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Abstract

Introduction

Cerebral small vessel disease (SVD) is a common disease process accounting for a
quarter of all ischaemic strokes, around 80% of haemorrhagic strokes, and is the major
contributor to vascular cognitive impairment and dementia. Despite it being a major
public health burden, understanding of the natural history is incomplete and the
specific pathophysiological processes involved have not been fully elucidated.
Consequently, there are few effective disease modifying treatments. In part I of this
thesis I aimed to clarify elements of the natural history of white matter hyperintensity
lesions (WMHSs) in SVD. These are a key radiological feature of SVD that are strongly
correlated with clinical sequelae, and I further tested whether brain lesion volume can
regress over time. In part II I investigated the role of two novel pathophysiological
mechanisms (inflammation and the permeability of the blood-brain barrier), and their

relationship with SVD severity and progression.
Methods

I performed a systematic review of WMH growth and used inverse variance-weighted
meta-analysis to determine the expected WMH change over time in high-risk
populations. I next used a novel timepoint-blind WMH marking technique to assess
whether WMH volume regresses over time in three separate SVD cohorts. Finally I
studied a cohort of patients with SVD undergoing PET-MRI imaging, phlebotomy and

neuropsychometric testing.
Results

WMHs typically expand at 2.50 4+ 3.02 cc/year in patients with SVD and this is
significantly more likely in patients with hypertension and who currently smoke. I
found only 12/417 participants (2.9%) who showed modest WMH regression on
longitudinal imaging, and this was more likely in patients with less severe disease at

baseline. I demonstrated significant differences between patient and control groups in
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both microglial signal and blood-brain barrier permeability, and associations between
microglial signal and both clinical and radiological markers of SVD severity. These

disease processes did not predict disease progression at one year.
Conclusions

I calculated the expected rate of WMH growth in relevant populations and how these
data affect the sample sizes required to show a treatment effect, which should inform
future trials. My results investigating WMH regression suggest that this is unlikely to

be a significant factor in severe SVD.

I showed that both microglial signal and blood-brain barrier permeability are likely to
be relevant in SVD, but whether they are disease causing remains unclear. I further
discussed the ongoing interventional study in which the data collection for this thesis
was nested (MINERVA). The MINERVA trial aims to answer this question by testing
whether minocycline can inhibit activated microglia and stabilise the blood-brain

barrier, and I presented baseline data from the trial.
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Glossary of terms

AD: Alzheimer’s disease

ApoE: Apolipoprotein E

ASL: arterial spin labelling

BAM: border-associated macrophage
BBB: blood-brain barrier

BMI: body mass index

CAA: cerebral amyloid angiopathy

CADASIL: cerebral autosomal
dominant arteriopathy with subcortical
infarcts and leukoencephalopathy

CBEF': cerebral blood flow

CD14 [etc.J: cluster of differentiation
14

CI: confidence interval
CMB: cerebral microbleed
CNS: central nervous system
CRP: C-reactive protein
CSF': cerebrospinal fluid

CSF1R: colony stimulating factor 1
receptor

DBP: diastolic blood pressure

DCE-MRI: dynamic contrast-enhanced
magnetic resonance imaging

DTI: diffusion tensor imaging
DWI: diffusion-weighted imaging

dWMH: deep white matter
hyperintensity

ECM: extracellular matrix
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EF: executive function

eGFR: estimated glomerular filtration
rate

ELISA: enzyme-linked immunosorbent
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EPVS: enlarged perivascular space
FA: fractional anisotropy
FDR: false discovery rate

FLAIR: fluid-attenuated inversion

recovery
GC: global cognition

GFAP: glial fibrillary acidic protein
GWAS: genome-wide association study

ICAM-1: intercellular adhesion
molecule 1

ICH: intracerebral haemorrhage
IL-6 [etc.]: interleukin-6

IQR: interquartile range

Kiy: permeability constant
LTM: long-term memory

MCI: mild cognitive impairment

MCP-1: monocyte chemo-attractant
protein 1

MD: mean diffusivity
MDPH: mean diffusivity peak height

MMP-2 /etc.]: matrix metalloprotease
2

MRI: magnetic resonance imaging



NART: National Adult Reading Test

NAWM: normal-appearing white
matter

NfL: neurofilament light
OR: odds ratio

PDGFR: platelet-derived growth
factor receptor-3

PET: positron emission tomography
PS: processing speed
PVS: perivascular space

pWMH: periventricular white matter
hyperintensity

Qaip: serum / cerebrospinal fluid
albumin quotient

RNA: ribonucleic acid

SBP: systolic blood pressure

SE: standard error

SNP: single nucleotide polymorphism

SVD: small vessel disease
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angiogram
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TTA: transient ischaemic attack
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TGF- B: tumour growth factor 3
TNF-a: tumour necrosis factor a
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VCAM-1: vascular adhesion molecule 1
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VEGF: vascular endothelial growth
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CHAPTER ONE

Introduction, aims and thesis outline



Introduction to cerebral small vessel disease and definitions

Cerebral small vessel disease (SVD) is a common disease process underlying stroke and
cognitive impairment/dementia. SVD refers to a pathological dysfunction of the small
vessels that make up a network of brain vasculature (principally but not confined to
the small perforating arteries and arterioles in the deep/subcortical anatomical areas,
though superficial regions and the venous system are also involved).? This small vessel
dysfunction leads to a constellation of potential symptoms consistent with the vascular
territory or neuronal networks affected and the time course of dysfunction, ranging
from cognitive impairment and dementia caused by low grade progressive ischaemia
over many years, to acute stroke when an affected vessel becomes suddenly occluded

intracerebral haemorrhage (ICH) when it ruptures.

SVD is extremely common, affecting millions of people worldwide. It is responsible
for 1/ 5 to 1/ 4 of ischaemic strokes?, the majority of haemorrhagic strokes! and around
45% of vascular cognitive impairment (VCI) or vascular dementia (VaD)?* - though
VaD commonly arises due to multiple overlapping disease processes® and conversely
SVD is also an important risk factor for the development of Alzheimer’s disease®, so
the precise contribution of SVD to all-cause dementia risk is difficult to summarise. In
the UK this corresponds to around 20,000 strokes per year, 10,000 cases of ICH and
35,000 cases of VCI/VaD.” The economic burden of VaD alone is an estimated £15.7
billion per year, projected to rise to over £45 billion per year in 2040.8 However, despite
its importance, understanding of the underlying pathophysiology is incomplete and
there are few effective disease-modifying treatments.? It is therefore critical to

understand this disease process and how it can be therapeutically modified.

The aetiology of SVD is linked to the structure and behaviour of the affected vessels.
The cerebral arterial circulation can be thought of as large vessels (>2mm diameter)
that give multiple branches to supply blood to a large area of cortical and subcortical

tissue, and small vessels (typically <2mm diameter but tapering down to 100-200pm
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in diameter) that provides the blood supply to a much smaller area of tissue.!? Figure

1.1 illustrates the typical configuration of large and small vessels.

s .
' W

Figure 1.1. Sketch of cerebral circulation in coronal plane. Labelled are (A) internal carotid
arteries; (B) middle cerebral artery; (C) lenticulostriate perforator arteries; (D) distal middle
cerebral artery branches; (E) leptomeningeal arteries with cortical arterioles

Large vessels and small vessels have different haemodynamic properties and are subject
to differing disease processes. A key difference is that small perforator vessels are end-
arterioles with no collateral circulation; accordingly, the areas they supply (typically
subcortical regions containing myelinated neuronal tracts that have high metabolic
demand) are more vulnerable to ischaemia.!! As can readily be inferred from the
diagram of cerebral circulation in figure 1.1, occlusion of one of the perforating
arterioles (in this case the lenticulostriate arteries) causes ischaemia in a small volume
of subcortical tissue downstream from the occlusion. Conversely, occlusion of a large
artery (for example the middle cerebral artery) compromises the blood flow to a much
larger volume of tissue including both cortical and subcortical areas. The cause of such

an occlusion is likely to be different and these are more often caused by plaque rupture
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from large artery disease in the carotid artery or cardioembolic (typically secondary to

atrial fibrillation) rather than intrinsic disease within the vessel.!?
Symptoms from SVD can arise in one of three main ways:

(1) Acute occlusion of a vessel, presumed to be intrinsically diseased before the event

— this can cause symptoms consistent with ischaemia in the area affected.

(2) Chronic occlusion or stenosis of a vessel or network of vessels — this can lead to

chronic ischaemia.

(3) Rupture of a diseased vessel — this can lead either to microscopic bleeding that
does not usually cause symptoms acutely, or macroscopic bleeding, which usually does.
The risk factors, neuroimaging findings and treatments for ICH in SVD are beyond
the scope of this thesis and not further discussed (although the disease mechanisms are

likely to be similar in deep/subcortical ICH).

Subtypes of SVD

There are several subtypes of SVD, characterised principally by the distribution of
vessels affected and further by aetiology. The chief distinction is between SVD affecting
the deep white matter and subcortical structures (including the basal ganglia,
thalamus, midbrain, brainstem and cerebellum — vessels marked “C” in figure 1) and
SVD affecting the cortical/leptomeningeal arterial beds (vessels marked “E” in figure
1). SVD affecting the leptomeningeal vessels is usually reflective of cerebral amyloid
angiopathy (CAA), a condition in which B-amyloid (a key protein implicated in
Alzheimer’s disease when deposited in the parenchyma) accumulates in the vessel walls,
rendering these vessels prone to chronic ischaemia and to rupture, causing ICH.13 This
is common, affecting roughly 5-7% of elderly people, and considerably more in
populations such as patients with cognitive impairment or lobar ICH.* CAA is
generally sporadic but has a significant genetic component driven by the ApoE

genotype; ApoFE codes for the Apolipoprotein E protein which chaperones lipids in the
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blood and interstitium, and the presence of the ApoFE €4 allele is known to be a risk
factor for CAA, conferring a fivefold risk of diagnosis in one descriptive study.!® Less
commonly it can be inherited in an autosomal dominant Mendelian pattern due to
mutations in the B-amyloid precursor protein (APP)16 and extremely rarely it can be
acquired iatrogenically due to exposure via certain neurosurgical procedures to
cadaveric dura, presumably containing a reservoir of 3-amyloid.!” This thesis does not
consider CAA, which affects a different distribution of vessels, has a distinct risk factor
profile, and might consequently have different pathogenic mechanisms to SVD affecting

the subcortical structures.

SVD affecting the deep and subcortical areas is usually sporadic and associated with
individual cardiovascular risk factors, typically hypertension!8 23,
hypercholesterolaemial® 20 diabetes mellitus!®2425 and smoking.18:20:22.23 Age is also a
risk factor for SVD and there are robust associations between older age and the
measurement of various radiological hallmarks of SVD described below; however, in
later life not all patients show clinical or radiological signs of subcortical SVD and
there is a rightly a philosophical question as to whether this should be considered part
of normal ageing.?6 Despite its prevalence, the terminology describing this subtype of
SVD has been somewhat inconsistently divided between descriptors of the aetiology
(such as “hypertensive arteriopathy”) and histopathological findings (including
“arteriolosclerosis” and “lipohyalinosis”).!? None of these terms truly captures the
breadth of vascular risk factor-mediated subcortical SVD; henceforth, for simplicity I

refer to this form of SVD as sporadic SVD.

There are also monogenic forms of subcortical SVD such as congenital autosomal
dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL),
which arises due to a cysteine-altering mutation in the Notch3 gene. Notch3 codes for
a transmembrane receptor protein predominantly expressed in vascular smooth muscle
cells.2” In CADASIL, the loss or gain of a cysteine residue leads to an unpaired cysteine
that is unable to make a disulphide bond and this disrupts the 3D architecture of the

protein. CADASIL is the commonest inherited stroke syndrome with an estimated
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prevalence of 1-2 per 100,000?® (though mutations in the Notch3 gene may be
significantly more common and were discovered in around 1 in 450 out of over 200,000
participants in the UK Biobank cohort, a large prospective observational cohort study
investigating a wide range of health outcomes in the UK??) and is characterised by
migraine with aura early in life, young stroke and early onset dementia.? Less common
mutations that cause familial SVD syndromes include other genes involved in
extracellular matrix maintenance such as HTRA1 (either in an autosomal dominant
fashion or in congenital autosomal recessive arteriopathy with subcortical infarcts and
leukoencephalopathy; CARASIL) and COL4A1. Genetic forms of SVD affect younger
patients and may also have differing pathologies, and so this thesis focuses on sporadic
SVD alone except where otherwise specified when consideration of other subtypes is

informative (figure 1.2).

I Familial
2

Figure 1.2. Classification of small vessel diseases. In reality, the picture is likely to be more complex
as multiple pathologies can occur in parallel, particularly in the presence of cardiovascular risk
factors.
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Clinical features of sporadic SVD

The symptoms caused by SVD relate to the chronicity of small vessel occlusion and
anatomical location; these range from sudden-onset stroke (hyperacutely) to long-term

cognitive and psychiatric symptoms over many years.

Ischaemic stroke

SVD can manifest acutely when arterial or arteriolar occlusion leads to ischaemia; this
is typically in vascular territories supplied by subcortical perforator vessels including
the subcortical white matter (centrum semiovale, corona radiata, periventricular white
matter and internal/external capsules), basal ganglia, thalamus, midbrain and
brainstem. Clinically this causes a lacunar syndrome that typically presents as pure
motor stroke, pure sensory stroke, sensorimotor stroke, ataxic hemiparesis or a “clumsy

hand — dysarthria” syndrome depending on the anatomical location affected.3!

A further manifestation of small vessel stroke is the capsular warning syndrome, a
sequence of transient ischaemic attacks (TTAs) causing recurrent symptoms in keeping
with the syndromes above that usually precede a subcortical stroke.’? Symptoms
typically occur three to five times in a period of up to 72 hours and in around 50% of
cases the area affected includes the internal capsule, for which it is named; however,
other small vessel territories can be affected. This study also found that there was an
eventual infarct visible on neuroimaging in 71.2% of patients; but the outcomes were
favourable with a modified Rankin scale score of 0-1 after three years (corresponding
to complete recovery or mild symptoms not affecting daily function) in around 80%.
It may be that a diseased perforator vessel reaches a critical occlusive threshold with
vascular supply alternately meeting or not meeting metabolic requirements; and this

may provide some opportunity for neuronal compensation.33

Vascular cognitive impairment and dementia
Cerebrovascular disease can cause a wide range of symptoms relating to several
domains of thinking and memory, and forms a spectrum from VCI (where there is

objective mild cognitive dysfunction and symptoms relating to it, but no significant
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interruption to independent activities of daily life) to VaD, in which independent
activities become progressively more difficult and patients require increasing levels of

support.? Diagnostic criteria broadly require two components:
(1) objective evidence of cognitive dysfunction based on neuropsychological tests

(2) supportive evidence from neuroimaging of cerebrovascular disease consistent with

the symptoms

Robust clinical categorisations have been suggested by The American Heart
Association / American Stroke Association3 and the Vascular Impairment of
Cognition Classification Consensus Study (VICCCS),?® although other classifications
exist and have largely been used as research tools.?6:37 The American Heart Stroke
Association criteria propose that VaD should be diagnosed based on deficits in
cognition that significantly affect daily life, independent of physical symptoms arising
from stroke and from any other medical issues including delirium, intoxication or
medication side effects and affecting at least two of the following domains: executive
function and attention, memory, language and visuospatial function. VCI is subdivided
into four subtypes which include amnestic syndromes, amnestic syndromes with deficits
in additional domains, non-amnestic symptoms in a single domain or non-amnestic

symptoms in multiple domains.

