of the questions listed above in section 6.1.3 are labelled on Figure 6.1

in red. The MRI imaging part of the pipeline was carried out in all five cases, how-

ever the brain sampling and histology protocol was only developed for the final four

cases.
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Figure 6.1: The full pipeline for the correlation of ex vivo imaging and histology
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6.2.1 In vivo MRI imaging

Existing in vivo MRI imaging was used for all subjects in this study. These were

obtained using the same 3 T Siemens TIM Trio scanner with a 32-channel phased

array head-coil. A sagittal 3D MP-RAGE T1- weighted volumetric MRI (echo

time/repetition time/inversion time = 2.9/2200/900 ms, dimensions of 256 x 256 x

208, voxel size of 1.1 x 1.1 x 1.1 mm) and a coronal T2 FLAIR sequence (echo time/

repetition time/inversion time = 87/9000/2500 ms, voxel size of 0.9375 x 0.9375 x

5 mm) were acquired.

6.2.2 Brain donation

Five individuals with a diagnosis of AD, an in vivo FLAIR image and T1-weighted

image, and who had chosen to donate their brains to Queen Square Brain Bank for

Neurological Disorders (QSBB), were used for this study. No specific case selection

criteria was used, as brains were a convenience sample of those donated to QSBB

during the time frame of this study. The majority of those who donate their brains to

QSBB are likely to be younger in onset due to the nature of clinical referrals. Upon

receiving each brains, the right hemisphere was frozen and the left hemisphere was

fixed in 10% formalin. The diagnosis of AD was pathologically confirmed using a

vibratome section and Aβ and tau immunohistochemistry prior to ex vivo imaging.

6.2.3 Ex vivo MRI imaging

After approximately 4 weeks in formalin, each fixed left hemisphere was washed

and placed in Fluorinert (FC-3283, a stable fluorocarbon based fluid). This fluid is

similar in susceptibility to brain tissue but has no MRI signal resulting in distortion-

free images with a very low signal background. Due to the fact that small air bubbles

can cause signal artefacts on the MRI scan, the protocol was updated for the final

case to include the massaging the submerged brain to remove any air bubbles.

The fixed hemispheres were scanned on a Siemens Magnetom Prisma 3T MRI

scanner. A high-resolution imaging protocol, including T2-weighted, diffusion

weighted and SWI scans, was used with the following parameters:

• T2-weighted: 3D long echo train fast spin echo (SPACE) sequence; Voxel
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size: 0.5 x 0.5 x 0.5 mm; TR 500 ms; TE 69 ms; echo train duration 200ms;

Nav 5

• SWI: 3D multi-echo gradient echo; Voxel size: 0.5 x 0.5 x 0.5 mm; TR: 31

ms; 5 TEs: 7.2, 13.4. 19.6, 25.8 ms; Flip angle: 17°; Nav 2

• Diffusion weighted imaging: SSFP sequence with diffusion gradients (40);

Voxel size 0.85 x 0.85 x 0.85 mm; EPI factor 3; TR: 30ms; TE 22ms; flip

angle: 35°; 25 diffusion-weighting directions; q value: 300 cm-1 (approx.

equivalent to b=5000 s/mm2)

6.2.3.1 Image processing

In order to improve the signal to noise ratio, multiple acquisitions of the T2-

weighted scans were obtained so that acquisitions could be averaged together. Brain

regions of the five T2-weighted images were delineated using NiftyMIDAS. Using

these brain regions as masks, an average intensity-normalised ex vivo T2-weighted

image was created using the reg aladin command from NiftyReg. Testing was car-

ried out to determine the optimal number of acquisitions for the greatest benefit to

the signal to noise ratio. Two acquisitions were initially averaged, before sequen-

tially increasing by one acquisition until all five acquisitions were averaged. The

mean and standard deviation for each number of acquisitions was obtained using

seg analysis. As well as assessing the average signal intensity across the whole

brain region, 10 equal sized square regions of grey matter and then white matter

were also evaluated for the optimum number of acquisitions.

6.2.4 Brain sampling

Prior to the brain cutting procedure, regions of interest were identified from the MRI

scans. The in vivo FLAIR scan was initially assessed slice by slice, and a lesion code

was assigned for each appearance of a lesion on each slice. This means that some

larger lesions spanning multiple slices were assigned multiple codes. The ex vivo

T2-weighted scan was then assessed for any new lesions that were not identified

from the FLAIR scan and also given a code. Regions of normal appearing white
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matter (NAWM) were selected from white matter regions with no apparent lesion.

Where possible, one NAWM region was selected per lobe for each case.

In Case 3, the lesions were further subcategorised due to macroscopic differ-

ences in lesion appearance identified at the brain cut by the neuropathologist. These

differences in appearance are likely due to the dual MS and ADAD diagnosis in this

case. Lesions were classified by the neuropathologist into three groups based on

visibility on brain tissue:

• Type 1: Not macroscopically visible (only visible on MRI)

• Type 2: Macroscopically visible and well circumscribed

• Type 3: Macroscopically visible and not well circumscribed

All lesions that were not visible macroscopically on the brain tissue were clas-

sified as type 1 lesions. These type of lesions were only visible on the MRI scan,

as was typical for all lesions from the other cases in this study. Lesions that were

classified as macroscopically visible and well circumscribed were typical in appear-

ance of MS plaques (Type 2 lesions). During the brain cut procedure, several areas

of white matter were identified macroscopically by the neuropathologist as being

diffusely discoloured, but without a defined boundary. These lesions were therefore

classified as type 3 lesions, macroscopically visible and not well circumscribed.

Each brain was cut into 5mm slices and numbered in ascending order from

front to back. Photographs were taken of the anterior and posterior of each num-

bered slice within a glass frame with coloured black markers. Slices containing

regions of interest were cut into blocks, making sure to preserve the lesion. These

blocks, along with the remaining tissue not sampled, were then re-photographed

(again on both sides). All blocks were then processed and embedded in wax for

assessment.

6.2.5 Brain sectioning and histology

Tissue from each block was sectioned on a sledge microtome at 15µm. 50 se-

rial sections were obtained, and photographs were taken of the block face before
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each section was cut. Several blocks from each case were selected to take forward

for immunohistochemical staining in this study. Blocks with the most prominent

WMHs were selected, with NAWM blocks chosen from corresponding lobes where

possible.

For this pilot study, four of the 50 sections were used per block for histological

or immunohistochemical staining. The histological stains of hematoxylin and oesin

(H&E) and luxol fast blue (LFB) were used, as well as immunohistochemical stains

for myelin basic protein (MBP, Abcam 1:200) and SMI31 for axons (Sternberger

Monoclonals, 1:5000). Immunohistochemical and histological staining was carried

out as described in section 2.4.3.

6.2.6 Staining analysis

All stained sections were scanned using an Olympus slide scanner at 20x magnifi-

cation and a digital image was then stored.

6.2.6.1 Qualitative analysis

The H&E and LFB stains were initially assessed by a neuropathologist to identify

any abnormalities to the overall tissue structure and to the myelin. Using the H&E

staining, the atrophy of the ventricular ependyma of the periventricular lesions was

assessed using a rating scale of 0 - 3 (Figure 6.2). 0 signified no apparent loss of

ependymal cells, 1 signified mild ependymal loss and 2 signified major ependymal

loss accompanied by loss to the underlying parenchyma.

Figure 6.2: Grading of the ventricular ependymal lining. Examples are shown in a) of a
grade 0, in b) of a grade 1 and c) of a grade 2.
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6.2.6.2 Quantitative analysis

Olympus VS-Desktop was used to view the images and extract the rough area

of interest. The extracted images were loaded up individually into ImageJ

(https://imagej.nih.gov/ij/) and a macro used, developed by a collaborator (Dr Dale

Moulding, Institute of Child Health, UCL), to generate 20 random squares of

1000x1000 pixels from each region of interest. The boundaries for the regions

of interest were guided by the in vivo FLAIR (or ex vivo T2-weighted image if not

visible on the in vivo FLAIR), unless the lesion boundaries were visible macro-

scopically on the slide. Where lesions were visible macroscopically on the slide,

the H&E and LFB staining were used as a guide to the lesion boundary. A thresh-

old was then set to select all the brown chromagen from the 20 random squares and

to give a percentage for the area stained. As well as the NAWM regions described

in section 6.2.4, a region of NAWM was also selected from every section containing

a WMH. This region was to act as an internal control, accounting for variability in

staining intensity between different sections.

The percentages for the 20 random squares were averaged together to give one

percentage for each region of interest. To assess differences in staining between

the WMHs and either the NAWM from the same section and the NAWM from a

different section/block, mixed effect linear regression models were used. These

models allowed correlations between sections from the same case, and allowed the

two types of NAWM to be included in one model. Two separate mixed effect models

were used, first with MBP as the dependent variable and then with SMI31. Region

of interest (WMH, NAWM - same section, NAWM - different section) was used

as the dependent variable, with WMHs as the group to which the NAWM groups

were compared. A Kenwood-Roger correction for small sample size was included

in each of the models. Scatter plots were created for each immunohistochemical

stain, where percentages for each pair of WMH and NAWM from the same section

were displayed above each other to highlight any differences.

For Case 3, only WMHs of type 1 (not clearly visible macroscopically on brain

tissue and so less typical of MS plaques) were included in the models and the initial
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scatter plots. Separate scatter plots were created for the type 2 and 3 lesions for

each immunohistochemical stain.

6.2.7 MRI image registration

The registration of the imaging modalities was carried out as detailed in Figure 6.3

and below, after discussion with registration experts. Registration of the in vivo

T1-weighted and FLAIR images to the ex vivo T2-weighted image was carried out

first. This meant all images could be visualised in the ex vivo T2-weighted image

space. To visualise images in the in vivo space, the calculated transformations were

inverted to allow all images to be seen in the in vivo FLAIR space. Initially the

registrations were carried out in one case (Case 5), in order to test multiple parame-

ters for the non-linear registration. Once the optimal parameters were selected, the

process was repeated for the remainder of the cases.

6.2.7.1 Registration of in vivo MRI to ex vivo space

Firstly the in vivo T1-weighted and FLAIR images were converted into NIfTI

format, before brain masks were semi-automatically created for the in vivo T1-

weighted, FLAIR and ex vivo T2-weighted images. For the in vivo images, left sided

supra-tentorial brain regions were semi-automatically segmented. As the cerebel-

lum does not maintain its position in relation to the brain when not in situ, it was not

included in either the in vivo or ex vivo masks. Each mask was then dilated by two

voxels and then smoothed over the next voxel, before being multiplied with their

respective image to remove the majority of non-brain voxels, the cerebellum and

the right hemisphere. FLAIR images were segmented and processed in a similar

way.

The T1-weighted and FLAIR images were then reoriented. There were con-

siderable differences in orientation of the ex vivo image compared to the in vivo

images, largely due to the optimum orientation that the hemisphere fitted into the

scanning container being different to the orientation of an in vivo brain in the scan-

ner. In order to reorient the ex vivo image so that it appears in the same orientation

as the in vivo images, the reg aladin command in the NiftyReg platform was used to
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Figure 6.3: The pipeline for the registration of the ex vivo T2-weighted and in vivo T1-
weighted and FLAIR images
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change the s-form of the image and mask. This reoriented ex vivo image and mask

was then standardised using fslreorient2std.

Initially, an affine registration of the in vivo T1-weighted and ex vivo T2-

weighted image was carried out using the reg transform command. A non-linear

registration using the reg f3d command was then carried out, where multiple param-

eters were tested to optimise the registration. Parameters were varied individually,

using the default f3d settings for all other parameters. The following parameters

were tested and then visually assessed:

• Weights of linear elasticity penalty term at default (0.01) and at 0.