Aetiologically, VCI and VaD can be caused by multiple infarcts, a single “strategic”
infarct (for example in the medial temporal lobe or thalamus), mixed dementia (where
there are overlapping vascular pathologies or additional conditions such as Alzheimer’s
disease) or subcortical SVD. The latter is the most common cause of VCI/VaD!3® and
there is a specific pattern of cognitive impairment seen in sporadic SVD which is
typified by early impairments in executive function and processing speed with
preserved long-term memory.3?? The typical clinical picture of SVD-related VCI is a
patient with long-term cardiovascular risk factors developing executive dysfunction
with difficulties in concentration, attention and the ability to remember lists or perform

multi-step tasks such as following a recipe.?? Patients take longer to complete physical
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and intellectual tasks that require concentration, and episodic and semantic memory
remain intact. Language is not known to be affected in SVD though anecdotally many
patients in our SVD research clinic describe hesitancy initiating speech. Longitudinal
studies have characterised the progression of cognitive impairment in sporadic SVD
with drop-off more evident in the domains that were most affected at baseline*!; this

cohort of patients with moderate to severe SVD is discussed further in chapter three.

Mood and motivation

Symptoms of mood are common in SVD and disease severity on MRI is known to be
associated with the risk of depression.*? This has led to a proposed “vascular depression”
model, in which vascular disease influences brain networks that mediate the
development and progression of depression as distinct from conventional unipolar

depression.43

More recently, neuropsychiatric symptoms in SVD have been further divided into
either low mood/depression or predominantly apathy, the loss of motivation and
reduction in goal directed behaviour. One study measuring sub-scores of the Geriatric
Depression Scale in patients with SVD found 15.8% showed evidence of apathy,
compared to 11.8% with evidence of apathy and low mood, and only 1.0% showing
evidence of isolated depression.** Apathy is thought to reflect global disruption of white
matter networks rather than any specific brain region* and, interestingly, predicts

incident dementia in longitudinal studies where depression alone does not.46

Mbobility, gait apraxia and vascular Parkinsonism

Sporadic SVD is known to be associated with declining mobility, which occur in the
presence or absence of disability caused by lacunar stroke.*” Several studies have
assessed the relationship SVD burden and gait, and found there to be a significant
negative correlation both with gait speed*®% and certain gait parameters reflecting the
coordination of walking such as cadence and step length.? Key anatomical locations

that mediate this response include the pyramidal tract projections to the thalamus,
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corpus callosum which is key for bilateral coordinated movements and the

cerebellum.51:52

Gait apraxia is a specific pathological motor pattern relating to the failure of movement
initiation and motor planning.®® Patients are unable to start walking, but can make
accurate stepping movements when lying on their back; while upright, they can
describe a feeling of falling backwards or of losing trunk control. The authors postulate
that this particular gait disorder can be due to disruption of the subcortical white
matter network around the supplementary motor area, which is a typical site for SVD

pathology.

More general motor symptoms can arise in SVD and these can mimic the symptoms
of Parkinson’s disease (PD), a neurodegenerative condition characterised by
bradykinesia, rigidity, and tremor in addition to systemic and neuropsychiatric
symptoms. At three years after lacunar stroke, up to 33% of patients displayed one or
more signs of Parkinsonism in one longitudinal study,® with 10% displaying a
Parkinsonian syndrome. Key to differentiating the two conditions are the symmetry of
symptom onset (PD is usually asymmetric at onset), absence of a tremor and the
presence of cerebrovascular disease over a consistent time period with the onset of
symptoms.? Patients with vascular Parkinsonism display a typical gait characterised
by slow, short and shuffling steps and a marked inability to turn quickly (the marche

a petits pas).”

Neuroimaging hallmarks of SVD

Neuroimaging in patients with sporadic SVD is complex and reveals a number of
characteristic lesions that can occur in isolation or in combination. These imaging
features are important clinically for diagnosis and prognosis; they are equally important
in research studies as they provide objective metrics of disease severity which can be
used to determine aetiology, associations with risk factors, and in some cases, the

outcome of interventional studies. Not all SVD lesions can be seen on computed
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tomography (CT) scans, and so this thesis considers only evidence of SVD as visualised

on MRI.

Key radiological hallmarks of SVD include lacunar infarcts (acutely as recent small
subcortical infarcts and chronically as lacunes), white matter hyperintensity lesions
(WMHs), cerebral microbleeds (CMBs), enlarged perivascular spaces (EPVSs), and
cortical atrophy, consensus guidelines for the identification and reporting of which were
provided by the STandards for Reportlng Vascular changes on nEuroimaging
(STRIVE) consortium?, recently updated as STRIVE-2.57 Figure 1.3 shows a sketched
representation of the typical size, shape and location of these lesions which are

described in turn below.

Of note, the resolution of neuroimaging has thus far precluded accurate assessment of
the perforator vessels themselves in vivo, though the advent of higher field (7T) MRI

means this is becoming technically possible.®8
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Figure 1.3. Sketch of cerebral circulation in coronal plane with diagrams of representative
SVD lesions: (A) lacune; (B) deep and periventricular WMHs; (C) cortical CMB; (D)
subcortical CMB; (E) EPVSs; (F) cortical atrophy

Lacunar infarcts
Small vessel disease strokes range from a diameter of 3-20mm (with some authors

giving an upper limit of 15mm particularly in the chronic phase as the lesions generally
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contract) and occur in subcortical areas typically in the territory of perforating
arterioles; acutely they have high signal on diffusion weighted imaging (DWI)
sequences and are termed recent small subcortical strokes. So-named because they
often cavitate to form a “lake-like” area isointense with CSF, lacunar infarcts in the
chronic phase show low signal on T1 images, high signal on T2 and low signal marked
by a rim of high signal on FLAIR sequences. Not all acute subcortical infarcts progress
to cavitation; estimates range for 61%° to 97%60 after three months or longer. Lacunes
arise in a continuum of shapes from round to elongated ovoid with little to complex
extension into the third dimension, and usually in line with the afferent arteriole
presumed to be supplying this anatomical region.! They occur preferentially at the
edge of areas of WMHs (see below)® and this provides further evidence of their

relationship with SVD.

Small subcortical infarcts can occur symptomatically causing syndromes as above, or
asymptomatically, most likely due to increasing distance from key white matter tracts
involved in sensorimotor function.®® In one population-based cohort study assessing
participants aged 60-64, 7.8% were found to have at least one lacune on MRI scan.%*
Furthermore, 1.6% developed incident lacunes between baseline and a four year follow
up appointment; asymptomatic lacunar infarcts form a significant part of the burden
of covert / subclinical SVD% and are independently associated with deterioration in
cognition in domains that are typically affected by SVD such as executive function
and processing speed.% They are also associated with quality of life metrics, though
part of this relationship is mediated by physical disability in the case of symptomatic

lacunar stroke.67

White matter hyperintensity lesions

White matter hyperintensity lesions (WMHs) are areas of high signal on T2 and
FLAIR, thought to represent gliosis due to chronic low-grade ischaemia. They are a
second key radiological hallmark of SVD% and independently predict stroke, dementia
and all-cause mortality in longitudinal studies, as well as intracerebral haemorrhage

risk and incidence of Alzheimer’s disease.?®”
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WNMHs arise initially as isolated punctate lesions, typically in the periventricular and
deep white matter, but with progressive disease severity can become clustered together
(early confluent) and eventually coalesce.™ Although in the early literature these were
graded according to subjective visual scoring systems (e.g. the Fazekas scale™), they
can also be measured volumetrically and this produces a continuous distribution of
objective values which may be more informative both at assessing the relationship with
risk factors and also measuring progression.” Large multicentre studies still use visual
rating systems although the improvement of automated WMH lesion marking may

lead to volumetric analysis being used preferentially even in this context.

Several theories have been proposed as to what exactly the MRI signal change in WMH
represents. The nature of the increased signal on T2 weighted MRI has led some
authors to suggest that it represents oedema, perhaps as a response to tissue damage.”
Pathological studies show axonal destruction and gliosis, suggesting that these are
neurons that are irreversibly damaged, consistent with chronic hypoxic injury.™
Demyelination and infiltration of microglial cells have also been observed, suggesting
that these areas represent immune activation.”™ In any case, it is very challenging to
draw direct radiological /pathological comparisons, principally because there can be a
considerable time (up to even several decades) between WMHs arising and death. This
means that MRI and post-mortem both provide a single timepoint assessment and
there can be minimal inference about the progression (or improvement) of disease in
the interim.”® SVD severity and other comorbidities at time of death may overwrite
any assessment of the disease process earlier in life. In addition, it can be difficult to

co-register in vivo imaging to ez vivo histopathology samples.””

Regardless of their macro- and micro-structural composition, WMHs are the
commonest radiological sign of SVD and are nearly ubiquitous in the most severe
clinical manifestation of SVD, vascular dementia; " despite this, the WMH volume
and distribution is heterogeneous and lesions have variable clinical implications.”™
There is no consensus threshold that demarcates normal brain ageing from pathological

SVD, though some authors have found that WMHs exert an effect on brain atrophy
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(as a surrogate for biological ageing) that is distinct from chronological age. ™® Large
scale population based cohort studies such as the UK Biobank will help to create
normative population values.™ WMH volumes from the first 45,000 participants in the
UK Biobank are publicly available and give WMH volume as 5229.8mm? + 6883.4

mm3 in an asymptomatic population with a mean age of 62 years

(https://biobank.ctsu.ox.ac.uk/crystal /refer.cgi?id=9028).

There have been some suggestions that periventricular WMHs (pWMHs) may be
distinct from deep WMHs (dWMHs) in the deep subcortical white matter, basal
ganglia, thalamus and brainstem. Although the concordance between assessments of
severity of dAWMHs and pWMHs is high®, the microvascular configuration is slightly
different; dWMHs are supplied by longer penetrating arterioles and consequently
subject to a slightly lower perfusion pressure, while pWMHs are supplied by shorted
arterioles and are often more directly related to a large systemic artery.®! It has
therefore been suggested that pWMHs are related more to hypertension and dWMHs
are related more to hypoperfusion®?, and this is might be consistent with the anatomy
of the blood supply, although several studies have shown correlation between dWMH
burden and hypertension nevertheless.?38> Additional evidence at least for a
mechanistic difference is provided by genetic studies, which have elucidated differing
generic variants as a risk for AWMHs and pWMHs.8 WMHs in these two areas may
be associated with different clinical phenotypes; visual rating scales scores of pWMH
correlated with cognitive impairment in the typical domains affect in patients with
SVD?3 while dAWMH volumes were associated with risk of depression.®® Discrimination
between the two categories can be difficult, particular in severe disease when pWMH

and dWMH lesions become confluent.

A recent development on the idea that WMHs are discrete lesions with a clearly
demarcated border (as is typically visible on imaging) proposes that lesions exist on a
continuum of microstructural damage, thus giving rise to the concept of a WMH
penumbra that is potentially salvageable. This evidence is supported by findings that

the FLAIR signal of surrounding normal appearing white matter (NAWM) is also
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abnormal®?, as are DTI markers of white matter microstructural integrity such as
fractional anisotropy (FA).”0 This study demonstrated that blood flow is reduced in
proximity to WMHs and normalises in a stepwise manner with distance from the
lesion?!; however, it is not clear whether this phenomenon represents the cause of lesion
formation or a response to decreased neuronal activity and even correlations

established in a longitudinal follow may simple represent disease severity.?2

Some authors have developed this idea further and provide evidence that WMHs may
regress over time, both in healthy community dwelling participants®® and in patients
with minor stroke3; a recent pre-print review article found explicit mention of WMH
reduction in around a third of all studies that measured WMH longitudinally
(accounting for 4%-45% of participants).?* These findings challenge the idea that
WMHs represent irreversible tissue damage and might change the target for
interventional studies (for example, whether trials should aim to reverse WMHs rather
than slow progression). They might also have implications for the statistical analysis

of such projects.

Cerebral microbleeds

Cerebral microbleeds (CMBs) are small signal voids that produce a blooming artefact
2-5mm in diameter on paramagnetic MRI sequences such as T2*-weighted gradient
echo-based sequences or susceptibility weighted images/angiography (SWI/SWAN).68
They are thought to represent deposition of haemosiderin following microvascular

rupture.?

CMBs occur in two principal distributions:

(1) cortical — usually at the cortico-subcortical junction or deep grey matter

(2) subcortical — typically in the white matter, basal ganglia, brainstem and cerebellum

Generally cortical CMBs are thought to arise in CAA due to pathology of the
leptomeningeal and cortical vasculature, while subcortical CMBs are thought to be

hypertensive and indicative of underlying wvascular risk factors, particularly
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hypertension.?S In practice the picture is often unclear and individual patients may
have both cortical and subcortical CMBs; however, the presence of exclusively cortical
CMBs is indicative of CAA and is an important radiological component of the
diagnostic criteria.?” There is a robust association between CMBs and other small
vessel disease markers in patients with presumed arteriolosclerosis, including WMHs

and lacunes.”

The extent of symptoms caused by CMBs remains unclear. In CAA, patients can
experience temporary neurological symptoms which are usually positive (paraesthesia,
limb jerking or positive visual phenomena), though they can be negative with loss of
function. These transient focal neurological episodes can often be attributable to areas
of haemosiderin deposition in a concordant anatomical location (most often convexity
subarachnoid haemorrhage and superficial siderosis).? CMBs are also associated with
impairment in long-term memory and executive function in community-based
populations!® and with impairment in the typical domains affected by SVD in patients
with stroke!®! and specifically lacunar stroke.!92 These associations with impairment in
varying cognitive domains depending on the population tested and the likely
predominance of Alzheimer’s disease pathology compared to SVD suggest that CMBs
may be an overall marker of disease severity rather than causative of any specific
dysfunction individually. The anatomical distribution may suggest aetiology, and hence

other associated symptoms.193

Enlarged perivascular spaces

Perivascular spaces (PVSs; formerly known as Virchow-Robin spaces) are small fluid-
filled areas in the extracellular interstitium that run parallel to arterioles, capillaries
and venules within the brain. While generally microscopic, they can become dilated
and visible on MRI scans with high signal on T2-weighted sequences and low signal on
T1-weighted and FLAIR sequences, and this finding is thought to be a further
radiological hallmark of SVD.6® It can be difficult to distinguish enlarged PVSs

(EPVSs) from small lacunes, even on multimodal imaging; accordingly the STRIVE
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consortium recommended a threshold of <3mm to define lesions as PVSs rather than

lacunes.