• Weights of the bending energy in multiples of 10 between 0.0001 and 0.1.

• Spline options for control points at grid spacings of 3, 5, 10, 15 and 20mm

along the the x, y and z axis.

In order to try and improve the non-linear registration, corresponding land-

marks on the in vivo T1-weighted and ex vivo scans were identified. Landmarks

were chosen in areas that were particularly challenging to register, such as periven-

tricular regions affected by collapsing ventricles. Landmark weighting was varied

between 0.1 to 1.

Once the optimal combination of parameters was selected, the deformation re-

quired for the registration was outputted for use in the FLAIR registration. The in

vivo FLAIR image was initially registered to the in vivo T1-weighted image using

an affine registration in reg aladin. The in vivo FLAIR image was then transformed

using reg transform, using the composed f3d matrix from the in vivo T1-weighted

to ex vivo T2-weighted, and the in vivo FLAIR to T1-weighted affine transforma-

tions in a single step. This prevented multiple interpolations of the FLAIR image.

Reg resample was then used to resample the in vivo FLAIR into the ex vivo space.

6.2.7.2 Registration of ex vivo MRI to in vivo space

In order to register the ex vivo T2-weighted image into in the vivo FLAIR space, the

transforms from the registrations described above were inverted using reg transform

and the ex vivo image was resampled into in vivo FLAIR space using reg resample.
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6.2.8 Registration of ex vivo MRI and histological sections

For the registration of the histological sections to the ex vivo MRI scan, registra-

tion software developed by a collaborator (Dr Eugenio Iglesias) was used (Iglesias

et al., 2018, Mancini et al., 2019). This software was originally developed in order

to reconstruct the brain in its entirety from histological sections. This would re-

quire the whole brain to be sampled and sectioned, before reconstruction could take

place. Full brain reconstruction using the software initially involves the organisa-

tion of stacks of section photos so they represent full blocks, before registering these

blocks to the ex vivo MRI image. The MRI image is then resampled into the space

of individual blocks. For each block, the stack of resampled MRI images can be

registered to a stack of histological sections. The software is designed to minimise

errors between sections and blocks to then reconstruct the whole brain. Due to the

fact that only specific regions of the brain are sampled in this project, the software

needed to be adapted accordingly. Stained sections (four per block) were registered

to the brain slice photographs taken during the brain cutting procedure. The ex

vivo MRI images were also registered to these photographs, which then enabled the

resampling of the MRI image into the space of a histological section.

6.2.9 WMH segmentation and assessment of WMH change

WMH segmentation was carried out on FLAIR images in their native space. Seg-

mentation was carried out using the semi-automated protocol described in section

2.3.1.2. WMH volumes were extracted from the segmentations for each half hemi-

sphere.

In order to assess the WMHs on the ex vivo T2-weighted scan, an initial attempt

was made to transform the segmentations into the ex vivo space using the calculated

deformations from the registration of the images. However it became apparent that,

although useful as a guide to the location of corresponding regions, the registration

was not good enough for voxel to voxel correspondence, as would be required in

the assessment of the WMH segmentations (Figure 6.4).

In order to assess whether similarities or differences in WMHs can observed

between the in vivo and ex vivo scan, a more qualitative approach was adopted.
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Figure 6.4: A demonstration of the imperfect alignment achieved when the in vivo WMH
segmentation is transformed to the ex vivo space.

Each coded WMH (see section 6.2.4) was viewed on both the in vivo FLAIR and

side-by-side. This was carried out initially in FLAIR space and then in ex vivo

space. Where a lesion could be observed on one scan, but not at the corresponding

registered location on the other, adjacent slices were checked. This was to ensure

that any inaccuracies in the registration was not resulting in corresponding lesions

being missed. Where a lesion was identified in this way, careful attention was paid

to its shape and location in relation to other anatomical structures to ensure that it

was indeed the same lesion.

Lesions were graded according to their appearance between scans, with a 1

given to those that appeared similar, a 2 given to those that appeared smaller or had

disappeared on the ex vivo scan and a 3 given to those that had increased or newly

appeared on the ex vivo scan.
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6.3 Results

6.3.1 Demographics

Table 6.2 shows the clinical, imaging and pathology data for the cases used in this

study. Five individuals clinically diagnosed with AD were used in this study, con-

sisting of two with typical amnestic presentations of AD, two PCA and one ADAD

(PSEN1 E280G mutation). The ADAD case, Case 5, also had a clinical and patho-

logical diagnosis of MS. All cases had an early age at onset, ranging from 38 in the

ADAD case to 54 years. Age at death ranged between 52 and 68 years, with disease

duration therefore ranging from 12 to 17 years. The presence or absence of hyper-

tension, diabetes, hyperlipidaemia, stroke, transient ischaemic attack and coronary

artery disease was assessed to create a composite score for vascular risk that was the

sum of the factors present, ranging from 0 to 6 (DeCarli et al., 2004). All cases had

a vascular risk score of 0, indicative of a low vascular risk. The time between the

in vivo and ex vivo scan ranged from 4.2 years in Case 5 to 9.2 in Case 1. The post

mortem delay was ranged from over 90 hours in Case 2 to 34 hours in Cases 1 and 3.

Fixation time prior to ex vivo scanning ranged from 19 days in Case 4 to 54 days in

Case 3. All cases had an ABC score of A3B3C3 signifying end stage disease, apart

from Case 4 with a score of A3B3C2. All cases had a CAA score of 3, apart from

Case 5 with a CAA score of 2. A further assessment of vascular pathology was car-

ried out by the neuropathologist, revealing mild atherosclerosis in Case 1 and mild

hyaline arteriosclerosis only in the subcortical white matter in Cases 2 and 4. Case

5 demonstrated both mild atherosclerosis and mild hyaline arteriosclerosis, as well

as a subdural haemorrhage. Case 3 demonstrated no additional vascular pathology

above the frequent CAA.

6.3.2 White matter hyperintensities

6.3.2.1 General overview

The cases in this small cohort demonstrated variability in WMH load on the in vivo

FLAIR scans. WMH volumes were highest in Case 3 (who had a dual diagnosis of

ADAD and MS), with a volume of 6.7ml in the left hemisphere, followed by Case 5
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with 4.7ml. Low WMH volumes of between 1.1 and 2.0ml were observed in Cases

1, 2 and 4.

In Case 1 (amnestic AD), WMHs were restricted to small ventricular caps that

were observed in the frontal, parietal and occipital lobes of the brain. In Case 2

(PCA), WMHs were again largely only apparent as small caps on the ventricles

throughout the brain, apart from one lesion in the brainstem and one small subcorti-

cal parietal lesion observed only on the ex vivo scan. Case 3 had the highest WMH

load with large periventricular WMHs, especially in the parietal and temporal lobes.

Although the majority of WMHs were again periventricular, there were a few jux-

tacortical and deep WMHs in the parietal lobe. The low WMH burden in Case 4

(amnestic AD) was largely made up of frontal and occipital ventricular caps, along

with one juxtacortical and one deep WMH in the frontal lobe. An area of temporal

WMH was also identified only on the ex vivo MRI scan. In Case 5 (PCA), Large

periventricular WMHs were observed in the frontal lobe and at the parieto-temporal

junction.

6.3.2.2 Lesion coding



6.3. Results 165



6.3. Results 166



6.3. Results 167



6.3. Results 168

Figure 6.5: Lesion guide for Cases 1-5. Lesions highlighted in yellow were selected for
immunohistochemical staining. The lesions in the red boxes were identified
on the in vivo FLAIR, lesions in the green box were identified on the ex vivo
T2-weighted image and lesions in the blue boxes were identified on the brain
tissue during the brain cutting procedure. For Case 3 (with dual ADAD-MS)
type 1 lesions are defined as not macroscopically visible (only visible on MRI),
type 2 lesions are defined as macroscopically visible on brain tissue and well
circumscribed and type 3 lesions are defined as macroscopically visible and not
well circumscribed

.
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Figures 6.5 display the lesions identified for each case. In Case 2, 10 lesion

blocks and two NAWM blocks were identified and sampled. Two WMH lesions,

2.2 and 2.10, were selected for inclusion in the first round of immunohistochemical

staining and analysis. For Case 4, 13 lesions blocks and four NAWM regions were

sampled into blocks. Three WMH lesions, 4.1, 4.11 and 4.13, and two NAWM

regions were selected for immunohistochemical staining. For Case 5, eight lesion

blocks and four NAWM blocks were sampled, with three lesion blocks (5.2, 5.4 and

5.7) and two NAWM blocks selected for staining.

In Case 3, 19 lesions and five NAWM regions were identified and sampled

into blocks. Five lesions were classified as type 1 (not macroscopically visible), 11

lesions were classified as type 2 (macroscopically visible and well circumscribed),

and three lesions were classified as type 3 (macroscopically visible and not well cir-

cumscribed). Seven lesion blocks were selected for immunohistochemical staining

(lesions 3.1, 3.2, 3.3, 3.7, 3.8, 3.10, 3.18), along with two NAWM blocks.

6.3.3 Question 1: Can high quality ex vivo MRI images be ob-

tained?

The implementation of the pipeline enabled ex vivo scanning to be successfully car-

ried out for all five cases in this study. Ex vivo T2-weighted scans were obtained

for all subjects, with five acquisitions taken and averaged per case. Figures 6.6, 6.8

and 6.7 show the effect of increasing the number of acquisitions on the coefficient

of variation (a measure of relative variability) for the whole brain regions and the

10 grey and 10 white matter regions, in all cases. For the full brain region, a large

decrease in the coefficient of variation is observed from one acquisition to two ac-

quisitions in all cases. The decreases in the coefficient of variation were smaller

with the addition of three, four and five acquisitions. Some reduction in the coeffi-

cient of variation was still seen with the fourth and fifth additions. Similar overall

patterns were observed with the grey and white matter regions. Figure 6.9 confirms

that an increase in image quality is observed with the addition of each acquisition.

The averaging of the five T2-weighted acquisitions together resulted in high qual-

ity imaging in each case, demonstrated by the example slices shown for Case 5 in
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Figure 6.6: Plots showing the coefficient of variation for the whole brain region with the
addition of each subsequent acquisition for all Cases 1-5

Figure 6.7: Plots showing the coefficient of variation for the 10 grey matter regions with
the addition of each subsequent acquisition for all Cases 1-5.
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Figure 6.8: Plots showing the coefficient of variation for the 10 white matter regions with
the addition of each subsequent acquisition for all Cases 1-5.

Figure 6.9: Images demonstrating the hippocampus on the ex vivo T2-weighted images for
Case 5, with the addition of each acquisition.
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Figure 6.10: Example coronal, sagittal and axial slices of the ex vivo MRI T2-weighted
scan (an average of all five acquisitions) for Case 5.

Figures 6.10.

6.3.4 Question 2: Is registration of in vivo and ex vivo MRI scans

possible?

6.3.4.1 Non-linear registration parameters

The testing of multiple parameters enabled the optimisation of the non-linear reg-

istration. Figure 6.11 demonstrates that there was negligible improvement in the

registration quality by using a linear elasticity of zero compared to the default.

However a value of zero was selected in order that the other parameters could

be manipulated. A much improved registration was seen with the use of control

points at 15mm and 20mm (Figure 6.12). A spacing of 15mm was selected due to a

marginally greater correspondence with the ex vivo scan.

Figure 6.13 shows that a bending energy of 0.1 gives the best registration when

the other parameters of f3d are kept at default. However, a value of 0.1 is quite rigid

and therefore a bending energy of 0.01 was also tested, whilst keeping the the linear
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elasticity and control point parameters at their optimised values. Although there

was a high degree of similarity in the registration, a higher level of correspondence

was observed around the ventricles. As this is a highly important region in terms of

WMH formation, the decision was made to proceed with a bending energy of 0.01.

In order to try and improve the registration further, coordinates of correspond-

ing landmarks on the ex vivo and in vivo T1-weighted image were included in the

registration. However, this did not improve the registration, instead resulting in sub-

stantial warping in the location the landmark, as seen in Figure 6.14. The decision

was made to therefore proceed without the use of landmarks.

Figure 6.11: T1-weighted images for Case 5, in which the f3d non-linear registration was
carried out with the default linear elasticity of 0.01 and then with a linear
elasticity of 0.
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Figure 6.12: T1-weighted images for Case 5, in which the spline options were varied to
give control points at 3, 5, 10 and 15mm spacings.

Figure 6.13: T1-weighted images for Case 5, in which the bending energy was varied be-
tween 0.00001 and 0.1.
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Figure 6.14: Unsuccessfully registered T1-weighted images for Case 5, where landmarks
were used to try and improve the registration.

6.3.4.2 Final non-linear registrations

Figures 6.15 to 6.19 show the final non-linear registrations in both the ex vivo

T2-weighted image space and in vivo FLAIR space. Successful registration was

achieved, with a good level of correspondence demonstrated in all cases. The post

mortem brain has undergone considerable deformation meaning that the registration

in particular areas was challenging. One of the areas most affected was the ventri-

cles, which tend to collapse in the fixed post mortem brain. The correspondence

between the in vivo and ex vivo scans in the ventricular and surrounding regions

was therefore less accurate. This ventricular collapse was particularly apparent in

Case 5 (Figure 6.19), where the structures superior to the ventricles such as the cor-

pus callosum are not well registered. Overall, the registration achieved is effective

in providing a guide to corresponding regions on the ex vivo and in vivo scans, but

is not accurate enough for voxel to voxel correspondence.
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Figure 6.15: Non-linearly registered ex vivo T2, in vivo T1-weighted and in vivo FLAIR
images in a) ex vivo T2-weighted image space and b) in vivo FLAIR space,
for Case 1.

Figure 6.16: Non-linearly registered ex vivo T2, in vivo T1-weighted and in vivo FLAIR
images in a) ex vivo T2-weighted image space and b) in vivo FLAIR space,
for Case 2.
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Figure 6.17: Non-linearly registered ex vivo T2, in vivo T1-weighted and in vivo FLAIR
images in a) ex vivo T2-weighted image space and b) in vivo FLAIR space,
for Case 3.

Figure 6.18: Non-linearly registered ex vivo T2, in vivo T1-weighted and in vivo FLAIR
images in a) ex vivo T2-weighted image space and b) in vivo FLAIR space,
for Case 4.
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Figure 6.19: Non-linearly registered ex vivo T2, in vivo T1-weighted and in vivo FLAIR
images in a) ex vivo T2-weighted image space and b) in vivo FLAIR space,
for Case 5.

6.3.5 Question 3: Is registration of histological sections to ex vivo

MRI images possible?

Several issues were encountered with the registration of the histological sections

and the ex vivo MRI scans. The overarching issue for this registration stems from

the fact that Dr Eugenio Iglesias’ pipeline was developed for use when the entire

brain has been sampled into blocks and sectioned. This pipeline works to minimise

errors between each block when they are reconstructed into a full brain. A simplified

version of the registration pipeline was used for this study, but due to the large gaps

between each sampled brain region, the accumulation of errors was often too great

for the pipeline to resolve.

Figure 6.20 shows the ex vivo T2-weighted scans registered into the space of

the histological section from five of the brain blocks sampled for Case 5; the case

in which the best results were achieved. Registration was also achieved for some

stains for some of the blocks for Case 3 (Figure 6.21).
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Figure 6.20: Ex vivo T2-weighted scans for Case 5 registered into the space of the histo-
logical section, shown with the corresponding H&E, LFB, MBP and SMI31
stained sections.
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Figure 6.21: Ex vivo T2-weighted scans for Case 3 registered into the space of the histo-
logical section, shown with the corresponding stained sections. Note that not
all of the stained sections are present for each brain block.

6.3.6 Question 4: Can similarities or differences in WMHs be-

tween the last in vivo MRI and the ex vivo scan be ob-

served?

The large majority of lesions from all cases appeared on both in vivo and ex vivo

scans and were graded a 1 or a 1a, for similarly appearing WMHs. The grade 1a

was introduced to account for the fact that there were a large number of lesions that

appeared bright with well defined boundaries on the in vivo scan, but were fainter

or more diffuse on the ex vivo scan, despite being of a similar size. Examples of

these type 1a graded lesions are lesion 1.3 in Figure 6.22 and lesion 5.2 in Figure

6.26. Although initially these lesions appeared to have shrunk or disappeared on the

Table 6.3: Grade of lesion change.

Case Grade 1 Grade 1a Grade 2 Grade 3

1 (n=7) 2 5 0 0

2 (n=10) 7 2 0 1

3 (n=14) 11 2 0 1

4 (n=13) 5 3 1 4

5 (n=8) 1 7 0 0

Grade 1 was given to those that appeared similar between in vivo and ex vivo scans, grade 1a was given to those that
appeared fainter/diffuse but of the same size on the ex vivo scan, grade 2 was given to those that appeared smaller or had

disappeared on the ex vivo scan and a grade 3 was given to those that had increased or newly appeared on the ex vivo scan.



6.3. Results 181

ex vivo scan, a grade 1a was given when on closer inspection a faint hyperintensity

was visible over a roughly similar area. This reduction in brightness from the in

vivo to the ex vivo scan was not always the case though, with lesions occasionally

appearing brighter on the ex vivo scan (Figure 6.24).

One lesion in Case 4 did that appeared on the in vivo scan, did not appear on

the ex vivo scan and was graded a 2. Six lesions had newly appeared or increased

on the ex vivo scan and were graded a 3, four of which were in Case 4. Examples

of lesions from each of the five cases are shown in Figures 6.22 to 6.26.

All lesions on the ex vivo scan were much more clearly visible in native space

as opposed to in vivo space, due to the higher resolution of the ex vivo image com-

pared to the in vivo image. Lesions that were newly appearing or appeared to have

increased substantially between scans were often only visible (or much more clearly

visible) on the ex vivo image in its native space (see lesions 3.4 on Figure 6.24 and

4.11 on Figure 6.25). It may be the case therefore that the lesions that seem to

be newly appearing on the ex vivo scan, may in fact just not have been visible on

the low resolution in vivo imaging. Many of these grade 3 lesions were small and

punctate and so could have easily been missed by thick slice FLAIR.

1.7

b) 1.7 – Grade 1a) 1.3 – Grade 1

In vivo images Ex vivo images

In vivo 
space

Ex vivo 
space

In vivo images Ex vivo images

Figure 6.22: Example lesions from Case 1. Lesions are shown on in vivo and ex vivo images
in both in vivo space and ex vivo space.
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b) 2.3 – Grade 1a) 2.2 – Grade 1
In vivo images Ex vivo images

In vivo 
space

Ex vivo 
space

In vivo images Ex vivo images

Figure 6.23: Example lesions from Case 2. Lesions are shown on in vivo and ex vivo images
in both in vivo space and ex vivo space.

3.11 – Grade 1

b) 3.4 – Grade 3a) 3.10 – Grade 1

In vivo images Ex vivo images

In vivo 
space

Ex vivo 
space

In vivo images Ex vivo images

Figure 6.24: Example lesions from Case 3. Lesions are shown on in vivo and ex vivo images
in both in vivo space and ex vivo space.
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4.3

4.1

4.2

4.3

4.1

4.2

4.3

4.1

4.2

4.3

4.1

4.2

4.3 – Grade 2      

4.2 – Grade 3

a)   4.1 – Grade 1 b)    4.11 – Grade 3

In vivo images Ex vivo images

In vivo 
space

Ex vivo 
space

In vivo images Ex vivo images

Figure 6.25: Example lesions from Case 4. Lesions are shown on in vivo and ex vivo images
in both in vivo space and ex vivo space.

b) 5.8 – Grade 1a) 5.2 – Grade 1
In vivo images Ex vivo images

In vivo 
space

Ex vivo 
space

In vivo images Ex vivo images

Figure 6.26: Example lesions from Case 5. Lesions are shown on in vivo and ex vivo images
in both in vivo space and ex vivo space.
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6.3.7 Question 5: Can any pathological changes be observed in

regions of WMHs?

6.3.7.1 Quantitative assessment of WMH pathology

Results from the mixed effect models showed significant differences in staining of

MBP, a marker of myelination, with a reduction in the percentage area stained of

12.5% from NAWM from the same section (p<0.001) and 7.5% (p=0.008) from

NAWM from a different section (Table 6.4). No significant differences in the per-

centage area of staining between the regions of WMH and NAWM were observed

in the axonal marker, SMI31. Figure 6.27 shows the difference between the WMHs

and NAWM regions in the MBP and SMI31 staining. In type 1 lesions from Case 3

(those that are not macroscopically visible on the brain tissue and so are less typical

Table 6.4: Regression results for difference in percentage area of MBP staining in NAWM
vs WMHs

MBP
NAWM

Same section

NAWM

Different section

Difference in MBP % area stained 12.5 7.5

95% confidence interval 7.6 to 17.5 2.1 to 12.8

p value <0.001 0.008

Estimates are shown for the % change in area stained by MBP in NAWM regions from region of WMHs. Estimates are
shown for NAWM in the same section and in a different section, with 95% confidence intervals. WMH lesions assessed were
from four different cases, with two from Case 2, three from Case 3, three from Case 4 and three from Case 5 included in the
models.

Table 6.5: Regression results for the percentage area of SMI31 staining in WMHs vs
NAWM

SMI31
NAWM

Same section

NAWM

Different section

Difference in SMI31 % area stained -0.7 -2.5

95% confidence interval -4.7 to 3.3 -6.9 to 1.8

p value 0.7 0.2

Estimates are shown for the % change in area stained by SMI31 in NAWM regions from region of WMH. Estimates are
shown for NAWM in the same section and in a different section, with 95% confidence intervals. WMH lesions assessed were
from four different cases, with two from Case 2, three from Case 3, three from Case 4 and three from Case 5 included in the
models.
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Figure 6.27: Graphs to show the difference in % area of a) MBP and b) SMI31 staining
between regions of WMHs and NAWM within the same section. WMHs are
labelled according to the lesion guide. In i), the lesions from case 3 are ones
classified as not being macroscopically visible at brain cut (type 1, see 6.3.2.2)
and therefore less typical of MS plaques. In ii), the lesions from case 3 are
classified as macroscopically visible at brain cut (type 2 and 3) and therefore
more typical of MS plaques/discolouration.
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Figure 6.28: Immunohistochemical staining example for the a) MBP and b) SMI31 anti-
bodies. Scale bar represents 50µm.

of MS lesions), generally smaller differences in percentage area stained with MBP

between WMHs and NAWM were observed than the other cases, although this was

not formally tested. In type 2 and 3 lesions from Case 3, a small decrease in MBP

was observed in the majority of lesions, but this was not formally tested due to

very small sample size. Examples of the MBP and SMI31 immunohistochemical

staining are shown in Figure 6.28.

6.3.7.2 Qualitative assessment of WMH pathology

A general assessment of the H&E and LFB staining highlighted regions of pallor

of varying extents. These will be discussed in relation to their appearances on MRI

below. The more specific assessment of the ventricular ependyma on the H&E

staining in the periventricular WMHs revealed that mild loss (grade 1) was apparent

in the vast majority of lesions. One WMH from Case 5, lesion 5.2, demonstrated

severe ependymal loss (grade 2) and one WMH from Case 3, lesion 3.8, had an

Figure 6.29: A tortuous ependymal layer.
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Figure 6.30: Segmental intramyelin oedema in Case 5 (lesion 5.2) in a) and b) and a type
3 lesion from Case 3 (lesion 3.10) in c). Case 5 showed extensive oedema
across the large region of myelin pallor, whereas Case 3 showed only a few
very localised areas of oedema on the border of the small area of pallor in this
lesion.

intact ependyma (grade 0). Some of the periventricular WMHs that were given

a grading of 1, also demonstrated an ventricular lining that was tortuous (Figure

6.29). This was most often apparent in regions of the ventricular lining where the

ependymal cells had not been lost.