EPVSs are seen in typical locations within the brain including centrum semiovale
running towards the ventricles, basal ganglia and internal capsule, the base of the brain
and parts of the posterior circulation territory including the hippocampus, midbrain,
brainstem, and cerebellum.!%* Some authors have reported an association with ageing
independent of SVD and vascular risk factors!®> while others have not found this
association to be significant!%6; however, there is clear relationship with severity of
SVD that has been demonstrated in several studies!?6-108 and EPVSs may predict

anticoagulant-related intracranial haemorrhage in some populations.'%?

The role of PVSs and the process that leads to PVS enlargement have not been fully
elucidated. They are thought to facilitate drainage of fluid and soluble molecules via a
paravascular route, and this hypothesis has been supported by experimental labelling
of large molecules subsequently detected in the PVS.H0L However this idea is
controversial and others have calculated that perivascular flow of water and solutes is
implausible due to the high force and low resistance that would be needed.!'? Other
theories include that PVSs facilitate the mixing of peri-arteriolar and peri-venular
circulation and the transport of substances by convection.!!3 In parallel with these
competing suggestions for PVS function, the mechanism of PVS enlargement in disease
is also unclear: this may be due to arteriolar stiffening typically seen in hypertension

or alternatively the aggregation of protein, particularly 3-amyloid.!!4

EPVSs do not cause focal symptoms and different authors have found slightly different
associations with cognitive performance. Some studies have found a significant
relationship between number of EPVSs and cognitive impairment, measured using
total brain EPVSs in neurologically normal participants with cardiovascular risk
factors!!® or basal ganglia EPVSs in patients with minor stroke or TIA!16; however,
others have found there to be no association using visual rating scales in stroke

patients!!” or volumetric measurements in patients with moderate to severe
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symptomatic SVD.19 It may be that they are an early hallmark in mild disease in
which they represent the underlying burden of SVD, but that in advanced disease they
cease to become the most important radiological predictor of severity. Additionally,
the measurement of EPVSs is challenging as they are small and there can be hundreds
or thousands of lesions; heterogeneity in the techniques used to assess their effect on
cognitive profiles may be responsible for these varying findings and this question

remains unresolved.

Lacunar infarcts, WMHs, CMBs and EPVSs make up the four key focal radiological

hallmarks of SVD. A comparison of these lesions is shown in figure 1.4.

Cerebral atrophy

Cerebral atrophy is a common feature of neurological and neurodegenerative diseases
and brain volume can reduce either generally (which is a non-specific finding) or focally
in a specific location linked with a particular condition (for example and most
commonly, medial temporal lobe atrophy in Alzheimer’s disease!!®). Atrophy may
represent neuronal loss, thinning of the cortex, contraction of the white matter or
secondary neurodegeneration® and is known to be associated both with other markers
of SVDI19-121 and with impairment in cognitive domains that it typically affects.39:122
Anatomically-specific relationships have been found both between WMHs and areas of
cortical atrophy’® and subcortical infarcts and regional volume loss1??, suggesting that

although atrophy is non-specific, it has a relevant association with SVD burden.

One consideration in the radiological assessment of SVD is the association between
brain atrophy and other hallmarks of SVD. It is possible that atrophy of the
surrounding cortex can distort other lesions or make them appear relatively more

prominent; this relationship has not been formally tested.
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Figure 1.4. Appearance of typical SVD-related lesions on T1-weighted, T2-weighted, FLAIR and SWAN images.
In the acute phase, recent subcortical infarcts appear bright on DWI (not shown). In the chronic phase these can
cavitate and become lacunar infarcts, typically showing a hyperintense rim on FLAIR sequences with internal signal
isointense to CSF. WMHs are typically bright on T2 and FLAIR sequences and can be isointense with surrounding
brain on T1 or, as shown here, slightly hypointense. The signal within the lesion is not usually as low as that within
a cavitated lacunar infarct. CMBs are hypointense on SWAN sequences and display a ‘blooming’ artefact; these can
be difficult to appreciate on other sequences and are not clearly seen in this patient. EPVSs are best seen as streaks
of high signal on T2 images, and can be hypointense on T1 images or FLAIR (particularly if present within a WMH).
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Multifocal and novel imaging markers

In addition to the specific focal lesions above that are associated with SVD, generalised
measurements of white matter microstructure can be used to assess disease severity.
This provides as meaningful outcome measure as SVD is known to be a whole-brain
disease with abnormalities of vessel structure and function quite remote from MRI-
visible focal lesions.!?* White matter integrity can be quantified using diffusion tensor
imaging (DTI). DTI is based on diffusion weighted imaging (DWI), a technique in
which a pair of magnetic diffusion gradient pulses are applied during a spin-echo
sequence to enhance signal from diffusing protons and suppress signal from stationary
protons. DTT models the DWI signal as a 3D ellipsoid (the ‘tensor’) and from this can

be calculated several scalar parameters:
(1) the magnitude of diffusion, averaged in three dimensions (mean diffusivity; MD)

(2) the proportion of diffusion along the lead axis compared to the two other planes
(fractional anisotropy; FA, ranging from 0 in unconstrained isotropic diffusion to 1 in

diffusion constrained exclusively to the lead axis)
(3) the diffusion parallel to white matter tracts (axial diffusivity; AD)
(4) the diffusion perpendicular to white matter tracts (radial diffusivity; RD)

These parameters are obtained for each voxel or can be averaged across an anatomical
region, tissue class or the whole brain. Further metrics can be derived from the features
of histograms of these values either across tissue class or the whole brain, and there is
some uncertainty as to which of these metrics provides the most accurate assessment
of SVD-related structural damage.!?> MD increases and FA decreases in
microstructural disease.!?6 Of the DTI parameters, these two measurements have
provided the most consistent associations with cognitive performance!?”128 and with
WMH severity.?9 One study in patients with SVD130 provides evidence that median
FA and normalised peak height MD (MDPH; calculated from the histogram and
negatively correlated with disease severity) have the most reliable relationship with
cognition in multicentre studies. This has been taken further in a recent analysis that
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compared six completed cohort studies with varying degrees of SVD burden; median
FA and MDPH were significant predictors of dementia in all six cohorts, though

median MD had the strongest association in this study.!3!

A further marker of SVD are cortical microinfarcts. Post-mortem histology often
reveals very small areas of infarction (in the range of 0.2-1.0mm), sometimes in their
hundreds or thousands; these are typically not seen on MRI at field strengths up to
1.5T132 but if large enough can be seen in the acute phase on DWI sequences at 3T
and are considerably clearer at 7T.133 Microinfarcts are known to occur in large artery
disease where they are presumed to be embolicl3*, and Alzheimer’s diseasel3:136;
however, mounting evidence suggests that they are associated with SVD burden
independent of other neurological conditions!37139 and that risk of histopathological
features of Alzheimer’s disease and radiological evidence of SVD combine in a non-
linear fashion.!4? Caution should be taken however in interpreting DWI lesions of under
2mm diameter as microinfarcts or as a marker of SVD; in one large cohort study of
over 2000 patients, DWI-positive lesions of this size appeared in 1.5% of participants
and over 4.7 years of follow-up only 5.9% evolved into clearly defined microinfarcts.37
Further evidence on the evolution of such lesions is provide by the RUN DMC-
INTENSE study, a cohort of 54 participants known to have moderately severe and
progressive SVD based on assessment of WMHs. In this cohort who had monthly MRI
scans for ten months, the incidence of DWI lesions <2mm was 35%, and all lesions

disappeared throughout the study follow-up.4!

Novel imaging markers continue to emerge and may provide additional information
both towards the assessment of disease severity and towards understanding the
pathophysiological mechanism of SVD. These include the use of susceptibility-weighted
sequences to identify clusters of multiple co-located perforator vessels, seen in around
a third of patients with SVD in one study'¥? (and over two thirds of patients with
CADASIL). The vessel-cluster sign was associated with other markers of disease
severity including lacunes and WMH volume, and where present tended to occur in

areas of WMH that were non- or partially cavitated, suggesting that these vessels may
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be maximally dilated to maintain perfusion to tissue that is on the point of becoming

irreversibly damaged.

Pathophysiology of SVD

The macropathological consequences of SVD are reasonably well defined, and the link
between small vessel dysfunction and the clinico-radiological features above is secure.
SVD has generally been thought of as the endpoint of various cardiovascular risk
factors, leading to haemodynamic disturbance in the network of small vessels, direct
impairment of function, and ischaemia. In this section I review the evidence for these
associations, summarise the knowledge gained in pathological studies and discuss more
novel pathogenic mechanisms that might have a role in the development and

progression of SVD.

Classical hypothesis and cerebrovascular risk factors
The conventional understanding of SVD pathophysiology is that arterioles and venules
become damaged in the context of typical cardiovascular risk factors, leading to

intrinsic damage of the vessel walls which progresses over time.

Histopathological studies have also provided evidence that these processes may be
relevant. The first post-mortem examinations of lacunar stroke patients were
performed by Ferrand in the early 20** Century!*3 and included some 88 patients, but
it was not until 60 years later that a much larger pathological study became
available.#* This study was performed by Miller Fisher and included over 1000 elderly
patients, around 10% of whom were found to have multiple lacunes and all but one of
whom had evidence of intracranial atheroma, mainly in larger vessels proximal to the
area of infarction but occasionally in smaller perforating arterioles leading directly to

the infarct.

Miller Fisher went on to describe histopathological changes in the arterioles which he
initially termed ‘segmental arterial disorganisation’ due to breakdown of the vessel
wall, infiltration of connective tissue causing luminal narrowing.'4> This was
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subsequently divided into predominantly fibrinous (‘arteriolosclerosis’) and
predominantly collagenous with lipid-containing macrophages (‘lipohyalinosis’) and
was felt most likely to be a consequence of hypertension.!46 These findings suggest that
the risk factors that contribute to atheromatous disease elsewhere in the body (such
as coronary artery disease) may be relevant in SVD. Rarely, other histological patterns
have been described: some suthors describe evidence of partial and circumferential
necrosis in the walls of damaged vessels (‘fibrinoid necrosis’) in a Japanese population
with unselected cerebrovascular disease.!*” This is less obviously related to
conventional cardiovascular risk factors albeit in a cohort that may have exhibited

somewhat different pathophysiological mechanisms than Miller Fisher’s original cohort.

A sketched diagram of how these histological patterns typically appear is given in
figure 1.5. Although samples such as these provide evidence of the disease processes
that occur in SVD, they are limited by the fact that post-mortem samples are usually
taken some time after the stroke itself (lacunar stroke is rarely fatal and there can be

considerable delays of up to decades between lesion formation and post-mortem!8).

Whether these pathological features represent distinct subtypes of sporadic SVD is
unclear; an attractive hypothesis is that hypertension mediates a predominantly
arteriolosclerotic/lipohyalinotic ~ picture = while  hypercholesterolaemia  drives
microatheromatous disease, but histological findings do not segregate neatly into these

subtypes!* and radiological correlates are not easily separable.58

In addition to the chronic features of SVD detailed above, pathological changes
underpinning acute lacunar infarcts has not yet been fully characterised, and proposed
mechanisms include embolism from unstable atherosclerotic plaques in a proximal
intracranial vessel and the sudden loss of flow in a vessel lumen that has already
become pathologically narrowed.!:144 Intraluminal thrombus was not seen in any of
Miller Fisher’s cases!#, though it is unclear how long the interval between stroke and

post-mortem was, and how long we should expect a thrombus to remain visible.
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Figure 1.5. Sketch of histopathological features of SVD as they appear on post-mortem
examination, typically stained with haematoxylin and eosin and represented as cross-section. (A)
healthy arteriole including (i) lumen; (ii) basement membrane; (iii) endothelial cells; (iv) vascular
smooth muscle cells. (B) arteriolosclerosis with (v) infiltration of fibrinous material markedly
compressing lumen; (C) lipohyalinosis with (vi) infiltration of collagenous material; (vii) lipid-
containing “foamy” macrophages and (viii) co-localising lymphocytes. (D) fibrinoid necrosis with
degradation of the basement membrane and (ix) partially circumferential infiltration of fibrinous
material (E) microatheroma in a vessel with (x) lipid plaque partially occluding lumen.

Intuitively, impairment of the afferent vascular supply might cause progressive
ischaemia in an arteriolar territory, leading to oxidative or metabolic stress in that
area. Neuroimaging resolution is not generally good enough to visualise cerebral
perforator vessels directly, so the hypothesis that cerebral blood flow (CBF) is
associated with SVD severity and progression has been investigated indirectly in

several ways, typically using WMHs as a representative marker.52:150

Non-invasive proxy measurements of CBF can be made using MRI techniques such as
arterial spin labelling (ASL), in which a radiofrequency pulse is used to label blood in
one slice and an image is acquired in a distal slice once the blood has circulated. ASL-
derived CBF measurement is significantly lower in patients with SVD than control

participants and correlates with cognitive function.!?!
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Alternative methods to estimate CBF include assessment of the stiffness of the carotid
arteries, including in one large prospective cohort study of patients with arterial
disease.!52 The authors found that this metric did not explain progression of WMHs,
though the population was heterogeneous and there was no subgroup analysis assessing
subjects with higher lesion burden at baseline. Transcranial doppler ultrasound can
also be used to measure the resistance index along the middle cerebral artery and this
was associated with linear change in semi-automatically measured WMH volume over
38 months (r = 0.328, p < 0.001) in one study.!? This is likely to be a more accurate

non-invasive proxy for flow in cerebral small vessels.154

Specialist MRI techniques can also be used to assess CBF. One study!® used dynamic
contrast susceptibility-weighted MRI to calculate CBF in NAWM and found an odds
ratio of 0.64 (per additional 1ml/100g brain tissue/min) for the development of new
WMHs (95% CI 0.62-0.67, p<0.001). Another stuy®?> used phase contrast MR
angiography to calculate CBF from carotid and basilar flow and did not show an
association with WMH progression measured using an in-house probabilistic
segmentation algorithm. Other authors have employed arterial spin labelling,'® a non-
invasive technique in which a frame of blood is magnetically tagged prior to transit
into the tissue of interest, and showed that in the first five layers of voxels adjacent to
lesions, there was a significantly lower flow in those that became WMHs at 18 month
follow up than those voxels that remained NAWM. However, WMH voxels may have
been under-estimated due to a histogram threshold-based method of defining WMHs
at baseline and follow-up scans. These studies are summarised in a comprehensive
review!5”, which notes the potential for reverse causation that would follow if lesioned

areas require less blood flow.