The assessment by the neuropathologist, Dr Zane Jaunmuktane, of the LFB

staining in particular revealed an interesting finding. Vacuoles located within the

myelin were identified on the LFB staining in some of the periventricular, but not

deep, WMHs (Figure 6.30). There appeared to be a spectrum of severity across

the cases, with Case 5 demonstrating a very high prevalence of this segmental in-

tramyelin oedema in most of the periventricular WMHs assessed. A few areas of

oedema were observed in lesions from Cases 2 and 4, but none were observed in

the majority of WMHs from Case 3, the dual MS/ADAD case. A small number of
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areas of segmental intramyelin oedema were located in one of the type 1 lesions

(not visible macroscopically) from this case, lesion 3.10. The areas of segmental

intramyelin oedema were most apparent in large areas of myelin pallor, although

this may be due to the density of the myelin staining in other areas masking their

appearance. It is worth noting that Case 5 with the highly prevalent oedema, also

had the most marked ependymal loss in one of the lesions (the only one to be graded

a 2).

General patterns across modalities

Whilst analysing all of the WMHs from this cohort across the in vivo MRI, ex vivo

MRI and histology, differences in the way the lesions appeared across the modalities

were observed. Although initially there seemed to be a fair amount of variation in

the pathological changes, some broad patterns were observed and are described

below and shown in Figures 6.31a-j.

Amongst the sporadic AD cases (Cases 2, 4, 5), there appeared to be a spectrum

of pathology in the periventricular WMHs. Some periventricular WMHs presented

with a small region of pallor of H&E and LFB staining that was markedly smaller

than the lesion observed on the in vivo scan. These lesions often also appeared

fainter on the ex vivo T2-weighted scan. Examples are:

• Case 2, lesion 2.10 (Figure 6.31a). Periventricular WMH at the occipital horn

of the lateral ventricle. There is no substantial area of pathological change,

but there is a small area of pallor in the H&E and LFB staining restricted to

just around the ventricle. WMH is visible on the ex vivo scan, but appears less

bright (graded 1a, see section 6.3.6). There were very few, if any, segmental

intramyelin oedema present.

• Case 5, lesion 5.7 (Figure 6.31b). Periventricular WMH at the occipital horn

of the lateral ventricle. There is a small area of pallor of H&E and LFB

staining just around the ventricle. The WMH appears less bright on the ex vivo

scan (graded 1a). Very few segmental intramyelin oedema were observed.

There were some periventricular WMHs that appeared to have more severe
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pathological changes. In these lesions, a large region of pallor in H&E and LFB

staining with diffuse boundaries was common. These lesions either appeared fairly

consistently on the in vivo FLAIR and ex vivo T2-weighted scans or were fainter

(graded 1 or 1a). Examples are:

• Case 2, lesion 2.2 (Figure 6.31c). Periventricular WMH at the frontal horn

of the lateral ventricle. There is a large region of pallor in the H&E and LFB

staining with a diffuse boundary that is similar in size to the WMH on the in

vivo MRI. The WMH appearance is similar on the ex vivo scan is similar to the

in vivo scan (graded 1). A few segmental intramyelin oedema were observed.

There was tortuosity and some mild loss of the ventricular epedyma.

• Case 5, lesion 5.2 (Figure 6.31d). Periventricular WMH at the frontal horn

of the lateral ventricle. There is a large area of pallor in the H&E and LFB

staining with a diffuse boundary that is similar in size to the lesion on the in

vivo MRI scan. The WMH appears less bright and more diffuse on the ex vivo

scan (graded 1a). There was a very high prevalence of segmental intramyelin

oedema and marked ependymal cell loss.

Within Case 3, marked variation in the appearance of WMHs was observed. A

proportion of WMHs in this case had very little evidence of pathological change,

or a vary small region of pallor of H&E and LFB staining that was considerably

smaller than the lesion observed on the in vivo scan. Some of these lesions appeared

similar on the ex vivo scan to the in vivo scan, but one in particular appeared very

bright with a well defined boundary. Additionally these lesions were categorised as

type 1 (not visible macroscopically at brain cut). Examples are:

• Case 3, lesion 3.2 (Figure 6.31e). Periventricular WMH at the frontal horn of

the lateral ventricle. There is a small region of pallor in the H&E and LFB

staining, smaller in area than the WMH observed on the in vivo scan. The

WMH appears similar on the in vivo and ex vivo MRI. This lesion was not

macroscopically visible at brain cut. There were very few, if any, segmental

intramyelin oedema and mild loss of the ependymal lining.
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• Case 3, lesion 3.10 (Figure 6.31f). Periventricular WMH in the parietal lobe.

Perhaps the most striking WMH of this type as it appears very bright and very

well defined on the ex vivo scan, more so than any other lesion from any case.

However there were minimal pathological changes, with just a small region

of pallor in the H&E and LFB staining, and in a much smaller area than the

WMH on the scans. Some intramyelin oedema were observed and mild loss

of the ependymal lining.

.

In Case 3, WMHs with very visible pallor and well demarcated boundaries in

the H&E and LFB staining were also observed. These were lesions that also had

clearly demarcated boundaries on the ex vivo scan and categorised as type 2 at brain

cut (clearly demarcated visible lesions), Examples are:

• Case 3, lesion 3.1 (Figure 6.31e). Periventricular WMH at the frontal horn of

the lateral ventricle. The lesion is well demarcated on the ex vivo MRI scan

and on the H&E and LFB staining. This WMH was also macroscopically

visible at brain cut and typical of an MS plaque. There was no segmental

intramyelin oedema observed and mild loss of the ependymal cells.

• Case 3, lesion 3.8 (Figure 6.31g). Periventricular WMH at the temporal horn

of the lateral ventricle. The lesion is very well demarcated on the H&E and

LFB staining, similar in appearance on the ex vivo MRI scan to the in vivo

scan, and macroscopically visible at brain cut, resembling an MS plaque.

There were no segmental intramyelin oedema observed and the ependymal

lining was intact.

Case 3 also had two of the very few non-periventricular lesions observed in our

small cohort, and the only two to be assessed pathologically. It is hard to identify

any patterns from these lesions as one was classified as type 2 and so typical of an

MS plaque, and one was not macroscopically visible and so classified as type 1.:

• Case 3, lesion 3.3 (Figure 6.31h). Juxtacortical WMH in the frontal lobe,

classified as type 2. Lesion is very well demarcated on the H&E and LFB
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stains, similar in appearance on the ex vivo MRI scan to the in vivo scan, and

macroscopically visible at brain cut, resembling an MS plaque. There were

no segmental intramyelin oedema.

• Case 3, lesion 3.7 (Figure 6.31j). Juxtacortical WMH in the parietal lobe,

classified as type 1. There appears to be no changes to the H&E and LFB

stains in the region of the WMH, with no evidence of segmental intramyelin

oedema. The WMH appears similar on the in vivo and ex vivo MRI.
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Figure 6.31: In vivo MRI, ex vivo MRI and histological staining for example lesions. In i)
the in vivo FLAIR is shown with the WMH outlined in red, registered to the
ex vivo T2-weighted image in ii). The corresponding H&E stained section is
in iii), with magnified areas of H&E and LFB staining shown in iv). Scale bar
represents 100µm.
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6.4 Discussion

In this work an ex vivo MRI and histology pipeline was developed to answer several

methodological and biological questions surrounding the visualisation of WMHs

both in life and after death, and to determine the pathological basis of WMHs.

This study demonstrated that such a pipeline was successfully designed and im-

plemented, enabling high quality ex vivo MRI images to be obtained that could

then be registered with the in vivo imaging. Although WMHs identified on in vivo

scans were generally evident on ex vivo MRI, they often appeared less bright with

more diffuse boundaries. Difficulties were encountered with the registration of the

histopathological images and ex vivo images, whereby the difference in sampling

technique from which the software was designed for, lead to the accumulation of

multiple errors. Registration was possible in some sections though, indicating the

potential of this method with further optimisation. The quantitative work here pro-

vides evidence to suggest that the pathological basis of WMHs may be more related

to myelin loss than axonal degeneration. This was the case for both WMHs that

were typical of MS plaques and WMHs that did not resemble MS lesions, in the

case with dual MS and AD pathology. However on qualitative examination of in-

dividual lesions, different patterns were observed in WMH appearance on each of

the image modalities. Varying degrees of myelin pallor were observed amongst

periventricular WMHs, and a more detailed assessment revealed the presence of

segmental intramyelin oedema in Case 5 in particular. There was also some evi-

dence of disruption to the ependymal lining of the ventricle. Distinct imaging and

pathological observations were made in the unusual case with the dual ADAD/MS

diagnosis, whereby very clearly demaracted lesions on ex vivo MRI could be ac-

companied either with or without corresponding myelin pallor.

WMHs are MRI signatures commonly observed on in vivo imaging, a method

that does not provide information on their histopathological basis. Pathological

confirmation of WMHs is only possible with post mortem investigations, often years

after the most recent in vivo scan and by which time the whole brain, including any

WMHs, may have changed quite considerably. Ex vivo MRI can also offer more
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beyond just validation, with the opportunity to scan for longer periods and with

new sequences, enabling the acquisition of higher resolution images that have the

potential to uncover more subtle pathological changes. You can also obtain different

types of images (such as quantitative imaging), which can tell you more about the

underlying tissue structure.

It is important to compare the appearance of WMHs on in vivo MRI images, ex

vivo MRI images and on histochemically/immunohistochemically stained sections,

in order to provide the best possible chance at uncovering their pathological basis.

Very little research has been carried out assessing the appearance of WMHs on

both in vivo and ex vivo imaging (Arfanakis et al., 2020), with no study registering

together the images from all three modalities in order to accurately assess what

pathological changes underlie specific hyperintense MRI signals. The design of the

pipeline used in this study, in particular the brain sampling protocol, will enable the

future registration of in vivo, ex vivo and histopathlogical images.

Although previous studies of WMHs that have combined in vivo imaging, ex

vivo imaging and histology are extremely rare, there is a small body of literature

that has assessed histopathological correlates of either ex vivo or in vivo imaging.

A large proportion of the work using both ex vivo MRI and histology to look at

the pathological underpinnings of WMHs has been carried out over 20 years ago,

when both MRI and histological techniques were not as advanced as they are now.

Studies often used very small and mixed cohorts, only used low field MRI, in-

cluded no immunohistochemistry and only used very basic and crude registration

techniques. These studies found an extensive range of pathological correlates relat-

ing to WMHs, including a loss of myelin, axons and oligodendrocytes, astrogliosis,

dilation of perivascular spaces, activated macrophages and fibrohyalinotic and arte-

riosclerotic vessel changes (Awad et al., 1986, Braffman et al., 1988, Fazekas et al.,

1991, Mascalchi et al., 1989, Revesz et al., 1989, van Swieten et al., 1991).