A final notion is that impairment of efferent fluid transport rather than afferent supply
is responsible for the damage seen in SVD. Pathological studies have also shown
involvement of venules'®® with endothelial abnormalities, collagen infiltration and
venular tortuosity that has since been recapitulated using 7T MRI.15 Tissue damage

might also occur secondary to impaired drainage of toxins or reactive oxygen species
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in the CSF either via the basement membrane of arterial walls, EPVSs, or recently
described glia-lymphatic (“glymphatic”) channels!®. While there is indirect evidence
for the role of CSF drainage in the progression of SVD (for example, increased levels
of B-amyloid presumed due to impairment of clearance!®’), and supportive animal
models!6!, this phenomenon has not yet been demonstrated in vivo and is therefore

some way from becoming a realistic outcome measure or therapeutic target.

This body of evidence detailing the role of cardiovascular risk factors and
haemodynamic compromise in SVD is supported by large scale clinical studies, which
provide information on the role of hypertension2!:162:163 " hypercholesterolaemial64165,
diabetes mellitus?>107 and smoking status.2922 However, modification of these risk
factors (for example treatment with perindopril!®®, an antihypertensive, or
pravastatin!6?, a cholesterol-lowering drug) have had limited success in clinical trials
to slow the progression of SVD as measured by WMH burden. This raises the
possibility that while cardiovascular parameters are important for the incidence of
WDMHs in SVD, they are less crucial for progression which might be mediated by a

second ‘hit.’

Other possible mechanisms might underlie this second ‘hit’ or provide parallel
pathways through which SVD can occur include genetic factors, the neuroinflammatory
response, alterations of the blood-brain barrier and also neurodegenerative processes,
including the interaction between SVD and Alzheimer’s disease. These are summarised

below in turn.

Genetic factors

A number of genes that might potentially contribute to the progression of SVD have
been evaluated. Principal amongst these is ApoE, discussed above with reference to
CAA where its role is most clearly significant; however, recent evidence has suggested

that the g4 allele specifically might directly affect the ability of cerebral white matter
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to respond to ischaemial6® and this has been proposed as a relevant disease mechanism

in sporadic/vascular risk factor mediated SVD.

An association was found between the ApoF genotype and both baseline WMH volume
and lesion progression rates in a large multicentre population study!2Y; smaller studies
have shown that progression is more likely in ApoFE €4 carriers!®? and interestingly,
that a measurable effect of diabetes on lesion growth was mediated by participants’
ApoFE genotype.l”™ However, other authors have found no effect on the progression of
WDMHs outside populations with CAA.6 The &4 allele has been shown to correlate with
altered DTT parameters!™; this was in a community-based population with relatively
mild disease burden and therefore imaging might have been performed an earlier point

in the disease process.

Genome wide association studies (GWAS) based on whole genome sequencing of large
population-based cohorts have emerged as a useful tool assess genetic influence.1” This
type of study can identify polymorphisms that contribute to small increased lifetime
risks of conditions (as opposed to conventional Mendelian inheritance patterns)?3,
typically explaining a few percent of the wvariability of the condition under
investigation. GWAS studies have been applied to lacunar stroke!7175 revealing 12
single nucleotide polymorphisms (SNPs) across five loci are that significantly
associated with MRI-confirmed lacunar stroke and estimating the genetic contribution
to lacunar stroke risk to be 6.5-8.1%. These genetic loci are associated with vascular
extracellular matrix (ECM), differentiation of the blood-brain barrier (BBB), TGF-
signalling and myelination, suggesting an additional set of pathophysiological

mechanisms that may be relevant.

GWAS studies have also been applied to WMH prevalence!”6:177, and to DTI markers
of white matter damagel” revealing a number of SNPS with modest but statistically
significant effect. The SNPS identified occur in genes that have broadly similar
functions to those carrying genetic risk for lacunar infarcts, particularly in the ECM;

however there are additional components that suggest the immune system has a role
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in ischaemic white matter damage including several significant loci on the human
leucocyte antigen (HLA) region on chromosome 6. Analogous GWAS studies for CMBs
demonstrate associations only within the ApoE gene, as expected!™; studies
investigating the genetic basis of EPVSs are at an earlier stage!8? and pre-print results
indicate further significant results in SNPs implicated in ECM maintenance, but also

endothelial cell development.

Neurodegeneration and the relationship between SVD and Alzheimer’s
disease

Multiple lines of observational evidence have linked SVD with measures of
neurodegeneration. It seems plausible that a neurodegenerative process could have
differential effects in the white matter and elsewhere in the brain (for example atrophy
in grey matter, which has a collateral blood supply and might respond differently to
ischaemia). There may also be a degree of Wallerian degeneration, though this has

proven difficult to demonstrate experimentally.!27

Alzheimer’s disease (AD) is a neurodegenerative condition characterised by
accumulation of B-amyloid plaques and intracellular tau tangles. It causes a progressive
amnestic and behavioural syndrome and is the commonest cause of dementia.8! The
overlap between SVD and AD is potentially significant. There are risk factors in
common, for example age and ApoE genotype, and the symptoms can be difficult to
distinguish, potentially resulting in clinical dilemma (whether treatment should focus
on cardiovascular risk optimisation or include acetyl cholinesterase inhibitors, which
can have cardiac side effects) or having implications for the reliability of research

results.

There is a bilateral interaction between the two conditions. Markers of endothelial
activation in CSF such as ICAM-1 and VCAM-1 have been shown to predict the
development of AD182, SVD burden accelerates the symptoms of AD% and post-mortem
studies have shown a significantly greater burden of cerebrovascular lesions in AD

compared to other neurodegenerative conditions.!83 Of note, the latter study found
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that AD patients with cerebrovascular lesions were likely to be younger and have less
severe [-amyloid deposition, suggesting that in some way vascular disease may
potentiate the effect of $-amyloid in AD. Conversely, AD pathology has also been
linked to worsening markers of SVD; studies have shown that AD patients show faster
progression of WMHs than in Lewy Body Dementia or Parkinson’s Disease!84, and to
healthy controls!®®, and genetically determined risk of AD was associated with more
severe WMH load in a cohort of cognitively normal midlife participants.!86 In many of
these studies linking determining cause and effect is challenging, and there may be
additional confounding factors that mediate the association between AD and SVD —
particularly CAA, which is both a form of SVD and indicative of a -amyloid burden

that might be accompanied by the risk of AD.!3

Blood-brain barrier permeability

Dysfunction of the blood-brain barrier (BBB) is another disease mechanism that has
emerged as a novel pathological process relevant to SVD.!8” The BBB is a network of
cells and ECM that surrounds capillary endothelium in the brain, regulates influx and
efflux of molecules and cells into parenchyma and by doing so maintains the
homeostasis of the delicate neuronal environment.!88 It comprises capillary endothelial
cells, linked by “tight junctions” formed of protein complexes that occlude the usual
paracellular transport of fluid and small molecules, pericytes that contribute to and
maintain the ECM and astrocytes, differentiated glial cells that provide structure and
nutrition to neurons, regulate extracellular ion concentration, modulate the neural
response to injury and repair, and contribute to neuronal signalling.18%190 Microglia,
resident immune cells in the brain parenchyma, are also found in close proximity to
the BBB and can support tissue repair and metabolism in addition to their role in
inflammation.!?! Figure 1.6 shows a schematic representation of the structure of the

BBB.
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Figure 1.6. Sketch of the structure of the BBB, including (A) capillary lumen; (B) endothelial
cell; (C) tight junctions between capillary cells; (D) basement membrane; (E) pericyte; (F)
astrocytic foot processes (connections with other parenchymal cells not shown; (G) microglia

The BBB becomes more permeable in ageing, exhibiting altered pericyte morphology,
loosening of tight junctions and structural changes in both the basement membrane
and the ECM.192 Tt has also been suggested as an early marker of cognitive dysfunction
independent of cardiovascular risk factors or biochemical markers of Alzheimer’s
disease.!?3 Alongside these key relationships, BBB alterations have been investigated

as a possible additional disease process in SVD.

Early studies assessing BBB function in SVD focused on post-mortem samples, and
several molecules have been tested as a proxy for BBB leakage, with unclear overall
results. Some authors have stained for immunoglobulins and fibrinogen, molecules that
are thought to remain intravascular if the BBB is intact; increased parenchymal
deposition was shown in patients with symptomatic cerebrovascular disease!?* and
asymptomatic older adults with MRI evidence of WMHs.1% However, a subsequent
larger study did not demonstrate a significant relationship.1%6 The authors of the latter
study propose that these discrepancies may be methodological, as they targeted their
histological analysis only to white matter areas that were macroscopically abnormal,
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or simply because BBB dysfunction is common over a range of conditions in older
adults. Other authors have tested alternative markers of BBB leakage, and found that
albumin extravasation was increased around WMHs, though staining for tight junction
proteins themselves was inconclusive as these were present in the healthy and diseased
parenchyma of both patients and healthy control participants.l97 More recently
transcriptomic studies have identified alterations in leukocyte gene expression related
to WMH severity, principally in pathways related to extracellular matrix degradation

and endothelial activation.19®

Further to these conflicting results from structural studies, functional studies have
provided clearer data on the relationship between BBB function and SVD. The
CSF /serum albumin ratio (or albumin quotient, Q) has been suggested as the gold
standard assessment of BBB function, and increases with BBB permeability as albumin
can leak through tight junction deficiencies. This ratio has been found to be increased
in a cohort of patients with symptomatic SVD (lacunar stroke or VCI/VaD)!9
patients with vascular risk factors in a mixed dementia cohort?% and a cohort explicitly
with subcortical VaD.20! Proving that this association is causative is challenging and
this finding may simply reflect a response to tissue damage; these concerns might be
addressed in subsequent longitudinal studies to test whether this metric predicts
disease progression. To our knowledge, only two studies have assessed this. Bowman
et al.292 found no correlation between Q. and WMH volume change in 36 patients,
albeit from a memory clinic population selected to minimise vascular pathology, and
Jonsson et al.203 found that Q. was positively but not significantly correlated with

WMH progression on a subjective visual rating scale in 53 patients with WMHs.

Other markers of BBB function have also been tested in longitudinal studies. One
study??? measured extracellular vesicle proteins in the CSF (including Cystatin C and
CD14) as a representative measure of BBB integrity and found a significant association
with lesion progression, though with a small effect size. A similar association has been

shown with Cystatin C in the blood.2%
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A limitation of these functional measurements of BBB integrity is that a single value
predictor offers no geographically specific information about what is happening in a
given anatomical location or tissue class. Hence, imaging techniques have been
developed to allow quantify BBB permeability, using the administration of gadolinium-
based contrast agents which ordinarily would not cross the BBB, but which enhance
the T1 image signal and shorten the T1 relaxation time in parenchyma that they reach.

This is termed dynamic contrast enhanced MRI (DCE-MRI).

Initial DCE-MRI studies measured the T1 signal enhancement after gadolinium
administration and calculated the area under curve (AUC) for this signal across grey
matter, white matter and WMHs.206 This study found that the AUC was positively
correlated with WMH volume, in a cohort with severe sporadic SVD. A similar study
in stroke patients used linear modelling of the associations between risk factors, SVD
severity and the time course of T1 signal enhancement in these tissue classes?07;
patients with lacunar compared to cortical strokes were found to have higher BBB

permeability in the NAWM as measured using this method.

DCE-MRI has been further developed by the application of more sophisticated
pharmacokinetic modelling techniques. These include the two-compartment model, in
which interstitium and plasma are explicitly modelled as separate compartments
accounting for bidirectional movement of tracer between compartments and luminal
flow, the Tofts model where plasma flow is assumed to be infinite, the modified Tofts
model which incorporates a vascular binding component, and the Patlak model in
which flow is assumed to be unidirectional out of the vascular space. Figure 1.7 shows
these models graphically and gives the formula(e) used for calculation. These models
have been compared using simulation and real world DCE-MRI data and these studies
concluded that the Patlak model is most appropriate for low permeability data such

as SVD in the chronic stage.208,209
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Figure 1.7. Schematic representations of kinetic models of BBB permeability. (A) standard two
compartment model. Blood flows through the plasma space at rate Fj,, and the tracer moves into the
interstitium and back via competing processes that reach an equilibrium with rate kians. The model is
described by the pair of equations (1) and (2) where v, = plasma volume, C, = plasma concentration, v;
= interstitial volume and C;= interstitial concentration. (B) Tofts model. Plasma and interstitium form
two compartments with no plasma flow. The standard model is described in (i) where Cj(t) = interstitial
concentration time series and Cp(t) = plasma concentration time series. The extended Tofts model is
described in (ii) and includes an additional term to account for plasma binding (v, * Cp(t)). (C) Patlak
model. Flow is unidirectional from plasma to interstitial compartment at rate ki, with the inclusion of a

vascular binding compartment.

Application of the Patlak model to DCE-MRI images has been used in several studies
to investigate the relationship between the BBB and markers of SVD; these have found
increased permeability in the NAWM of patients with lacunar compared to cortical
strokes?!0, in the white matter, WMHs and cortical grey matter of stroke-free
individuals with higher scores on a compound SVD feature severity scale?!! and that
EPVSs in the basal ganglia are associated with increased BBB permeability.?!?2 More
informative results might be found by assessing ‘hotspots’ of BBB permeability
(clusters of voxels where the permeability is above the 95 percentile of age-matched
controls); this approach yielded results showing the permeability to be higher in

NAWM than WMHs and that discriminated patients from controls very accurately.?!3

The Patlak model has also been applied longitudinally to assess the role of the BBB
in SVD progression. One such study?!4 examined patients with Binswanger’s disease
(defined as a severe form of SVD characterised by inflammation/demyelination and

relatively quick progression to dementia). The authors found that while BBB
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permeability was increased in this cohort, the signal was noisy and there was little
overlap between areas of increased permeability on successive scans. Notably, they did
find that areas of high permeability were located at the edge of WMHs or adjacent
NAWM, and this supports the idea that WMH progression is a continuum with
surrounding microscopically abnormal but potentially salvageable tissue. However,
high permeability in voxels was not a statistically significant predictor of WMH

development during the interscan interval.

Similar results have been described in a cohort of patients with mild/non-disabling
stroke,?1Y and showed a statistically significant correlation between voxels of increased
BBB permeability and distance from WMH. Permeability was nevertheless not a
significant predictor of incident WMH voxels at one year follow-up (though it did
significantly predict cognitive decline). It is possible that BBB permeability is an effect
of tissue damage rather than a predisposing factor but these studies do at least suggest

that the increased permeability predates visible lesions.