Previous studies have tended to either assess ex vivo imaging and its patholog-

ical correlates (Fernando and Ince, 2004, McAleese et al., 2015, Young et al., 2008)

or have looked at in vivo imaging and its pathological correlates (Alosco et al.,
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2018). The novelty of this study is the use of ex vivo, in vivo and histopathologi-

cal images of WMHs to more accurately establish the relationship of pathological

findings to in vivo imaging. This study used both the in vivo and ex vivo images

to locate the WMHs of interest and then additionally carried out alignment of the

two modalities using a systematic registration approach. Additionally this study at-

tempted registration of the ex vivo MRI scan and the histopathological images using

a sophisticated automated tool, as opposed to the crude matching used in previous

studies. This work had the aim to develop an integrated, single pipeline to move

closer to the ultimate goal of developing an entirely novel software tool to predict

the underlying pathology associated with WMH seen on in vivo imaging.

6.4.1 Question 1: Can high quality ex vivo MRI images be ob-

tained?

The careful coordination of the brain donation, brain fixation and MRI scanning

processes set out by the detailed pipeline, enabled the high quality ex vivo T2-

weighted images to be obtained for all cases in this study. A voxel size of 0.5mm3,

combined with the averaging of all five T2-weighted scans together meant that the

image resolution was excellent, and superior to the in vivo FLAIR images. Although

the largest increase in image quality was observed with the addition of two acquisi-

tions together, an increase in image quality was still observed with the addition of

the fifth acquisition. Increasing the number of acquisitions above five to assess for

any further benefit to image quality was not tested, largely due to the important aim

of this study to be reproducible and scalable to a larger study. Five T2-weighted

acquisitions meant that the structural imaging protocol fit into one hour of scanning

time. This enables the addition of other imaging modalities within a sensible scan-

ning time frame, such as the diffusion weighted imaging and the SWI obtained (but

not analysed) in this study. There have been previous ex vivo imaging studies that

have used long MRI protocols, including those with a total scan time of up to 48

hours (Pallebage-Gamarallage et al., 2018). Along with the question of feasibility

posed by that length of scan time for a large number of cases, the study presented

here used a busy hospital scanner meaning that long scanning slots were simply not
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available. Indeed, several of the imaging sessions used for the cases in this study

were split across multiple days.

6.4.2 Question 2: Is registration of in vivo and ex vivo MRI scans

possible?

Very few, if any, previous studies have attempted the registration of in vivo and

ex vivo brain MR images. Previous studies using registrations of this nature have

often been in animal models (Holmes et al., 2017) or in non-brain tissue such as the

prostate (Orczyk et al., 2012). Where human brain has been used, this has only been

on surgically resected brain specimens (Goubran et al., 2015) or on the hippocampal

region (Wisse et al., 2016). A recent study by (Maranzano et al., 2020) carried out

ex vivo imaging with the brain in situ, which enabled registration of both in vivo and

ex vivo images to the same standard neuroanatomical template.

In this project a reasonable registration of in vivo and ex vivo scans was

achieved using a non-linear registration in both the ex vivo and in vivo spaces.

Although the registration was not accurate enough to enable voxel to voxel corre-

spondence between scans, it was good enough as a guide to corresponding regions.

Before registration, matching up analogous areas on both images was highly chal-

lenging; something that had implications for the assessment of WMH change and

also the identification of corresponding landmarks for the registration parameter

optimisation.

There are considerable challenges faced when registering in vivo and ex vivo

images largely due to the significant deformations caused by the processes of re-

moval and fixation of the post mortem brain. The most common deformation that

occurs is the collapse of the ventricles due to the lack of pressure that was pre-

viously provided by the CSF and supporting structures. This ventricular collapse

leads to structures in the surrounding areas to also become deformed, something

that could be problematic in studies of WMHs where periventricular locations are

highly important. Additionally the long interval between the in vivo and ex vivo

scans, ranging from 4 to over 9 years in this cohort, means that considerable atro-

phy could have occurred and could further complicate the registration.
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There are various ways in which the difficulties in registering in vivo and ex

vivo imaging could be overcome. To minimise the need for much registration at all,

imaging of brains in situ could be carried out. This could be in the form of cadaveric

imaging (Woollacott et al., 2018) or imaging of fixed and transected heads (Maran-

zano et al., 2020). However the scalabilty of this type of imaging is questionable

due to the techniques being more logistically challenging than current brain bank-

ing donation protocols. Alternatively more localised registrations could be carried

out, focusing on a particular areas of interest in order to give much better correspon-

dence in those regions. As was carried out for hippocampal registrations in Wisse

et al. (2016), local registrations could be a possibility to improve correspondence

in periventricular areas. If the landmark-based registration attempted in this study

could be optimised, the use of landmarks in a more focused periventricular area

may provide a more accurate registration, in which the collapsed ventricles on the

ex vivo scan could be opened up to match the in vivo scan.

6.4.3 Question 3: Is registration of histological sections to ex vivo

MRI images possible?

An even greater challenge than registering in vivo and ex vivo MRI, is the registra-

tion of histological sections to MRI scans due to the substantial differences between

the two techniques. Compared to the microscopic detail provided by histology, MRI

enables a more general overview of the brain. It is this difference that not only holds

great potential for understanding global brain changes on a microscopic level, but

presents several registration challenges. Firstly, there is a large difference in resolu-

tion between MRI images and histological images, due in part to the considerable

difference in slice thickness between the typically <15µm histological sections and

the thick MRI slices (typically >0.5 mm). The partial volume effects in the MRI im-

ages makes directly comparing heterogeneous tissues challenging. Another related

issue is that MRI slices are usually contiguous, whereas the process of sampling

post mortem brain into blocks results in large sampling gaps between histological

sections. A further issue with the precise matching of MRI and histology is the tis-

sue deformations that occur as a result of histology analysis. Histological sections
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become distorted due to the cutting, processing, sectioning and mounting proce-

dures, complicating the registration to the ex vivo MRI image further.

In the majority of the literature assessing the pathology of WMHs using ex vivo

MRI and histology correlations, manual registration techniques of the two modal-

ities involving the matching up of anatomical landmarks is most commonly used

(Awad et al., 1986, Braffman et al., 1988, Marshall et al., 1988, Mascalchi et al.,

1989, van Swieten et al., 1991). Although simple, this method can be very time

consuming and has issues with accuracy and reproducibility, meaning the applica-

tion to larger datasets may not be feasible. Other techniques have minimised any

necessary registration steps either by carrying out MRI of small segmented regions

that are then directly sectioned and stained, or by carrying out whole slice histology

(Fernando and Ince, 2004, Fernando et al., 2006, Gouw et al., 2008a, Moody et al.,

2004, Revesz et al., 1989). However imaging the whole brain (or hemisphere) is

more beneficial than small regions, not only because of the increased efficiency and

ease of a single scan, but the preservation of landmarks within the context of the

brain enables better region of interest identification. Additionally, fewer artefacts

related to brain tissue edges will be present on a whole brain MRI scan, compared

to multiple MRI scans of small regions. The disadvantage to using whole slice his-

tology is the increased cost and labour intensity, meaning it would not be feasible

on a large dataset.

In recent years, technological advances have enabled a move towards more

automated approaches to registration of histology and ex vivo MRI images (Iglesias

et al., 2018, Mancini et al., 2019, Pallebage-Gamarallage et al., 2018, Pichat et al.,

2018). These more complex methodologies typically involve using an intermediate

modality, commonly blockface photographs, to which both the histological and ex

vivo images can be registered using dedicated software.

The registration software used in this study was designed for a dataset where

more complete coverage is achieved through the sampling of histological sections

throughout the entire brain (Iglesias et al., 2018, Mancini et al., 2019). This min-

imises gaps in the data, both between brain blocks and within the stacks of sections
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that make up the brain blocks. It is hugely time consuming and labour intensive to

sample the brain in this way and so, with both the time constraints of this project

and the scalability to a larger dataset in the future in mind, only a few sections from

each region of interest block were sampled. An adapted version of the software

therefore had to be used in this study, but this simplification was unable to account

for variations in the histological data. Slight deviations in slice thickness or paral-

lelity, or the fact that the histological sections were not obtained from the exact top

of the block resulted in errors accumulating quickly, and in some cases more than

others.

Successful registrations of the ex vivo MRI images into the space of the his-

tological sections were achieved for Case 5 and some blocks from Case 3. This

demonstrates that, with further optimisation, registration of a dataset of this nature

using this pipeline is feasible. Registration of the ex vivo image into the histology

space allows precise matching of anatomical regions, so the pathological changes

underlying the exact area of hyperintensity identified on the MRI scan can be iden-

tified. Similarly, any pathological changes identified on the histological sections

can be assessed for any difference in signal in the exact same region on the MRI

scan. Although only the ex vivo scan was registered in this study, an important next

step would be to register the in vivo MRI image to the histology. By aligning in

vivo, ex vivo and histopathological images, the relationship of pathological findings

to in vivo imaging can be more accurately established. This will aid in the under-

standing of how distinct features of WMHs seen during life translate to underlying

pathology.

6.4.4 Question 4: Can similarities or differences in WMHs be-

tween the last in vivo MRI and the ex vivo scan be ob-

served?

Very few studies have compared the appearance of WMHs on in vivo and ex vivo im-

ages. Arfanakis et al. (2020) demonstrated that the majority of WMHs had the same

Fazekas score on both scans, with a sizeable minority demonstrating an increase in
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WMH burden on the ex vivo scan and no lesions demonstrating a decrease. Simi-

larly in this study, the large majority of the WMHs were visible over a similar area

on both the in vivo and ex vivo scans in all of the five cases. Six lesions were newly

appearing or had increased on the ex vivo scan compared to the in vivo scan and

only one lesion had disappeared.

A relatively small number of WMHs were found to be have newly appeared

or increased over time. With the large time intervals between the in vivo and ex

vivo scans for the cases in this study, more progression in WMH burden may have

been expected. Indeed, Arfanakis et al. (2020) showed an association of increased

WMH burden with longer time intervals between the in vivo and ex vivo scans. A

major contributing factor to this difference may be the significantly younger age of

individuals in this study; between 52 to 68 compared to an average age of ∼90 in

the study by Arfanakis et al. (2020), as the progression of WMHs has been demon-

strated to be associated with increasing age (van Dijk et al., 2008, van Leijsen et al.,

2017b). Additionally, a higher baseline lesion load has also shown to be a predic-

tor of a greater WMH progression (Sachdev et al., 2007, van Leijsen et al., 2018).

In general, the cases in this study had a relatively low WMH burden, which may

account for the lack of progression seen.

In this study, a large number of WMHs appeared much fainter on the ex vivo

scan. There are a number of possibilities as to why this was the case, ranging from

methodological to biological. An important consideration is the inherent differ-

ences between scanning post mortem tissue and scanning a patient in life. Formalin

fixation of post mortem tissue to prevent degradation can cause various structural

changes and tissue distortions (Fox et al., 1985). Fixation has also been shown to

alter various MRI properties such as shortening T1 and T2 relaxation times, and on

DTI parameters (Richardson et al., 2014, Shatil et al., 2018). Temperature is also

a factor in tissue properties important for MRI; the ∼15◦C difference between the

body temperature of a living person and a post mortem sample at room tempera-

ture means adaptations of MRI protocols are necessary (Birkl et al., 2014). Any of

number of these factors could therefore result in WMHs on ex vivo scans appear-
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ing differently to those on in vivo scans. Additionally, the brighter appearance of

WMHs on the in vivo scans especially in periventricular areas, could be due to edge

artefact that is not apparent on the higher quality ex vivo scan.

Some WMHs though, for example lesion 3.10 on Figure 6.24 and lesion 4.11

on Figure 6.25 appear brighter on the ex vivo scans, demonstrating that ex vivo

scanning does not result in uniformly fainter lesions. Indeed, the fainter-appearing

WMHs were by far the most common in two of the cases, with 70% of lesions ap-

pearing fainter in Case 1 and 88% on Case 5 (13 - 23% on other three cases). As the

ex vivo T2-weighted scanning protocol was kept the same for all cases, this variabil-

ity between cases could potentially be due to those differences in tissue properties

caused by a longer post mortem delay or fixation time (Shatil et al., 2018). However

since the post mortem delay times and the fixation times were among the shortest for

Case 1 and 5, and the fact there was still some within-case variability in faintness,

this is unlikely to be the case.

The difficulty of assessing WMH change over time in this study is the lack

of characterisation of the differences in WMH appearance on ex vivo and in vivo

MRI imaging, and how much of this is attributable to methodological factors. In

the literature on longitudinal in vivo studies, the most widely accepted view is that

WMHs gradually increase over time without resolving. Numerous studies have

shown WMH increases over time, with values ranging 0.1 to 2.2ml/year (van Lei-

jsen et al., 2017b). The regression of WMHs is less well documented, with some

studies reporting decreases in volume over time, but then either not commenting

on the relevance or attributing the reductions to measurement error (Gouw et al.,

2008b, Sachdev et al., 2007, van Leijsen et al., 2017b). Recently, several stud-

ies have more directly considered reductions in WMHs over time. Regression of

WMHs has been reported in longitudinal imaging studies of the elderly (van Lei-

jsen et al., 2017a) and AD patients (Ramirez et al., 2016), with studies of stroke

patients demonstrating WMH regression in up to a third of patients (Cho et al.,

2015, Wardlaw et al., 2017). Some studies have assessed the clinical relevance of

WMH regression with mixed findings; van Leijsen et al. (2019) found no difference
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in cognitive decline between individuals with stable and regressing WMH regres-

sion, whereas Al-Janabi et al. (2019) found that WMH regression is associated with

decreased brain atrophy and improved cognition compared to WMH progression.

Several mechanisms have been proposed as underlying WMH regression. The

observed decline could be methodological and due to registration or segmentation

errors. Similarly, there could be a radiological explanation, whereby partial volume

effects in thick slice FLAIR imaging could result in WMHs being missed. Alterna-

tively, WMH regression could be a real biological phenomenon, such as the result

of a tissue oedema that then reduces or due to improved control of vascular risk

factors (Wardlaw et al., 2015). An apparent decrease in WMH volume could also

be a result of generalised atrophy occurring throughout the brain.

6.4.5 Question 5: Can any pathological changes be observed in

regions of WMHs?

In the quantitative analysis of myelin loss, significant differences were observed in

the amount of MBP staining between regions of WMHs and NAWM. This is in

agreement with the previous literature on the pathology underlying WMHs, where

myelin changes were a very common finding (Awad et al., 1986, Fazekas et al.,

1993, Mascalchi et al., 1989, McAleese et al., 2017, Moody et al., 2004, Munoz

et al., 1993, Murray et al., 2012, Roseborough et al., 2017). Both deep and periven-

tricular WMHs have been shown to be related to loss of myelin, although some

studies have suggested that loss of myelin is more severe in periventricular WMHs

(Murray et al., 2012). Myelin loss has been reported to be on a spectrum, rang-

ing from mild myelin pallor thought to be related to oedema (Fazekas et al., 1993,

Moody et al., 2004, Munoz et al., 1993), to complete loss of myelin (Awad et al.,

1986, Mascalchi et al., 1989). A spectrum of myelin loss was evident in the cases

investigated here, with some periventricular WMHs only showing very small areas

of mild pallor of the LFB and MBP stains, compared to a much larger and more

complete loss in others.

In a more detailed assessment of myelin pathology, segmental intramyelin

oedema were identified within regions of myelin pallor in Case 5 in particular.
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Although this finding does not seem to be well characterised in humans, similar

findings are detailed in one study by Cognat et al. (2014) in a mouse model of

Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoen-

cephalopathy (CADASIL) with prominent white matter pathology. This study used

electron microscopy to identify vacuoles within the myelin sheath, typically in the

innermost layer (see Figure 6.32). They found no apparent association with blood

brain barrier dysfunction, and the changes in myelin were hypothesised to occur

prior to axonal degeneration or oligodendrocyte loss. The authors proposed a mech-

anism relating to a failure in water homeostasis, leading to an accumulation of wa-

ter and ion between the myelin lamellae. Supportive of this theory is the fact that

ion channel disorders present with white matter oedema in vacuoles within myelin

sheaths (Depienne et al., 2013, van der Knaap et al., 2012). Others have theorised

the oedemas in the myelin could be an unknown consequence of demyelination

(Duering et al., 2018), or alternatively a failure of clearance mechanisms such as the

glymphatic system (Mestre et al., 2017). In light of the findings here and elsewhere

(Fernando et al., 2006, Scarpelli et al., 1994, Scheltens et al., 1995, Shim et al.,

2015, Simpson et al., 2007a) of a role for ependymal cell disruption in periven-

tricular WMHs, CSF infiltration through the damaged ventricular lining is also a

consideration. This could account for the considerably more prevalent intramyelin

oedema in Case 5, which also demonstrated the greatest degree of ependymal de-

struction. Alternatively the more marked presentation in this case may be due to a

more advanced myelin loss or abnormality than the other cases. Indeed (outside of

the unusual Case 3) this case had the highest WMH burden and the most marked

myelin pallor, both in the quantitative and descriptive analysis.

Those periventricular WMHs on the lower end of the severity spectrum, where

pallor on H&E and LFB staining was evident in a smaller area than on the in vivo

scan, often also appeared less bright on the ex vivo scan. It is possible that these

lesions may be showing signs of regression, which would also be of importance for

all the lesions that appear fainter on the ex vivo scan compared to the in vivo scan

(discussed in section 6.4.4) as it could signify a biology rather than methodological
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Figure 6.32: Figure from (Cognat et al., 2014) showing segmental intramyelin oedema us-
ing electron microscopy. In a) a typical vacuole (star) in the innermost layer
of the myelin sheath is shown. The vacuole separates the axon from its myelin
sheath (black arrowheads) and contains multiple aberrant myelin sheets (ar-
rows). Note the thin myelin sheet (empty arrowhead) at the interface between
the axon and the vacuole. In b) a longitudinal section of a myelinated fiber
containing a vacuole in the innermost layer of the myelin sheath is shown.
Note how the axon is squashed against one side of the sheath and separated
from the vacuole by a thin layer of myelin. Scale bar represents a) 0.5µm and
b) 1.3µm.

phenomenon. However, this is not always the case for WMHs that appear fainter

with more diffuse boundaries on the ex vivo scan; lesion 5.2 from Case 5 appears

less bright and with a more diffuse boundary compared to the in vivo scan, but it

accompanied with a large region of pallor in the H&E, LFB and MBP staining,

indicating myelin loss.

It should be noted that the periventricular WMHs that appeared on the lower

end of the severity spectrum in terms of the pathology assessed, were most com-

monly found to be at the occipital horn of the lateral ventricle. Those that had more

extensive pathology, were often found to be at the frontal horn of the lateral ven-

tricle. Although the number of cases and brain regions used in this study is too

small to be able to draw any conclusions, regional variations in WMHs have been

previously reported. McAleese et al. (2017) demonstrated a role of Wallerian de-

generation in the pathogenesis of parietal WMHs, triggered by AD pathology. In

non-demented patients, WMHs are more prevalent in the frontal region and more

likely to be due to CVD (Tullberg et al., 2004). There is also evidence to suggest

that CAA could be a factor in posterior presentations of WMHs (Ryan et al., 2015).
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Differences in WMHs between periventricular regions versus deep has been

well documented, with suggestions that periventricular WMHs were more likely

to be due to breakdown of the ependymal lining (Fernando et al., 2006, Scarpelli

et al., 1994, Scheltens et al., 1995, Shim et al., 2015, Simpson et al., 2007a) com-

pared to deep WMHs that were more likely to be ischaemic (Gouw et al., 2011,

Moody et al., 2004, Smith et al., 2000). However, findings were often not as clear

cut with the suggestion that the severity of WMHs is more important than location

in terms of pathological similarities, with larger diffuse periventricular WMHs and

confluent deep WMHs corresponding to more severe tissue changes of ischaemic

origin (Chimowitz et al., 1992, Fazekas et al., 1993). It was hard to assess any such

regional differences in this study, as pathological investigations were carried out

mainly into periventricular WMHs, with only two deep WMHs assessed from the

dual ADAD/MS case. However ependymal lining dysfunction was evident in the

vast majority of the periventricular WMHs assessed and could potentially be ac-

counting for the small (or large in some lesions) area of pallor commonly observed

adjacent to the ventricle in H&E and LFB staining. Indeed, ependymal lining dys-

function has shown associations with demyelination in previous studies (Chimowitz

et al., 1992, Fernando et al., 2006, Simpson et al., 2007a). Further staining with im-

munohistochemical ependymal markers to assess dysfunction would be helpful to

investigate this further.

There is a considerable amount of variation observed in the WMHs within Case

3, with a diagnosis of both ADAD and MS. Whether this is because the WMHs are

a result of two different disease processes is unclear and would be very difficult to

uncover with any degree of certainty. On the one hand, there are lesions that ap-

pear more similar to the other sporadic AD/PCA cases, whereby there is very little

pathological change underlying the WMH location on MRI and they do not appear

macroscopically on the brain tissue. Some of these lesions appear similarly faint in

nature and with diffuse boundaries on the ex vivo scan, but one lesion in particular

appears brighter on the ex vivo scan and with very well demarcated boundaries. It is

unclear as to the pathological basis of this lesion, as the histological and immuno-
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histochemical markers used in this study are clearly not reflecting the underlying

pathology. As this WMH appears so different on the ex vivo scan to any of the other

lesions in this or the other cases, a shared pathogenesis with lesions in the sporadic

AD/PCA cases is maybe less likely.

On the other hand there are those lesions in Case 3 that were macrosopically

visible and well circumscribed, with very clearly demarcated H&E and LFB pal-

lor. These lesions were identified by the neuropathologist as being typical of MS

plaques. The characteristic pathological hallmark of MS is inflammatory lesions

that result in demyelinating plaques. Axons are relatively preserved in the early

stages, but become irreversibly damaged as the disease progresses (Dobson and

Giovannoni, 2019).

Although the well demarcated lesions in Case 3 appear to have MS aetiology,

the origin of WMH formation in the remainder of the lesions is unclear. Although

myelin loss seems to be a key contributing factor in the appearance of WMHs, mul-

tiple pathogenic mechanisms could be responsible for tissue changes of this nature.

The young age, low vascular risk and low level of vascular pathology in the co-

hort used in this study means that a vascular origin becomes less likely. However

the majority of the cases had a CAA score of 3, which should be taken into con-

sideration given previously reported associations with WMHs (Ryan et al., 2015).

As discussed above, there is some evidence in this cohort for the ependymal lin-

ing dysfunction previously reported as a mechanism of periventricular WMHs. The

segmental intramyelin oedema described in some of the WMHs here could be re-

lated to this breakdown of the ventricular lining or could be a result of other pro-

posed mechanisms such as dysfunctional water and ion homeostasis (Cognat et al.,

2014). Further investigations into the mechanisms underlying the myelin changes,

and more generally, are clearly required and will be discussed in section 6.6.

6.5 Limitations

The novelty of this work combined with the time constraints of the project, required

complex decisions to be taken efficiently and without the chance to test and optimise
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methodologies first. This work is therefore considered a pilot study on which future

studies of this nature can be based. As a result, there are several limitations to this

particular work and decisions that would be made differently for future work.

The cohort used in this study is very small, which is largely due to the time

taken to complete the entire pipeline for each case and was dependent on brain do-

nations. Now that the pipeline has been developed and optimised, it will be easier

to increase the number of cases for a future study. Additionally, although the cohort

used here all had a diagnosis of young onset AD, a variety of phenotypic presenta-

tions were present. Whilst this was beneficial in assessing a wide range of WMH

presentations, it made it hard for any disease specific trends to be revealed. As this

study was reliant upon which individuals came to post mortem and underwent brain

donation in the study time frame, control over the cohort demographics and diag-

noses was not possible. A longer and larger study would therefore also be beneficial

to this end.