Neuroinflammation and the peripheral immune response

Inflammation is a highly topical process in cardiovascular/cerebrovascular disease and
emerging research suggests that it has a role in SVD. This evidence is largely
circumstantial and derived from both pathology studies and inflammatory biomarkers.
Post-mortem samples are associated with all the limitations discussed above, but
nevertheless show inflammatory cells in the white matter around blood vessels and in
the vicinity of demyelination.” Immune cells identified around vascular lesions are
typically microglia, resident tissue phagocytic cells from the myeloid cell line. These
have been further subtyped using immunohistochemistry?!d; this study found
differential microglial phenotypes in pWMHs compared to dWMHs and suggested
there may be different triggers for this inflammatory activity. More recently the
authors have also shown that microglial signatures vary widely even within anatomical
regions and are associated with differential patterns of astrocyte recruitment.?6 This
suggests that the stimuli for an inflammatory response may be diverse even in

neighbouring areas.
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Blood biomarkers of inflammation and their relationship with SVD have been
extensively investigated, particularly canonical inflammatory pathways such as the IL-
6 / C-reactive protein axis, which was associated with WMH volume and lacunar
infarct count?!”, and Intercellular Adhesion Molecule 1 (ICAM-1), a cell-cell adhesion
molecule that is induced by inflammatory states; serum levels are elevated in the
context of a distinct profile of pro-thrombotic inflammatory mediators?!® and predict
WMH progression in follow-up studies?!?. CRP and IL-6 have also been assessed
longitudinally?20 although this study did not find an association with the progression
of WMH volume. A recent systematic review examining the associations between blood
markers of inflammation and SVD, concluded that this association is moderately
robust.?2! Moreover, biomarkers that were investigated tended to cluster into markers
of vascular inflammation that were associated with sporadic SVD and markers of
systemic inflammation that were associated with CAA. The advent of high throughput
proteomic measurements allows more detailed biochemical pathways to be evaluated;
a cluster of biomarkers of inflammation and endothelial activation that correlates with

WMH burden has been identified using this technique.???

In addition to conventional biochemical markers of inflammation, the function of the
immune cells involved in this cascade can also be assessed. In cardiovascular disease,
inflammation is thought to be mediated by the innate immune response, including
monocytes in the plasma compartment and macrophages in the tissue compartment.
These cells are stimulated predominantly by IL-1 released from endothelial and
vascular smooth muscle cells.?23 Additional cellular components of this pathway include
regulatory T cells producing TGF- and Tu2 cells producing 1L-4 and IL-10. Further
to these systemic pathways, there are also local triggers, including oxidised
phospholipids released from atheroma itself, which induce a pro-inflammatory
phenotype in circulating monocytes.??* RNA sequencing data from isolated monocytes
has shown that monocytes in patients with symptomatic atherosclerosis have an altered
transcriptomic profile compared to those with asymptomatic atherosclerosis, and this

favours innate immune cell activation.??> Application of these immunophenotyping
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techniques to cerebrovascular disease is in progress, but it seems likely that similar
mechanisms may be involved (particularly as the risk factor profile is very similar) and
one early study has shown that the cytokine production capacity of monocytes was

related to WMH volume and progression.226

No studies have yet addressed the mechanism of how peripheral inflammation might
contribute to the central nervous system (CNS) tissue damage seen in SVD. It is
possible that peripheral immune cells migrate directly through a permeable BBB, or
that cytokines and other signalling molecules released from peripheral cells activate
microglia within the brain tissue. Direct evidence via CSF measurement is limited and
has focused exclusively on protein biomarkers rather than cell immunophenotyping;
however, two studies have shown evidence of altered concentration of matrix
metalloproteases (MMPs) in SVD, including MMP-2,227 MMP-9201.227 " and TIMP-1.20
MMPs are inflammatory mediators that induce degradation of the ECM and these

studies provide additional indirect evidence of the role of inflammation.

Evidence of inflammation within the CNS itself in SVD has however been provided by
advanced neuroimaging, using positron emission tomography (PET) images.
Administration of a radioligand that binds to translocator protein (TSPO), a
mitochondrial surface protein that is thought to be upregulated in microglial
activation,??® can be used to produce maps of microglial signal. This signal was found
to be related to a compound score based on conventional radiological hallmarks of SVD
in one study??, and can be used to identify focal areas of increased signal that are
more prevalent in NAWM than in WMHs and in patients with SVD compared to
controls.?!3 However, interpretation of TSPO PET has been limited by confounds such
as off-target and non-specific tissue binding?3Y; moreover a recent large scale
transcriptomic study has suggested that TSPO relates to microglial concentration
rather than phenotype.23! It is unclear whether inflammation in SVD is a primary
driver of disease or merely a response to tissue damage; other authors have further
suggested that microglial activation may be protective and that suppressing the

immune response might be counterproductive.?3?
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Synthesis of pathophysiological mechanisms

To fully define the pathophysiology of SVD, it would be necessary to demonstrate that
all these processes (and perhaps others) contribute to the development and progression
of clinical and radiological disease, and that reversal or modification of these factors
can slow the progression of SVD. This requires further longitudinal cohort studies,
supportive pre-clinical animal models and ultimately clinical trial data to prove the
concept and the efficacy of treatment. Figure 1.8 illustrates how this model could be

constructed.

Lifestyle
factors
l

Cardiovascular

risk profile Tissue

damage

Genetic risk
I

kL Secondary BBB
inflammation breakdown

Figure 1.8. Conceptual model of parenchymal damage in SVD. Predisposing factors including
cardiovascular risk factors and genetic risk profile predispose to hypoxia/ischaemia, which causes
initial tissue damage and secondary inflammation which then leads to BBB breakdown and further

tissue damage. Genetic factors might be relevant at both these stages.

Unifying evidence for the interaction between all these processes is incomplete.
However, one synthesis has been proposed where an initial ‘hit’ due to haemodynamic
factors (hypertension leading to hypoxia/ischaemia) is compounded by a secondary
inflammatory response, and intracellular production of hypoxia-inducible factor (HIF)-
la leads to degradation of the ECM and opening of the BBB.233 This has been
supported by experiments using a spontaneously hypertensive / stroke-prone rat with
unilateral carotid artery occlusion as a model of SVD.234 These animals develop similar
white matter lesions to those seen in SVD, and an impaired behavioural phenotype; in
this model, there was increased immunoreactivity to HIF-1ao and MMP-9 compared to

control animals and a larger volume of WMHs on MRI.
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Disease-modifying treatment and evidence from previous
clinical trials

Literature around the treatment of SVD is heterogeneous due to the variety of ways
in which it can be identified (symptomatically, radiologically etc.) and the range of
outcome measurements considered (clinical or radiological). However, it is clear that
disease-modifying treatments are currently limited. Antiplatelet agents including
aspirin and clopidogrel are given to reduce recurrent stroke and are effective after
lacunar stroke.? Dual antiplatelet therapy with these medications in combination has
also been tested explicitly in lacunar stroke patients as part of the Secondary
Prevention of Small Subcortical Strokes (SPS3) trial, a two-by-two matrix study that
also tested intensive blood pressure reduction. In this study dual antiplatelet treatment
did not reduce recurrent stroke.?6 There is no good evidence on which to recommend

antiplatelet treatment for incidental / asymptomatic lacunar infarcts found on MRI.237

Modification of cardiovascular risk factors has been tested in a number of studies, for
example treatment antihypertensives such as perindopril!®®, or cholesterol-lowering
medications such as simvastatin23® or pravastatin.!6” Multi-domain cardiovascular
health interventions including counselling, long-term anthropometric measurements
and medications have also been trialled unsuccessfully,? though the studies may have

been inadequately powered according to our calculations discussed in chapter two.

More recently, studies have used intensive blood pressure control based on a target
value rather than a uniform medication strategy, and the Systolic blood Pressure
INTervention — Memory and cognition IN Decreased hypertension (SPRINT-MIND)
trial demonstrated that targeting a systolic pressure of less than 120mmHg can slow
the progression of lesion growth compared to standard treatment.?* This was in a
population with relatively mild SVD burden at baseline but encouragingly the

radiological outcomes also translated to improved cognitive outcomes.24
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Other trials of intensive blood pressure treatment include the SPS3 study mentioned
above, which showed a non-significant reduction in recurrent stroke and adverse
cardiovascular events using a blood pressure target of 130/80mmHg?*2, and the
REcurrent Stroke PrEvention Clinical ouTcome (RESPECT) study, which also showed
a non-significant reduction in recurrent stroke.2*3 However, the RESPECT authors
performed a meta-analysis of their results and previous trials of intensive blood
pressure treatment and calculated a pooled estimated odds ratio of 0.78 (95% CI 0.64-
0.96) of stroke recurrence. More recently the PRESERVE study also tested a more
restrictive blood pressure target of 120/80mmHg in patients with established SVD,
and the authors found that this may delay white matter network disruption.2#4
However, there was no significant treatment effect on WMH volume, cognitive
performance or on recurrent stroke / cardiovascular events, likely due to power.?4> The
mean participant age in all these trials was in the range 60-70 years; it is not clear if
there is an optimal age for intervention or if there is an upper limit beyond which
intensive blood pressure treatment is unhelpful (or indeed harmful). This is particularly
important as the absence of experimental data in patients over 80 years of age limits

the extrapolation of guidelines for blood pressure management.246

Novel pharmacological agents have been identified on the basis of the
pathophysiological mechanisms discussed above. These include cilostazol, a weak
antiplatelet agent and phosphodiesterase III inhibitor and isosorbide mononitrate, a
NO donor that causes smooth muscle relaxation, which was associated with lower
dependence and in combination with isosorbide mononitrate reduced a composite
vascular endpoint in the LACunar Intervention trial 2 (LACI-2) study.?*" This is in
addition to the potential for secondary/subgroup analysis of ongoing secondary
prevention trials in participants with unselected stroke; of particular interest are
allopurinol, a xanthine oxidase inhibitor with anti-inflammatory properties?*® and
colchicine, an inflammasome / microtubule inhibitor that suppresses inflammatory cell

proliferation.?4
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Other interventions that have previously been tested include B-vitamin
supplementation, which did not have a significant effect on WMH progression in a
cohort of patients with recent TIA or minor stroke?, regular moderate aerobic
exercise, which had no significant effect on qualitative assessment of cognition and
quality of life metrics in a population with clinically diagnosed vascular cognitive
impairment?!, and resistance training, which had no significant effect on WMH

progression in a population of community-dwelling older women.252

In summary, current evidence suggests that modification of cardiovascular risk factors
has limited efficacy in slowing the progression of SVD once identified, and treatment
should include aggressive blood pressure management (if tolerated) together with
control of other risk factors such as hypercholesterolaemia, diabetes mellitus and
smoking and general healthy lifestyle advice in line with guidelines outside SVD.
Antiplatelet treatment should be used in patients with clinical stroke, but not
necessarily in covert (asymptomatic) SVD.% Symptomatic treatments are beyond the
scope of this thesis, but there are no medications that have been shown to improve
cognition in VCI/VaD?53 and pharmacological treatments for fatigue, depression and

apathy have not been tested specifically in SVD populations.

Aims of thesis

This thesis is divided into two parts. In Part I, I consider WMHs specifically as a
marker of SVD severity and a proxy for SVD pathophysiology. As discussed above,
WDMHs are straightforward to measure using a variety of analytical techniques, and
increasingly used as outcome measurements in clinical trials. In Part I, I assess the

following questions:
(1) What is the expected rate of WMH volume progression?

(2) Which study factors (population, imaging acquisition / analysis factors etc.) affect

the measured rate of WMH progression?
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(3) Which patient factors (i.e. demographic factors and potentially modifiable risk

factors) affect WMH progression?
(4) How do these factors affect sample sizes required for clinical trials?

In addition to these questions, I hypothesise that in the natural history of SVD, WMH
volume tends to increase over longitudinal follow-up measurements and that it is rare
for individual participants to show decreases in WMH volume over time. I then further

examine the following questions:
(5) What is the expected incidence of WMH regression in SVD?
(6) What factors are associated with WMH regression?

In Part II, T consider the pathophysiological mechanisms involved in SVD, focusing
specifically on the innate immune response measured centrally (via PET imaging) and
peripherally (via inflammatory biomarkers and cell phenotyping), and on BBB

breakdown (using DCE-MRI and comparison of blood and CSF constituents).

I hypothesise that these processes are involved in SVD and associated with clinico-
radiological severity, and further that they predict disease progression longitudinally.
Using data from a cohort of patients with moderate to severe symptomatic SVD, Part

IT addresses the following questions:

(7) Are PET measurements of microglial signal associated with conventional MRI

markers of SVD severity?

(8) Are BBB permeability measurements using DCE-MRI associated with conventional

MRI markers of SVD severity?

(9) Are blood biomarkers and immunophenotyping associated with conventional MRI
markers of SVD severity, and is there a relationship with PET and DCE-MRI

measurements?

(10) Is Qam associated with DCE-MRI measurements of BBB permeability?
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(11) Do baseline measurements of inflammation predict disease progression based on

MRI or neuropsychometric testing?

(12) Do baseline measurements of BBB permeability predict disease progression in the

same way?!

These research questions aim to enhance understanding of the use of WMHs as an
outcome measure with relevance for the design of future clinical trials, and to provide
evidence of the role of novel disease mechanisms in SVD that might inform future

disease-modifying treatments.
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PART 1

White matter hyperintensity lesions and their fate.
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CHAPTER TWO

A systematic review and meta-analysis of white matter
hyperintensity lesion progression in cerebral small vessel
disease.

Content from this chapter was published as:

Brown, RB, Low, A & Markus, HS. Rate of, and risk factors for, white matter
hyperintensity growth: A systematic review and meta-analysis with implications

for clinical trial design. J. Neurol. Neurosurg. Psychiatry 92, 1271-1277
(2021)254

Figures 2.1, 2.2 and 2.4 are reproduced from this article courtesy of BMJ Publishing

Group.

I designed the study, performed the literature search, extracted the data, critically
reviewed references, analysed the data and wrote the first draft of the manuscript.
Audrey Low assisted with data extraction, critically reviewed references, and critically
reviewed the manuscript. Hugh Markus assisted with study design, critically reviewed

references, and critically reviewed the manuscript.
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Introduction

White matter hyperintensities (WMHs) visible on magnetic resonance imaging (MRI)
become highly prevalent with increasing age.2%5:256 Increased WMH burden is seen in
patients with stroke, particularly SVD or those patients with lacunesar disease.?! In
community studies, WMHs predict the risk of both stroke and dementia.9
Neuropathological studies demonstrate in the vast majority of cases they appear to
result from cerebral small vessel disease, with histological changes of ischaemic
demyelination, axonal loss, and gliosis.”®19% While potential risk factors for the
prevalence of WMHs has been assessed in many of these cohorts, their contribution to

the rate of WMH progression has not been studied in such detail.

The clinical relevance of WMHs, and the fact that they can be measured using MRI
in a clinical trial setting, has led to their increasing use to assess potential therapeutic
strategies for both SVD and dementia in phase 2 studies. This was recently illustrated
in the SPRINT study?* in which intensive blood pressure lowering was associated with
reduced cognitive impairment, in combination with a reduction in WMH lesion growth.
This suggests a possible mechanistic pathway that might be targeted to develop

disease-modifying treatments.