There are several limitations related to the MRI scanning of the post mortem

brains. Firstly the brains were not always put into the scanning container in exactly

the same way, meaning that the orientation in which they were scanned did vary.

This was rectified with reorientation of the images, but it meant that our registration

pipeline had to undergo some case specific adaptation. Scanning time restrictions

on the hospital MRI scanner required that scanning had to be undertaken over two

separate sessions. Although this increased the chance of variability within cases,

steps were taken to ensure that each brain was returned to the scanner in the same

orientation and the brain remained in the container during the time between the

scans. This should not affect the results presented in this study, as all of the struc-

tural T2-weighted imaging was undertaken in one session.

The process of registering the ex vivo and in vivo images also comes with limi-

tations. Only alterations to a limited number of parameters were tested, and also not

all parameters were tested. A more fine-grained approach could be adopted whereby

small adjustments slightly above and below each of the seemingly optimal parame-

ters, whilst holding all other parameters constant, could be tested. Furthermore the
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issues experienced with the landmark-based registration were not resolved during

the course of this study and would be something that could improve the registration

further.

Although a good level of correspondence was achieved between the in vivo and

ex vivo scans in this study, the registration was such that voxel-to-voxel comparisons

could not be made. This had implications for the comparison of WMHs between the

scans, in that the segmentations carried out on the in vivo FLAIR scans could not

be transformed effectively to ex vivo space. The more qualitative approach adopted

was accompanied with limitations, mainly relating to the lack of understanding of

how WMHs appear on ex vivo scans in relation to in vivo scans. Before accurate

assessments of WMH increase or decrease across in vivo and ex vivo scans, it is

clear that a better characterisation of their appearance on ex vivo scans is necessary.

It would be highly useful to have in vivo imaging close to time of death or within

a time frame where WMHs are unlikely to have changed between scans, even just

for one or a very small number of cases. This information could then be used to

understand the changes in the appearance of WMHs likely due to effects inherent

to imaging post mortem tissue, as opposed to biological alterations to the WMHs

themselves. The last in vivo scan in this study was a long time prior to death in

all cases (∼4 - 9 years), during which time considerable atrophy is likely to have

occurred. This likely played a role in the difficulties faced both in the registration of

the images and the assessment of WMH change between them. A further limitation

to the comparison of WMHs between the in vivo and ex vivo scans is the difference

in resolution between the two. Partial volume effects are much more likely on the in

vivo thick slice FLAIR, that could result in lesions being falsely reported as newly

appearing.

There are several limitations relating to the sampling of the brains in this study.

Firstly, Case 1 was mainly used for optimisation of the ex vivo scanning protocols

and was not sampled in the same way as the other brains. The brain sampling

pipeline using the slice photographs was not developed at this stage, so this brain

was not taken forward for immunohistochemical staining. There was also an issue
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with the brain sampling of Case 4 due to a breakdown in communication meaning

the brain was sampled without the slice photographs being taken. Photographs were

taken retrospectively, but the slices had already been cut into blocks. Although re-

construction of the full slices was attempted, it is likely this has an impact on the

MRI-histology registrations. A further limitation relates again to the long time pe-

riod between in vivo scanning and death. Although an assessment of the ex vivo

images was made to check for any new WMHs, the in vivo MRI was used as the

main guide to WMH locations on the brain tissue that existed on the ev vivo scan.

This sometimes meant that, even for a trained neuropathologist, matching of the

brain region on the in vivo scan image to the region on the physical tissue was chal-

lenging due to atrophy and other changes that had occurred. A further limitation

relates to the assessment of the ependymal lining, in that its location at the tissue

edge is particularly prone to tearing during the brain cutting and processing pro-

cedure. It is therefore possible that the the ependymal lining loss observed was

artefactual as opposed to pathological. A more in depth assessment of the ependy-

mal lining with a focus on the directly underlying parenchyma, may be useful in

determining whether the cell loss is a technical artefact.

Study limitations relating to the histological techniques include the fact that not

all of the WMHs sampled at the brain cut were able to be taken forward for staining

due to time constraints. The selection process for which WMHs would be sampled

in this study could have been more methodical, as it was mainly based on the WMHs

that were the brightest or just most striking. This often meant that WMHs were not

selected from each lobe of the brain or from both periventricular and deep regions,

which would have enabled better identification of regional trends. Some issues

were encountered with the immunohistochemistry that was carried out, whereby a

lot of background staining was seen with the SMI31 stain. This could mean that

any differences in staining intensity may have been masked. The opposite was

true for the MBP antibody, which appeared quite faint in some sections. Although

the use of the internal control region would have helped to reduce the effect of this,

occasionally the MBP staining appeared slightly patchy within a section and so even
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the internal control may have been affected. The results from the SMI31 and MBP

staining should therefore be interpreted with caution. Due to laboratory closures

caused by the COVID-19 pandemic, it was not possible to rectify the issues with

immunohistochemical stains as would have normally have been done. Additionally

this impacted plans to stain a second wave of sampled WMH regions.

The limitations relating to the registration of histological sections and ex vivo

MRI images, both in general terms and specifically the technique used in this study

are discussed in detail in section 6.4.3.

6.6 Future directions of study

In the short term, there are a number of steps that can be taken to improve the utility

of this pilot study to a larger study. It is clear that the histological staining used

in this study has not fully captured the underlying pathology of all lesions. Sev-

eral lesions, for example lesion 3.10, have a large and bright area of WMH on the

MRI scans but no change of corresponding scale in the markers assessed. In order

to try and understand the changes that are occurring in the underlying tissue and

the mechanisms behind them, it would be useful to carry out an increased panel of

staining, such as that shown in Table 6.6. This would include markers of vascu-

lar dysfunction, such as endothelial markers and collagen, markers of blood brain

barrier dysfunction and markers of inflammation such as microglial and astrocytic

markers. Once an increased panel of antibodies has been optimised, staining anal-

ysis could then be carried out to assess which markers are of interest. It would

then be useful to carry out staining of the selected markers on an increased number

of WMHs in this cohort (see the lesion guide in Figure 6.5). This would not only

increase the power of this study, but aid in assessing any regional patterns in the

pathology of WMHs.

As well as the T2-weighted imaging used in this study, diffusion weighted and

SWI protocols were included as part of the ex vivo imaging. It would therefore be

of interest to utilise these modalities as part of any further work. Previous studies

have demonstrated altered diffusion weighted metrics, such as decreased FA and



6.6. Future directions of study 214

Table 6.6: Increased panel of staining

Investigations Markers

Morphology H&E

Pathology
Aβ

Tau

Collagen
Masson’s trichrome stain

Collagen type 1

Endothelial

ICAM

VEGF

LYVE-1

Axonal

SMI31

Neurofilament cocktail

MAP2

Myelin
MBP

LFB

Iron Perl’s

Oligodendrocytes Olig2

Blood brain barrier dysfunction

Fibrinogen

COL4

Claudin-5

CD68

Inflammation

CD3/43

Iba1

GFAP

increased MD, are predictive of WMHs (Maillard et al., 2013, Silva et al., 2016,

van Leijsen et al., 2018), as well as showing differences between periventricular and

deep WMHs (Griffanti et al., 2018), and being reflective of the underlying pathology

(Gouw et al., 2008a). SWI imaging can be used to assess certain types of vascular

pathologies, such as microbleeds and structural abnormalities like tortuous vessels

(Halefoglu and Yousem, 2018).

Another area of short-term work is to optimise the registration of the in vivo

and ex vivo MRI images. An area of focus would be the landmark-based registra-

tion, for which it may be necessary to consult with a registration expert in order to
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resolve the current issues. If the landmark registration could be successfully imple-

mented, more localised registrations could be carried out in specific areas of interest

such as the periventricular region.

Another possible line of future work would be to carry out more detailed anal-

ysis of Case 3, the dual ADAD/MS case. This is an extremely rare combined diag-

nosis of two diseases, both with links to white matter changes. It therefore provides

a unique opportunity to investigate in a single individual how two distinct patholo-

gies may result in very similar WMHs on MRI, whilst also offering a chance to gain

insights into any potential interplay between between the disease aetiologies.

It is important to also carry out a better characterisation of the segmental in-

tramyelin oedema observed in some of the WMHs. There is very little description of

such a finding in humans and so carrying out an electron microscopy study, similar

to the one carried out in a mouse model by Cognat et al. (2014), would be perti-

nent. Alternatively, double immunostaining could also be carried out with markers

to axons/myelin and also to myelin/oligodendrocytes to uncover the exact location

of the oedema. It would also be interesting examine a larger number of juxtacortical

and deep WMHs for the presence of intramyelin oedema, in order to assess whether

they are only linked to periventricular lesions.

An important consideration in the development of the pipeline was the ability

to scale this pilot study up to a larger study. The ultimate goal of such a study would

be to develop a tool to predict white matter lesion pathology for use in the clinic.

The aims of this prospective study are detailed below and would be undertaken with

the expertise of multiple collaborators:

• To carry out ex vivo scanning hemispheres from approximately 30 individuals

over the course of three years, acquiring T2-weighted, SWI and diffusion-

weighted imaging.

• To whether any changes in an increased panel of antibodies (see Table 6.6)

underlie WMHs.

• To improve the registration pipelines to enable accurate matching of the in
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vivo and ex vivo MRI images.

• To register the histological sections into the space of both ex vivo image and

then the in vivo image.

• To assess whether any features of WMHs visible on in vivo imaging are asso-

ciated with underlying pathology. An ultimate goal is to develop a machine

learning system to predict predict the pathology of each lesion based on size,

shape, texture and location.

• To assess whether 7T scans enable higher resolution and a great number of

quantitative images compared with 3T.

6.7 Conclusions
In conclusion, this project has demonstrated the successful development and imple-

mentation of a pipeline that combines high resolution T2-weighted ex vivo struc-

tural brain imaging with histological investigations. In the small cohort used in

this study, myelin changes were found to be an important pathological correlate of

WMHs. With further optimisation of the registration protocols, it would be entirely

feasible to be able align in vivo, ex vivo and histological sections together to accu-

rately establish the relationship of pathological findings to in vivo MRI. This study

is an important first step toward the ultimate goal of being able to predict the under-

lying pathology of WMHs based on appearance and location, for use in a clinical

setting.



Chapter 7

General Discussion

Biomarkers are a hugely important evolving area of research in the AD field, with

the potential to provide an accurate preclinical diagnosis and predictions about con-

version to more advanced disease stages, as well as acting as inclusion criteria and

outcome measures in clinical trials. Biomarkers are also instrumental to uncov-

ering the different pathological changes that occur in AD and how they relate to

each other along the continuum of disease. There is a need to extend the core AD

biomarkers of Aβ , tau, and measures of brain atrophy and metabolism (Jack et al.,

2018) in order to encompass the multifactorial nature of the disease.

WMHs are a potential biomarker of interest, demonstrating an increased bur-

den in AD (Scheltens et al., 1992, Yoshita et al., 2006), predicting those who convert

to clinical disease (Lopez et al., 2014) and appearing early in the disease process

(Lee et al., 2016, Silbert et al., 2012). Despite their apparent importance in AD, a

clear pathological basis of WMHs remains to be uncovered. Heterogeneous neu-

ropathological substrates resulting from a wide range of pathogenic mechanisms

appear likely, despite being traditionally thought of only as a marker of SVD.

Although WMHs have been shown to associate with existing biomarkers of

AD (Enzinger et al., 2005, Marnane et al., 2016, Tosto et al., 2015, Zhou et al.,

2015), results are often mixed (Kester et al., 2014, Osborn et al., 2018) and do not

assess relationships across the full disease course. Less is known about how WMHs

interact with newer and emerging AD biomarkers such as NFL, with studies again

demonstrating mixed results. Even less is know about WMHs and their associations
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with other biomarkers in ADAD, a rare form of AD in typically younger individuals

with a lower risk of SVD.

With this in mind, the work in this thesis revolved around two overarching

aims:

1. To investigate the relevance of WMHs as a biomarker in cohorts of spo-

radic and ADAD patients, examining their associations with other existing

biomarkers.

2. To investigate the pathological basis of WMHs in order to better understand

how certain imaging characteristics are represented in pathology.

7.1 Summary of main findings

7.1.1 Chapter 3

In Chapter 3 I assessed the relationships between WMHs and CSF Aβ1-42, t-tau

and p-tau in control, SMC, EMCI, LMCI and AD groups from the ADNI cohort.

Evidence for a strong association between WMHs and Aβ was found across the

AD disease spectrum, whereby an increase in WMHs corresponded to a decrease in

CSF Aβ . I observed no differences in the Aβ -WMH relationship between disease

groups, but a highly significant relationship remained in the pooled cohort after ad-

justment for age, diagnostic group, TIV and APOEε status. No evidence was found

for a relationship between WMHs and either t-tau or p-tau. Moreover the WMH-

CSF Aβ relationship was found to independent of both t-tau and p-tau. I found

no effect of the vascular risk factors of smoking, hypertension, diabetes and BMI

on the WMH-age or WMH-Aβ relationship. Although the relationship remained

after adjustment for age, age was found to be the strongest independent predictor of

WMHs.

As WMHs are largely thought to be representative of vascular pathology, my

work here adds to the literature exploring the complex relationship between AD and

SVD. However evidence in the literature and now from this thesis has indicated that

not all WMHs are related to atherosclerotic SVD, with suggestions of a degenera-

tive basis as a consequence of AD pathology (McAleese et al., 2017), among others.
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Although age was highly predictive of WMHs, the strong WMH-CSF Aβ relation-

ship combined with the lack of contribution from vascular risk factors, is compatible

with the theory that some WMHs are part of the AD pathological process and some

are the result of an ageing/vascular process.

7.1.2 Chapter 4

In Chapter 4, I added to the work in Chapter 3 by investigating the relationship

between WMHs and the axonal degeneration marker of plasma NFL in the same

ADNI cohort. I found evidence for a positive association between WMHs and NFL

from the early stages of cognitive impairment through to clinical AD. This WMH-

NFL relationship was highly dependent on participant age. Age also accounted for

the most variance in WMHs. Like in Chapter 3, no effect of adjusting for vascular

risk on the relationship between NFL and WMHs was seen.

My results here suggest that WMHs in the cognitively impaired are likely to be

related to axonal degeneration, in a manner that is dependent on age. This positive

relationship maybe caused by AD pathologies and/or comorbid CVD. However the

fact that no effect of the vascular risk factors tested on the relationship between NFL

and WMHs was observed, adds to the growing body of evidence that WMH are part

of core AD process and not simply attributed to concomitant CVD.

7.1.3 Chapter 5

I carried out an assessment of WMHs in ADAD in Chapter 5, looking at the effect

of mutation group on WMH change over time in the DIAN cohort. Whether WMH

burden increases as estimated onset is approached and passed was also assessed,

as was the relationship between WMHs and brain atrophy. I found mutation type

to be an important predictor of WMH accrual, with APP mutation carriers having

the highest rates. Increases in WMH volumes with estimated years to onset was

observed in the APP and PSEN1 mutation groups, with evidence of an acceleration

in the PSEN1 and PSEN2 groups. I also found WMH accrual to be highly associated

with brain atrophy, even after allowing for disease stage.

My work here in a younger patient group with lower risk of age-related vascu-
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lar comorbidities, demonstrates that WMHs are likely to be a core feature of AD.

The fact that WMH burden increases with EYO and tracks together with brain at-

rophy across the disease course, suggests WMHs are an important biomarker of

disease progression. Among other factors, the observed heterogeneity between mu-

tation groups could be being driven by the large number of Dutch and Flemish

mutation carriers in the APP group with typically higher WMH burden.

7.1.4 Chapter 6

In Chapter 6, I focused on the development of a novel MRI-histology pipeline in a

small cohort in order to answer key questions relating to the visualisation of WMHs

in life and after death, and their underlying pathology. The majority of this work was

methodological, testing and optimising protocols for ex vivo MRI acquisition and

the registration of the ex vivo images to the in vivo MRI and histological sections. I

then carried out an assessment of changes in WMHs between the last in vivo and ex

vivo scans. Finally quantitative and qualitative analyses of stains for myelin (LFB

and MBP), axons (SMI31) and tissue morphology (H&E) were performed.

The successful implementation of the pipeline enabled high quality ex vivo

T2-weighted images to be obtained that were subsequently registered to the in vivo

imaging with a good level of correspondence. Some issues were encountered with

the ex vivo MRI-histology registration, whereby an accumulation of multiple errors

meant that registration was not possible in some cases.

I found evidence for a role of myelin loss in WMHs, with results from a

mixed model demonstrating a significant decrease in myelin staining compared to

the NAWM in the WMHs of this small group of patients with young onset AD.

More qualitatively, different patterns were observed in WMH appearance across the

in vivo imaging, ex vivo imaging and histology. Lesions ranged from appearing

more faintly on the ex vivo scan to appearing more brightly, and with varying de-

grees of underlying pathological change. Among the periventricular WMHs from

the sporadic AD/PCA cases, I observed a spectrum in the degree of myelin pal-

lor. Also in these cases, an interesting and novel finding of segmental intramyelin

oedema was observed within the lesion area. There was considerable variation in
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lesion appearance within the case with a dual diagnosis of ADAD-MS, with some

lesions that appeared similar to the other sporadic cases with smaller areas of pallor

and less well defined boundaries and those that were very clearly demarcated on the

histological staining, MRI images and on the brain tissue itself, consistent with MS

plaques.

The overarching aim of this work was to optimise the pipeline to be scalable to

a larger study in the future. My pilot study was an important first step in achieving

the long-term goal of a tool to predict the underlying pathology of WMHs based on

appearance and location, for eventual use in a clinical setting.

7.2 Importance of this work

With respect to the first overarching aim, this thesis has provided a comprehensive

investigation into the relevance of WMHs as a biomarker. Chapters 3 and 4 have

outlined strong relationships between WMHs and the AD biomarker of Aβ and the

axonal degeneration biomarker of NFL, suggesting that WMHs are an intrinsic part

of the AD disease process and not just a benign consequence of ageing. Chapter 5

may even be considered as more robust evidence for this important role of WMHs in

AD pathogenesis, whereby a strong relationship between WMHs and brain atrophy

over the disease course was demonstrated in individuals with ADAD mutations,

who were typically young and lacking significant vascular risk factors. Moreover,

the fact that WMH burden increases with proximity to estimated age at symptom

onset suggests that they could be an important biomarker of disease progression,

even in the presymptomatic phase.

WMHs have long been considered a marker of SVD and have been proposed

as a candidate biomarker for the vascular component of AD. Although not disputing

the evidence that a large proportion of WMHs seen in the elderly have a vascular ba-

sis, the work in this thesis adds to the growing evidence that they are not uniformly

associated with conventional vascular risk factors. Chapters 3 and 4 are evidence

of this in that ADNI cohort is of low vascular risk by design, as a result of their

exclusion criteria. Similarly in Chapter 5, the young age of the DIAN cohort means
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that incidence of vascular comorbidities is likely to be low.

The strong relationship of WMHs with the traditional AD biomarkers of CSF

Aβ and brain atrophy implies that WMHs are representative of aspects of pathology

beyond CVD. What is not clear though, is what WMHs do represent. The strong

association between WMHs and brain atrophy could imply that they are measure-

ments of the same pathway, meaning that WMHs are just a surrogate measure for

brain atrophy. However the lack of complete correlation is evidence against this

and a lesser degree of overlap is more likely. Having an additional marker for a

shared pathological process is useful, not just as confirmatory, but to reduce the

sample size in future studies or clinical trials. It may be that WMHs can be con-

sidered a general marker of brain health; a proxy measure for multiple deleterious

pathological processes such as amyloid accumulation, axonal degeneration, brain

atrophy and vascular pathology. What is clear is that WMHs increase throughout

the AD disease course and are strongly associated with several damaging pathways,

so investigations into WMHs, such as in this thesis, are highly pertinent.

It is important though to uncover exactly what WMHs represent and in a way

that will be useful clinically in the future. Chapter 6 of this thesis is a critical first

step in identifying the seemingly heterogeneous pathological bases of this uniformly

appearing MRI signal. Perhaps this is best epitomised by Case 3 in this study, where

the homogeneous hyperintense signal is likely underpinned by the two distinct dis-

ease processes of ADAD and MS. Being able to predict the pathology underlying

specific WMH based on their location, size and shape would be a hugely powerful

tool and one for which there is a clear unmet clinical need.



Chapter 8

Contributions

8.1 Chapters 3 & 4
The BaMoS WMH segmentation tool was developed and run by Dr Carole Sudre.

Dr Jo Barnes carried out the second round of visual inspections of all the WMH seg-

mentations. Dr Cassidy Fiford developed the semi-automated WMH segmentation

protocol. Professor Chris Frost provided statistical support.

8.2 Chapter 5
The BaMoS WMH segmentation tool was run by Dr Carole Sudre. Dr Jo Barnes

and Dr Emily Manning assisted with the blinding for the segmentations. Dr David

Cash, Tom Veale and Dr Emily Manning helped in generating BSI measures. Dr

Natalie Ryan assisted in interpretation of clinical measures. Dr Chris Frost and Dr

Jo Barnes provided statistical support.

8.3 Chapter 6
Professor Tammaryn Lashley, Do Jo Barnes and Dr Natalie Ryan assisted in the

pipeline development. MRI scanning was carried out by radiographers at The Na-

tional Hospital for Neurology and Neurosurgery, Queen Square. Ex vivo MRI pro-

tocol development and technical support was provided by Dr David Thomas. As-

sistance with the brain sampling protocol was provided by Shauna Crampsie and

Nellie Robinson. Brain cutting and qualitative assessments of the H&E and LFB

sections were carried out by the pathologist, Dr Zane Zaunmuktane. Professor Dale
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Moulding provided the macro for the stained image analysis. Statistical support

was provided by Dr Jennifer Nicholas. Dr Jo Barnes, Dr Ian Malone and Dr Jamie

McClelland provided support with in vivo and ex vivo MRI image registration. Dr

Eugenio Iglesias developed and ran the MRI-histology registration pipeline.



Chapter 9

Publications

Publications that have arisen to date as a direct result of the work in this thesis:

P. Walsh, C. H. Sudre, C. M. Fiford, N. S. Ryan, T. Lashley, C. Frost, and

J. Barnes. Csf amyloid is a consistent predictor of white matter hyperintensities

across the disease course from ageing to alzheimer’s disease. Neurobiology of Ag-

ing, 2020

P. Walsh, C. H. Sudre, C. M. Fiford, N. S. Ryan, T. Lashley, C. Frost, and

J. Barnes. The age-dependent associations of white matter hyperintensities and

neurofilament light in early- and late-stage alzheimer’s disease. Neurobiol Aging,

97:10–17, 2021

Papers in preparation:

P. Walsh, C. H. Sudre, E. N. Manning, T. Veale, D. M. Cash, N. S. Ryan, T.

Lashley, C. Frost, N. C. Fox and J. Barnes. White matter hyperintensity increases

are a feature of dominantly inherited Alzheimer’s disease and are associated with

increased brain atrophy.
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