Designing and appropriately powering interventional studies depends on accurate
estimate of WMH lesion growth over the timescale of a few years which is relevant for
most trials. Individual studies have suggested this may vary depending on
characteristics such as age, as well as characteristics of the cohort being studied. These
differences could have a major impact on sample size calculations in any interventional
study. To better understand WMH progression, I performed a systematic review and
meta-analysis of longitudinal studies measuring change in WMH volume over time. I
calculated absolute rates of WMH lesion growth and determined how these varied with
cohort and individual patient characteristics. I further estimated sample sizes required

for any interventional trial and the effects of population factors on these values.
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Methods

Systematic review and data extraction

Systematic review was performed in accordance with PRISMA guidelines®7 and
registered prospectively in the International Prospective Register of Systematic
Reviews (PROSPERO - identifier CRD42020191781). I first searched for studies where
WMHs were evaluated longitudinally. I searched PubMed and Google Scholar for the
following terms (("white matter hyperintens*" OR WMH OR "white matter lesion™*"
OR WML OR leukoaraiosis) AND (progress®* OR develop™ OR penumbra OR evol*)
AND (longitudinal OR serial OR "follow-up") AND (MRI OR "magnetic resonance"))

and selected publications up to and including 31 December 2020.

The review was limited to sporadic SVD and did not include either CAA, cohorts of
patients with both ICH and WMHs, or monogenic forms of small vessel disease (e.g.
CADASIL), which might have different pathological mechanisms. Review articles, case
reports, trial protocols, and articles without numerical data were excluded. I also
excluded studies investigating non-ischaemic causes of white matter disease, but
included those addressing cognition and symptoms of mood/apathy /depression in older
adults. Abstracts were screened by two authors (RBB and AL) and after consensus
decision on inclusion data was extracted by a single author. The articles identified were

hand-searched for further relevant references.

Where presented, WMH growth was extracted or calculated from the percentage of
total brain volume and normalised to a rate of expansion in cubic centimetres per year.
In the cases of multiple articles describing the same cohort, I used the reference with
the largest sample size (or the most recent if analysis of the entire dataset had been
published more than once). The standard deviation of this value was extracted where
presented or calculated from parameters given in the article. Correlation coefficients
for the effect of age and baseline WMH volume, and odds ratios for the effect of sex
were also extracted. Data were captured using a standardised and predesigned

template.
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Participant groups in each study were categorised as community dwelling healthy
control participants or patients in specific disease groups: SVD, all-cause stroke,
dementia or mild cognitive impairment (MCI), depression/mood disorder or non-
specific cardiovascular disease (CVD) including ischaemic heart disease, hypertension
and hyperlipidaemia. Image analysis methods were categorised as manual (lesions
traced on hard or digital copies of images), semi-automated (in which lesions were
outlined using software and manually corrected) or automated if no supervision from

the investigators was performed.

To examine risk factors for lesion progression in individual patients, odds ratios for the
effects of hypertension, hypercholesterolaemia, diabetes and current smoking status on

WMH progression were further extracted.

Statistical analysis

I used a multivariate mixed effects linear model to assess the effect of study population
selection and image analysis methods on the annualised WMH growth rate, using
restricted maximum likelihood estimation of heterogeneity and the Knapp-Hartung
adjustment for estimates of significance.?>® Population was modelled as a fixed effect
and image analysis method as a random effect to account for the assumed relationship
between these predictors and WMH growth. This form of meta-regression accounts for
both within-study and between-study heterogeneity.??® All analysis was performed in

the R project for statistical computing?%? version 3.6.2 using the meta package.261

I used the coefficients from the models above to estimate the sample sizes required to
detect statistically significant reductions in WMH progression in a hypothetical clinical
trial setting, stratified by population under investigation or baseline lesion volume and

measured across a range of target treatment effect sizes.

Inverse variance-weighted univariate linear regression models were used to meta-
analyse the effect of the above non-modifiable and potentially modifiable risk factors.
For continuous predictor variables, correlation coefficients were scaled to represent the

annual WMH growth (cc) per unit change in predictor (age in years or baseline WMH
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volume in cc). For categorical predictor variables, the log odds ratio for the progression

of WMH between categories was used.

Results

The initial literature search yielded 924 articles and manual searching provided a
further 38 relevant publications. After reviewing the abstracts, 258 articles were
selected for full text review. 52 studies met exclusion criteria based on the full text
review, leaving a total of 206 articles that were included (figure 2.1). Each study was
reviewed critically for its population selection, imaging acquisition and analysis

methodology, and the risk factors investigated.

924 records identified from 38 records identified by
primary database search manual search
3 r
962 abstracts identified » 12 duplicate records
950 abstract records screened 693 records excluded
h J
258 full-text articles | 32 full-text articles excluded:
assessed for eligibility " . .
¢ did not quantify WMHs
longitudinally (32)
¢ WMH progression not
v presented (17)
206 articles assessed * Population determined
qualitatively for not to be of relevance (3)
predictors of progression

A 4
59 articles that quantified
WMH progression in
independent cohorts

Figure 2.1. PRISMA flowchart of the literature search and selection of studies.
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Rates of WMH progression and comparison between studies
I identified 59 studies that quantified WMH growth longitudinally in independent
cohorts across 13,210 individuals. A further eight articles presented lesion expansion

as a fraction of total brain or intracranial volume.

Studies specifically assessing patients with SVD reported highest rate of WMH
progression (2.50cc/y, 95% CI -3.42-8.43cc/y), followed by intermediate rates in studies
assessing patients with unselected ischaemic stroke (1.00cc/y, 95% CI -3.69-5.69cc/y).
Lower estimates of WMH growth were calculated from studies including patients with
depression (0.62 cc/y, 95% CI -2.55-3.79cc/y), cognitive impairment or dementia (0.46
ce/y, 95% CI
-0.72-1.65cc/y) or cardiovascular disease (0.39cc/y, 95% CI 0.11-0.67cc/y). Studies
assessing community dwelling control participants showed WMH growth of 0.46cc/y
(95% CI -0.11-1.04cc /y).

WMH growth was broadly in the range of 0 — 1 cubic centimetres per year (inverse
variance-weighed mean 0.41cc/y, 95% CI 0.17-0.66¢cc/y). 63.5% of the weighting of this
estimate was assigned to the SPRINT-MIND study.?* Figure 2.2 shows these results
as a forest plot of calculated values for the annual rate of WMH growth, stratified by
diagnostic group. References, details of the cohorts, image analysis methods and

extracted values are available in Appendix A, table 1.

There was no evidence of publication bias in the annualised WMH growth values we
calculated. A funnel plot of these values is shown in figure 2.3; there was no significant
asymmetry to indicate publication bias driven by the reporting of significant but less
precise results and Egger’s test for funnel plot asymmetry was non-significant (t =

0.38, p = 0.70).
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Whitman et al 2001 0.28 0.89000 1.9%
Ma et al 2020 0.28 04797 628%
Nylander et al 2017 0.36 7.3880 0.0%
Ramirez et al 2016 040 14142 08%
Waillard et al 2012 0.41  1.4000 0.8%
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Cho et al2015 0.86 0.2%
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Figure 2.2. Forest plots showing inverse-variance weighted meta-analysis of annualised WMH

(cc/y), stratified by diagnostic group.
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Figure 2.3. Funnel plot showing relative effect sizes across studies
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Figure 2.4. Bubble plots of WMH growth versus baseline volume. Plot points are scaled by study size and
coloured by diagnosis of participant. Dashed lines link subgroups within an individual study. Disease-free

control participants were assigned to the community-dwelling group.
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Figure 2.4 shows a bubble plot of individual study WMH growth rates versus baseline

WMH volumes, weighted by study size and stratified by diagnosis, with dashed lines

connecting subgroups that were identified from a single study.

Diagnosis Number Baseline
of studies WMH
(patients)  volume

SVD 5 (494) 17.44
Stroke 4 (377) 9.52
CcVD 18 (4910)  4.28

Dementia/ 13 (722) 1.89
MCI

Depression 3 (178) 0.59

WMH
growth
rate (ccly)

2.50

1.00

0.39

0.46

0.62

vs depression

2.80
(p = 0.049)

0.77 (p = 0.03)*

-0.22
(p = 0.02)*

-0.057
(p = 0.68)

vs dementia
IMCI

2.83
(p = 0.043)*

0.83
(p = 0.013)*

-1.17 (p=0.27)

vs CVD

3.11
(p = 0.036)

0.99
(p=0.15)

vs stroke

1.91 (p = 0.13)

Table 2.1. Annualised WMH growth rates for studies assessing different population categories and t-

statistics for between group comparisons. SVD = small vessel disease; CVD = cardiovascular disease;

MCI = mild cognitive impairment; * = significant at p < 0.05

In the multivariate model, studies examining patients with SVD predicted significantly

higher lesion growth than those that recruited patients with cardiovascular risk factors,

dementia/cognitive impairment or depression. This model explained 49.6% of the

heterogeneity between studies (F-statistic on 7 and 43 d.f. 6.67, p < 0.0001). Weighted

mean baseline lesion volumes, growth rates and post-hoc between group comparisons

are shown in table 2.1.

The baseline lesion volume in each study was significantly associated with annualised

growth rate in a univariate weighted linear regression model (p = 2.0 x 108, adjusted

r2 = 0.39, unstandardised {3 coefficient = 0.082, 95% CI 0.057 — 0.107). WMH growth

rates were not significantly different between patient and control groups (8 for patient

cohorts = 0.124, 95% CI -1.03-1.27, p = 0.83).
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Comparison of the methods of image analysis was limited by the range of different
imaging analysis tools used and the fact that the pipelines described commonly used
in-house code in addition to commercial software; there was no significant effect size
of the choice of imaging analysis method on the rate of WMH progression. Compared
to studies that were marked manually, semiautomated and automated were associated
growth rates of -0.89cc/y (95% CI -6.85-5.06cc/y, p = 0.75) and -0.92cc/y (95% CI -
6.85-5.02, p = 0.76) respectively.

Sample size calculations for a clinical trial based on WMH progression

I assumed a hypothetical clinical trial with two balanced arms representing
intervention and control groups, using annual WMH progression as the primary
outcome measure. I used the coefficients from the mixed effects model above to
calculate the required samples sizes to detect a range of effect sizes with 80% power
and significance level 0.05. For a study including patients with SVD, these ranged from
34 per arm to detect an effect size of 30% to 294 per arm to detect an effect size of
10%. For a study recruiting unselected stroke patients, the requisite sample sizes would
be 54 per arm and 477 per arm respectively. Sample sizes for a trial recruiting
participants with unselected cardiovascular disease, dementia/MCI or depression were

considerably higher (table 2.2).

Treatment effect sizes

Population 30% 25% 20% 15% 10%
SVD 34 48 75 132 294
Stroke 54 78 120 213 477
CVvD 113 162 253 448 1006
Dementia/ MCI 556 880 1249 2218 4990

Table 2.2. Estimated prospective sample sizes (per arm) necessary to detect significant reduction in
WDMH progression, stratified by patient population, at power = 0.8 and o = 0.05. CVD = cardiovascular

disease; MCI = mild cognitive impairment; SVD = small vessel disease.
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Baseline WMH
volume
0.25cc
2.5cc
5.0cc
7.5¢cc
10.0cc
12.5cc
15.0cc
17.5cc
20.0cc
25.0cc
30.0cc
40.0cc

30%

44,522
447
113

51

29

19

14

A OO ©F
=

25%

69,565
697
175
79
45
29
21
16
12
9

6

4

20%

123,670
1,238
311
139
79

51

36

27

21

14

10

6

Treatment effect sizes

15%

278,257
2,784
697
311
175
113
79

58

45

29

21

12

10%

>1,000,000
11,132
2,784
1,238
697
447
311
229
175
113

79

45

Table 2.3. Estimated prospective sample sizes (per arm) necessary to detect significant reduction in

WMH progression, stratified by baseline WMH volume, at power = 0.8 and o = 0.05. Highlighted

values are those in which the required sample size is comparable to or less than the largest

interventional trials that we reviewed.

Sample size (per arm)

20

Baseline WMH volume (cc)

Effect size
30%
— 25%
— 20%
— 15%
— 10%

Figure 2.5. Estimated sample sizes for an interventional trial versus baseline WMH volume. The dashed line

represents the largest interventional study included in our review, and the vertical lines the interceptions from this

samples size to the required baseline lesion volume.
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I also calculated how sample sizes required to show these treatment effects depends on
the baseline lesion volume (table 2.3). As the largest interventional trials in the
systematic review included close to 300 patients in each arm, applying this threshold
for feasibility would require patients to have a mean baseline lesion volume of 5cc,
7.5cc, 10.0cc and 17.5cc to detect treatment effects of 30%, 20%, 15% and 10%
respectively. Figure 2.5 shows the calculated sample sizes graphically, stratified by

effect size.

Individual patient risk factors for WMH progression

The most common predictor of WMH progression was baseline WMH volume/grade.
This was significant in 14/44 articles that mentioned predictors®3:84.265-
268,93,153,164,166,238,262-264  while one study explicitly stated that baseline lesion volume
did not correlate with expansion.?69 Meta-analysis of those studies that provided
comparable metrics calculated that each unit increase in baseline lesion volume was
associated with increased progression rate of 0.6cc/year (95% CI 0.13-1.06cc/y). Age
at baseline significantly predicted progression independently of baseline lesion volume
in a further 11/40 studies.82:93,272,273,153,238,264,265,268 271 Tp gix studies, age was explicitly
stated as not associated with lesion growth.84:155,205.262,263.274 T calculated that each year
in age at baseline was associated with an additional 0.19cc/y in WMH expansion (95%

CI 0.04 — 0.35cc/y).

Male sex was associated with decreased progression rate of 0.03cc/year (95% CI -0.21—
0.16cc/year). However, while several additional studies found that sex was significantly
associated with lesion growth, variations in the threshold for defining progression
precluded incorporation of these results. Meta-analysis results are presented as a forest
plot in figure 2.6. ApoE genotype was mentioned in several studies but only one

presented numerical results for the association with WMH growth.
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A. Effect of age on WMH growth

Study 1E SE Weight IV, Random, 95% CI IV, Random, 95% CI
Chappell et al 2017  0.90 0.1352 11.7% 0.90 [ 0.64; 1.17] ——
Lee et al 2017 Radiol 0.08 0.0429 22.0% 0.08 [-0.01; 0.16]
Taylor et al AJR 2003 0.09 0.0319 22.9% 0.09[0.02; 0.15]
Van Dalen et al 2017 0.02 0.02556 23.4% 0.02[-0.03; 0.07]
Wardlaw et al 2017 0.01 0.0612 19.9% 0.01[-0.11; 0.13]

Total (95% Cl) 100.0% 0.15 [ 0.02; 0.27]
Heterogeneity: Tau? = 0.0170; Chi® = 43.09, df = 4 (P < 0.01); = 91% !
0.5 0 05 1 15

B. Effect of baseline volume on WMH growth

Study TE SE Weight IV, Random, 95% CI IV, Random, 95% CI
Chappell et al 2017  0.88 0.0230 26.1% 0.88[0.84; 0.92]

Lee et al 2017 Radiol 1.27 0.2077 21.8% 1.27 [0.87; 1.68] P ——
Taylor et al AJR 2003 0.29 0.0278 26.0% 0.29 [0.24; 0.35]

Van Dalen et al 2017 0.05 0.0102 26.1% 0.05[0.03; 0.07]

Total (95% CI) 100.0%  0.60 [0.13; 1.06] e
Heterogeneity: Tau? = 0.2165; Chi® = 1130.96, df = 3 (P <0.01); ?=10d% ' ! I I
1 05 0 05 1 15 2

C. Effect of male sex on WMH growth

Study TE SE Weight IV, Random, 95% CI IV, Random, 95% CI
Bernbaum et al 2015 -0.67 0.3262 11.1% -0.67 [-1.31;-0.03] —]

Markus et al 2005  -0.81 0.5533 4.5% -0.81[-1.89; 0.28] ——

Cho et al 2015 1.08 0.5489 4.6% 1.08[0.01; 2.16] T —
Ammirati et al 2019 -0.27 0.1097 34.3% -0.27 [-0.49; -0.06] . 3

Godin et al 2013 -0.18 0.2678 14.7% -0.18[-0.71; 0.34] ——

van Dijk et al 2008  -0.19 0.1858 22.9% -0.19 [-0.55; 0.17] —.-

Shu et al 2020 -0.04 0.4031 7.9% -0.04[-0.83; 0.75] —l—

Total (95% CI) 100.0% -0.23 [-0.47; 0.02] -

Heterogeneity: Tau® = 0.0328; Chi? = 9.07, df =6 (P = 0.17); > = 34% ! T ) !
-2 -1 0 1 2

Figure 2.6. Forest plot showing meta-analysis results for demographic / non-modifiable risk factors

for WMH progression. Effect sizes are correlation coefficients (age, baseline WMH) or odds ratio (sex).

Potentially reversible factors influencing WMH progression were variably assessed in
several studies. Hypertension was evaluated most frequently, and significantly
associated with progression in 18 studies®3:87.278-285,164,184,205,219,239,.275-277  However, no
significant association was found in a further eight studies.3493:155,166,262,270,274,286 \[eta-
analysis of these results was limited by heterogeneity of the definition of hypertension
used and the statistical measures presented; however studies that presented the
additional WMH progression conferred by a diagnosis of hypertension or blood pressure
greater than 140/80 mmHg were meta-analysed. The combined effect size of having
hypertension using this definition was 0.18cc/year (95% CI 0.12 — 0.30cc/year). These
results are presented in figure 2.7(A). Current smoking status was also significantly

associated with progression (OR 1.48, 95% CI 1.02-2.16, figure 2.7(B)).
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Diabetes, hypercholesterolaemia, unspecified cardiovascular disease and BMI were
mentioned in several studies without consensus as to the association with lesion growth.
Sufficient data for meta-analysis were available for the effect of diabetes (figure 2.7(C))
and hypercholesterolaemia (figure 2.7(D)), both of which showed a trend towards
association with the severity of WMH progression that was not statistically significant.
All studies describing the effects of non-modifiable and potentially modifiable risk

factors on WMH growth are given in Appendix A, table 2.

A. Effect of hypertension on WMH growth

Study TE SE Weight IV, Random, 95% CI IV, Random, 95% CI

Debette et al 2011 0.19 0.1531 25.7% 0.19[-0.11; 0.49] +.—

Markus et al 2005 1.87 04868 9.8% 1.87[0.92;2.83] P — -

Godin et al 2008 0.33 0.1600 25.3% 0.33[0.02; 0.64] —l-

Shu et al 2020 0.30 0.4214 11.9% 0.30[-0.52; 1.13] —r - —

Gottesman et al 2010 0.69 0.1239 27.4% 0.69[ 0.45; 0.94) -.-

Total (95% CI) 100.0% 0.54 [ 0.18; 0.90] ~

Heterogeneity: Tau® = 0.1090; Chi’ = 15.77, df =4 (P < 0.01); > = 75% | J I !
-1 0 1 2 3

B. Effect of smoking on WMH growth

Study TE SE Weight IV, Random, 95% ClI IV, Random, 95% CI

Debette et al 2011 0.46 0.1985 34.0% 0.46 [ 0.07; 0.85] ——

Markus et al 2005 0.41 0.2789 25.1% 0.41 [-0.14; 0.95] +——

Choetal2015  -1.51 0.7825 5.4% -1.51[-3.04;0.02] «—=*————

van Dijk et al 2008 0.59 0.2517 27.8% 0.59 [ 0.09; 1.08] —— .

Shu et al 2020 0.68 0.6393 7.7% 0.68 [-0.57; 1.94] B
g

Total (95% ClI) 100.0% 0.39 [ 0.02; 0.77]
Heterogeneity: Tau® = 0.0684; Chi’ = 6.72, df = 4 (P = 0.15); I> = 40%'
2 -1 0 1 2

C. Effect of diabetes on WMH growth

Study TE  SE Weight IV, Random, 95% ClI IV, Random, 95% ClI

Bernbaum etal 2015 1.19 04463 14.7% 1.19[0.31;2.06] —_—

Debette et al 2011 0.47 02775 21.9% 0.47 [-0.07; 1.01] — i —

Godin et al 2013 0.88 0.4011 16.4% 0.88 [0.09; 1.66] e

van Dijk et al 2008  -0.24 0.4149 15.8% -0.24 [-1.05; 0.58] —

de Bresser et al 2010 0.02 0.0536 31.2% 0.02 [-0.09; 0.13]

Total (95% Cl) 100.0% 0.39 [-0.07; 0.85] et

Heterogeneity: Tau® = 0.1714; Chi* = 13,77, df =4 (P < 0.01); I° = 71% ! ! !
-1 0 1 2

D. Effect of hypercholesterolaemia on WMH gr owth

Study TE SE Weight IV, Random, 95% CI IV, Random, 95% Cl
Debette et al 2011 -0.26 0.1745 24.9% -0.26 [-0.60; 0.08] :

Cho et al 2015 0.26 0.4931 13.4% 0.26 [-0.70; 1.23]
Ammirati et al 2019 0.29 0.1378 26.1% 0.29[0.02; 0.56]
Godinetal 2013  -0.11 0.2803 20.8% -0.11 [-0.65; 0.44]

Shu et al 2020 1.66 04418 14.9% 1.66[0.79; 2.53]
Total (95% Cl) 100.0% 0.27 [-0.21; 0.76]
Heterogeneity: Tau® = 0.2171; Chi = 19,14, df = 4 (P < 0.01); I* = 79% !
2 -1 0 1 2

Figure 2.7. Forest plot showing meta-analysis results for potentially modifiable risk factors for
WMH progression: hypertension (A), current smoking status (B), diabetes (C) and

hypercholesterolaemia (D). Effect sizes are log odds ratios.
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Discussion

WDMHs are a common manifestation of SVD and importantly predict risk of stroke and
dementia. WMH burden typically increases at a rate of up to 0-1 cubic centimetres per
year in groups of susceptible participants, depending on the population examined, but
can be considerably higher in specific populations, for example in patients who have
already had symptoms due to SVD. This systematic review provides data on the
expected rate of WMH progression and on study-level and individual patient factors
that predict it. Studies in patients with unselected cardiovascular disease, cognitive
impairment or depression show similar rates of WMH expansion to those assessing
community-dwelling control participants, likely reflecting the high prevalence of these

risk factors on a subclinical level in the general population.

A large proportion of the variance in the estimate of WMH growth in patients with
cardiovascular disease and our overall estimate came from the SPRINT-MIND study
(standard treatment group).?40 This study used an automated WMH marking pipeline
based on a UNet neural network algorithm accounting for co-registered T1 and FLAIR
images?®”, quality assured by a neuroradiologist who was blinded to treatment
allocation. Although the eligibility criteria for entry into the SPRINT study were
relatively broad (participants needed to have hypertension plus additional
cardiovascular risk factor(s) such as kidney disease, evidence of clinical or subclinical
cardiovascular disease or be older than 75 years of age), the baseline WMH volumes
were low and the distribution was narrow (median 4.40cc, IQR 3.80-5.00cc in the
standard treatment group and median WMH 4.57cc, IQR 4.00-5.14cc). Given that the
disease burden on baseline images was mild homogeneous, the low variance of the

estimated annual WMH growth seems plausible.

The non-modifiable factors of baseline lesion volume and patient age are significant
predictors of lesion growth, consistent with those predictors reported in individual
studies. Lesion growth differs significantly across the diagnostic classifications used to
recruit participants, and this directly affects the likely effect size that can be measured

in interventional trials.

72 -



The meta-analysis of individual patient risk factors showed a significant association
between both hypertension and smoking and WMH progression. However, how much
of the disease process is reversible following treatment of these risk factors is yet unclear
and it may be the case that these risk factors set in motion pathophysiological cascade
that continues even in the absence of the risk factor itself. It has been suggested that
areas of normal appearing white matter (NAWM) adjacent to WMHs are already

altered on a microstructural level].156:288

Modification of cardiovascular risk factors has been tested in a number of studies, for
example treatment antihypertensives such as perindopril!®6, or cholesterol-lowering
medications such as simvastatin?3® or pravastatin.l67 Multi-domain cardiovascular
health interventions including counselling, long-term anthropometric measurements
and medications have also been trialled unsuccessfully,? though the studies may have

been inadequately powered according to our calculations.

More recently, studies have used intensive blood pressure control based on a target
value rather than a uniform medication strategy, and the SPRINT-MIND trial
demonstrated that targeting a systolic pressure of less than 120mmHg can slow the
progression of lesion growth compared to standard treatment.?*0 This was in a
population with relatively mild SVD burden at baseline but encouragingly the

radiological outcomes also translated to improved cognitive outcomes.?4!

Choosing a population of interest and timepoint at which to intervene requires careful
consideration. A cohort earlier in the disease course or with less severe disease will
have a lower expected lesion growth; the imaging timepoints need to be separated by
enough time to allow measurable progression and a larger sample size may be required.
In contrast, a cohort with more advanced disease will demonstrate larger lesion growth,
and though some authors have argued against a ceiling effect in WMH lesion
progression268 it is still unclear to what extent the microstructural damage associated

with WMH progression is reversible. Additionally, at a later stage in the disease course
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there may be a level of cognitive impairment that stops any improvement in WMH

progression from translating into functional benefit.

Strengths of this study include a robust search strategy and the inclusion of a large set
of primary data covering a range of relevant populations. However, the study was
limited to an extent by the heterogeneous image processing pipelines and statistical
analysis used in the literature. I calculated annual lesion growth rates to allow the
comparison of a wide range of studies including images over varying timescales, but
the studies included used a range of inter-scan intervals from short months to five
years, and an annualised rate simplifies values at either extreme which may be non-
linear.62268 Further limitations include that the duration of symptoms prior to baseline
appointment was not considered in the analysis (and could feasibly have been
heterogeneous due the possible routes of recruitment of participants with SVD either

via an acute stroke centre or longer term secondary care).

I used summary statistics rather than patient level data, and while this is a reasonable
proxy for estimating effect sizes between studies?®®, an individual study with
significantly higher variance might require a considerably larger sample size than we
calculated. Baseline lesion volume may not be known before study design or the
completion of participant recruitment, but if patients are recruited to a trial on the
basis of an MRI performed for clinical reasons then it might be possible to calculate
the baseline lesion volume before enrolment. In this way investigators could ensure
participants have baseline lesion volumes above a particular threshold compatible with
the target sample size, though I consider that is likely to be impractical to select
participants with similar baseline lesion volumes in order to minimise this variance.
Adjusting analysis for baseline factors that influence progression might improve study
power and lower further the required sample sizes that we calculated?62, but our data

did not allow us pursue this approach.

A final limitation was the amount of data available for some potential risk factors and

this may mean that this analysis could have missed associations with potentially
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modifiable risk factors, for example diabetes. There were not enough data in the studies
reviewed to meta-analyse certain other potentially significant non-modifiable risk
factors, such as the ApoE genotype which has been suggested as a possible predictor
of WMH progression.!120

Although the pathophysiological mechanisms underpinning WMH growth in SVD are
not fully defined, WMHs represent a readily quantifiable target for novel interventions.
They have been shown to be an effective endpoint for clinical trials based on
multimodal population studies, conferring similar power to advanced MRI markers
such as DTI and considerably more than using neuropsychometric measurements.289
These results show that age, baseline WMH volume, stroke and particularly SVD,
hypertension and current smoking status are all predictors of disease progression.
Prospective trials using WMH as an outcome measure should take these factors into

account.
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CHAPTER THREE
White matter hyperintensity regression and its

predictors in cerebral small vessel disease

Content from this chapter has been accepted for publication as:

Brown, RB, Tozer, DJ, Egle M, Tuladhar, AM, de Leeuw, F-E & Markus,
HS. White matter hyperintensity volume regression and its predictors in

cerebral small vessel disease [in press, International Journal of Stroke, 2023/

Figures 3.1, 3.2, 3.3 and 3.4 are reproduced from this article under a Creative Commons

Attribution 4.0 Licence.

I designed the study, marked the lesions in the PRESERVE and RUN DMC cohorts,
performed the statistical analysis, and drafted the manuscript. Daniel Tozer supervised
the image acquisition in the PRESERVE study and the image analysis. Marco Egle
coordinated the PRESERVE study data collection and original analysis. Anil Tuladhar
supervised the image acquisition in RUN DMC. Frank-Erik de Leeuw is the senior
author of the RUN DMC study and was involved in gaining funding and ethical
approval. Hugh Markus designed the study, edited the manuscript and as the senior
author of the SCANS and PRESERVE studies was involved in gaining funding and
ethical approval. All authors contributed to study design, provided interpretation of
the results and statistical analysis, and were involved in critical editing of the

manuscript.
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Introduction

As discussed above, WMHs are a radiological hallmark of SVD and independently
predict both stroke and dementia.%9 The previous chapter meta-analysed available data
form the literature pertaining to the rate of WMH growth, with reference to sample
sizes in clinical trials and individual risk factors for WMH progression. However,
although WMH volume tends to increase over time (both in community dwelling
participants®3290.291  and in specific patient groups with ischaemic stroke?92,
hypertension?®® and unselected cardiovascular disease??3294)  there have been recent
reports of WMH regression in a proportion of patients with stroke and SVD?270:29,
WMH volume reduction was noted in 37% in a population with minor stroke.?® This
finding has potentially important implications. If WMHs do regress, then better
understanding of this process may inform potential treatment approaches. Secondly,
this may make power calculations required for trial design more complex and increase

requisite sample sizes for interventional studies.

There are various possible explanations for the regression of WMHs found in these
studies. It may represent a true biological process such as the resolution of oedema or
contraction of lesioned tissue as part of an inflammatory or scarring process (as has
been proposed based on the finding of expanded free water compartment surrounding
WDMHs?%). Alternatively, it could also be explained by radiological/technical factors
causing apparent regression in some subjects. Such factors could include the necessary
registration of images between scans, equipment changes between scans, and
discrepancies between image quality and slice angle (the effect of which has not been
assessed on longitudinal image analysis methods as far as we are aware). It might also
reflect statistical factors such as the uncertainty caused by partial volume effects
(particularly in periventricular areas), regression to the mean in lesion marking
techniques or differential rates of atrophy affecting the mapping of lesioned tissue at

follow-up to baseline space.297
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This chapter aims to determine the frequency of WMH lesion volume regression using
longitudinal volumetric measurements that account for these possible technical and
methodological factors in three cohorts of patients with symptomatically defined SVD.
I developed a novel analysis technique blinded to time point of scans to determine the
frequency of participants showing WMH regression in each of the cohorts. Next I used
pooled individual participant data to test the associations of patient and imaging
factors (including more subtle measurements of white matter microstructural damage

such as DTT measurements) with this regression.

Methods

Study populations
Three cohorts of patients with symptomatic SVD and differing degrees of WMH
severity were studied. All participants provided written, informed consent prior to

enrolment.

The St George’s Cognition and Neuroimaging Study (SCANS)3? was a prospective
observational study that recruited patients with symptomatically-defined SVD
presenting with a lacunar stroke syndrome and had both a compatible lacunar infarct
and at least early confluent WMHs on MRI (Fazekas scale™ score >2). MRI scans were
performed at least three months post-stroke. Patients were recruited from three South
London hospitals between March 2007 and October 2010 and the study was approved
by the Wandsworth Research Ethics Committee (ukctg.nihr.ac.uk; study ID: 4577).

The PRESERVE study?% was a multicentre randomised control trial of intensive
versus standard blood pressure treatment in SVD. Patients with a lacunar stroke
syndrome (and a compatible lacunar infarct on MRI) and WMHs of Fazekas score >2
were recruited at least three months post-stroke from six UK-wide hospitals between
February 2012 and October 2015. MRI was performed at baseline and after two years;
the trial was approved by the Harrow Research FEthics Committee (reference:

11/L0O/0458) and registered with the International Standard Randomised Control
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Trial Number registry (reference: ISRCTN37694103). I included only participants from
the standard treatment arm in this analysis, because my aim was to describe the
natural history of WMHs and lesion progression in the intensive arm may be

confounded by effects of the intensive antihypertensive treatment.

The Radboud University Nijmegen Diffusion Tensor and Magnetic Resonance Cohort
(RUN DMC) was a prospective long-term cohort study that recruited patients with
any symptoms compatible with SVD and evidence of either lacune(s) or any WMHs
on MRI.2% Patients were recruited at Radboud University Medical Centre,
Netherlands and had MRI scans in 2006, 2011 and 2015. Due to equipment upgrade
after the first timepoint in the RUN DMC study, we used images from the second and
third timepoint only. The study was approved by the Arnhem-Nijmegen Medical
Research Ethics Committee (No. 2005/256).

Image acquisition

MRI scanner and sequence details for studies above have previously been
published?39:298:299 and are summarised here in brief and fully in the supplementary
material. MRI imaging in SCANS was performed on a 1.5T GE Signa HD MRI scanner
at St George’s, University of London and included Ti-weighted, fluid-attenuated

inversion recovery (FLAIR) and diffusion tensor (DTI) images.

Images in PRESERVE were acquired using eight 3.0T MRI scanners across the six
sites and acquisition parameters between sites were harmonised as much as possible
and subject to rigorous quality control. Ti-weighted, FLAIR and DTI images were

used for this analysis.

In the RUN DMC study MRI was acquired using a 1.5T Siemens Magnetom Avanto
and included T;-weighted, FLAIR and DTT sequences.
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Image analysis

Two methods of measuring WMH lesion load were used. The analysis pipeline used in
SCANS has previously been described.30 In brief images were pre-processed using
Statistical Parametric Mapping 8 (http://fil.ion.ucl.ac.uk/spm/software/spm8/) to
check orientation and co-register to MNI registration in 1mm isotropic voxels. Group
average tissue probability maps were created using a modified multivariate mixture of
Gaussians®'! and individual images were then segmented using these custom maps and
repaired manually if required using ITK-SNAP (http//www.itksnap.org) including the
removal of any lacunes and/or haemorrhages. Each subject image was then warped to
an individual participant midpoint average image to create divergence maps for voxels

containing WMHs.

WMH lesion load was determined in PRESERVE and RUN DMC using Jim version
8.0 (http://xinapse.com/j-im-software/), a semi-automated program in which a region
of interest is selected by the rater and voxels within this contour delineated. The
program was run on a Microsoft@®) Surface PC and manual adjustment performed
using a stylus tool to correct lesion boundaries on the screen. To minimise errors
relating to the selection of lesions, images were marked slice by slice on a parallel split
screen and the image intensity was matched between scans. To reduce the risk of bias
images were randomly displayed in terms of order of acquisition and the rater was
blinded to image timepoint. Any haemorrhages or isolated lacunes were excluded from
the lesion mask; in the case of lacunes within areas of confluent WMHs, the entire area
of FLAIR high signal was marked and the area of low signal isointense with

cerebrospinal fluid was then removed.

Previously published threshold values were used to determine whether there was
progression or regression of WMH lesion load. Participants were categorised as
“regressors” if they showed a decrease in the total WMH volume of at least 0.25cc
between any sequential scans. This is the minimum difference between WMH volume
that can be appreciated visually and has been used to define lesion regression.26%

“Progressors” were defined as participants that showed an increase of greater than one
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standard deviation of the interscan change within each study as has also been used

previously.268

DTTI images in SCANS and PRESERVE were pre-processed using the Eddy correct
tool from  Functional @~ MRI  of  the Brain’s Diffusion Toolbox
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDTref). In RUN DMC the DTI images were
pre-processed using an in-house iteratively reweighted least squares algorithm.302 In all
three cohorts fractional anisotropy (FA) and mean diffusivity (MD) histograms were
created using the FMRIB’s DTIFit tool. White matter FA median and MD normalised
peak height were used for analysis as these DTI parameters have been shown to be

reproducible between sites in patients with SVD.303

Brain volumes in SCANS and RUN DMC were calculated by subtracting the WMH
lesion maps from the grey and white matter masks derived from SPMS8 and normalised
for intracranial volume using SIENAX (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/SIENA).
Brain volumes in PRESERVE were calculated by using applying SIENAX to images

that had been intensity non-uniformity corrected by N4ITK and segmented using
SPM12.

Statistical analysis

Differences in demographic factors, comorbidities and baseline imaging parameters
between regressor/stable/progressor groups were tested using the student’s t-test /
one-way ANOVA for continuous variables and Pearson's chi-squared test for
categorical variables (or Fisher’s exact tests for cases where a category had fewer than
five observations) as appropriate. All analyses were performed in the R project for

statistical computing v3.6.3 (https://www. R- project.org,).260

As the PRESERVE and RUN DMC images were analysed using the same method,
individual participant data were pooled and tested again using study site as a covariate.
Ordered logistic regression models were performed using the “polr” function in the R
package “MASS” (https://www.rdocumentation.org/packages/mass/) to test the

association of demographic factors (age, sex, premorbid IQ and years in education),
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participant comorbidities (hypertension, hypercholesterolaemia, diabetes and smoking
history) and baseline imaging parameters (including MRI features of SVD such as
lacunar infarcts, cerebral microbleeds and DTI metrics) with participant category. I
used a mixed effects model with study site as a random factor and other predictors as
fixed factors. Selection of predictor variable was conducted using stepwise forward
selection of any predictors with p < 0.05 on univariate analysis and backwards selection
of predictors that lost this significance in the multivariate model. I also used this

method to test the effect of any change in brain volume on WMH regression.

Results

Proportion of regressors

98 participants were included from SCANS (mean age 69.0 years, 66.3% male, mean
baseline WMH volume 37.3cc) who had four scans over a three year period. Of these,
no participants showed lesion regression using the definition of a reduction of 0.25cc. I
included 42 participants from PRESERVE (mean age 68.7 years, 65.4% male, mean
WMH volume 31.0cc) who had repeat scans at two years. Of these, 6/42 (14.3%)
showed lesion regression. 276 participants from RUN DMC were included (mean age
68.1 years, 57.5% male, mean WMH volume 7.75cc) who had repeat scans at five year;
of these 6/276 (2.2%) showed lesion regression. Images from participants who were
identified as showing WMH regression were visually inspected and no pairs of images
showed discrepancies in image quality/positioning or artefacts that would explain a
reduction in WMH volume. Figure 3.1 shows the WMH volume over time for the three

cohorts, stratified by quintile of WMH change during the study.

Details of the cohorts are provided in table 3.1, together with the number of regressors,
stable participants and progressors and differences in demographic and imaging
parameters between the groups. Participants that demonstrated WMH progression
tended to have larger baseline WMH volumes, though there were isolated participants

with moderate disease who were categorised as stable or regressor.
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A.SCANS WMH volumes by quintile of WMH change
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Figure 3.1. Spaghetti plots showing change of WMH volume across study duration, stratified by quintile
of total WMH change in the SCANS study (A), the PRESERVE trial (B) and the RUN DMC study (C).

There was excellent correlation between the WMH lesion volumes calculated for this

analysis and the previously marked and published values in RUN DMC?26® (intraclass

correlation coefficient for both timepoints 0.992, 95% CI 0.990-0.993, figure 3.2).

Inter-rater reliability across WMH marking methods
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Figure 3.2. Inter-rater reliability data for the WMH volumes calculated for this study and those

previously published in the literature. The black line illustrates perfect correlation.
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Number
Age

Sex (male)
NART

Education (years)

Hypertension (%)
Diabetes (%)
Hypercholsterol-
aemia (%)
Smoking (%)

Baseline WMH
(cc)
Brain volume (cc)

Lacunes

Microbleeds
FA median

MD  normalised
peak height
(mm?/s)

SCANS cohort (n =98)

Regressor
s

0 (0)
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a

n/a

n/a

n/a

n/a
n/a

n/a

Stable

a1
(41.8)
69.4

I+

©
©
N
+

=
[N
\,
I+

24.3

30.1
27.7
1,313.6
+83.8

I+

3.43

4.78
0.301 =
0.03
0.0165
0.003

Progressor
s

57
(58.2)
68.7
10.2
38
(66.7)
100.1
15.5
11.9
3.5

I+

I+

I+

93.0
17.2
84.2

19.2

425 =
25.0
1,289.1
+87.6

4.89

6.12
0.287 *
0.03
0.0144
0.002

P value

0.73

0.99

0.83

0.81

0.66
0.99

0.99

0.026

0.016

0.20

0.74
0.018

0.0004
9

PRESERVE trial (n =42

Regresso
rs

6
(14.3)
725 +
5.5

3 (50)

112.7
+11.4

100
16.7
50

276 *
21.6
1,372.
3
121.2
3

I+

2
0.345
+0.02
0.0143
+
0.002

Stable

18
(42.9)
66.9 +
8.8

9 (50)

114.7 +
9.1

100
16.7
83.3

16.7

24.5
15.7
1,414.4
+122.9

I+

2.94

Progressor
s

18
(42.9)
66.8 +
8.8

6 (33.3)

116.0 +
8.8

100
22.2
83.3

16.7

38.7
22.9
1,313,4
+134.7

I+

0.322 *
0.03
0.0125+
0.002

P
value

0.32

0.63

0.77

0.91
0.19

0.58

0.11

0.06

0.04

0.73
0.04

0.14
8

RUN DMC cohort (n = 276)

Regresso
rs

6(2.2)

615 +
6.2

5
(83.3)

107 *
3.3
66.7
16.7
50

16.7

Stable

199
(72.1)
67.0
7.3
113
(56.9)

11.7
3.3

77.1
141
44.1
16.5

4.217
7.8

I+

I+

I+

1,0749+

73.1

0.39

0.79
0.345
0.03
0.0140
0.002

+

I+

Table 3.1. Number of regressors, stable participants and regressors in each cohort and comparison of

demographic details, comorbidities and baseline imaging markers of SVD.

Progressor
s

71
(25.7)
71.8

I+

10.4
3.3

I+

84.5
18.3
60.6

16.9

19.676 £
17.0
1,032.2
+83.9

1.26

0.55
0.321 *
0.03
0.0120 =
0.002

P value

<1 x10
4

0.52

0.024

0.33
0.72
0.099
0.99

<1 x10
4

<0.002

<0.001

0.73
<1 x10
4

<1 x10




Effects of brain atrophy on proportion of regressors

To test the effect of brain atrophy on lesion measurement, I also calculated WMH
volumes normalised by total brain volume. Using this method, one participant from
PRESERVE was reclassified from “regressor” to “stable” leaving 5/42 patients from
PRESERVE and 6/276 from RUN DMC as regressors. Atrophy was not associated
with WMH regression on univariate analysis (3-coefficient 0.178, p = 0.12). Figure 3.3

shows the relationship between change in brain volume and in WMH in each study.

WMH volume change
n 3

WM H volume change
) @
VWMH volume change

£ .

-50 0 50 0 50 -50
Change in brain volume (mm? ) Change in brain volume (mm?) Change in brain volume (mm? )

stable

*  progressor

* regressor

Figure 3.3. Scatter plot showing changes in measured brain volume and WMH volume over study duration

in SCANS (A), PRESERVE (B) and RUN DMC (C).

Effect of using different thresholds to define regression

A secondary analysis was performed by defining “regressors” using a threshold of one
standard deviation of the inter-scan WMH change (i.e. the inverse of the definition for
characterising progressors). Using this definition, there were no regressors in any of the
three populations. Conversely, matching the threshold of WMH growth to define
“progressors” to 0.25cc led to all the participants originally marked as “stable” to be
reclassified as “progressors” in all three cohorts, except for one participant in SCANS

who showed an WMH increase of less than 0.25cc between each of the four timepoints.



Individual patient factors associated with regression

In RUN DMC the regressor subgroup had a lower age than the stable and progressor
groups (61.5 years versus 67.0 and 71.8 years respectively, p < 1 x 10%); no other
between group differences in demographic variables or comorbidities for which data
was available were identified in any of the studies. More severe imaging markers of
SVD tended to be negatively associated with WMH regression; in RUN DMC the
regressor group had lower baseline lesion volume (3.0cc vs 4.22 and 19,7cc in the stable
and progressor groups respectively, p < 1 x 104), higher brain volume (1094.9cc versus
1074.9 and 1032.2cc, p < 0.005) and MD normalised peak height (0.0143mm?/s versus
0.0140 and 0.0120mm?/s). In both studies with regressor subjects, the regressor group
was associated with lower lacune count (3.0 vs 2.94 and 6.0 in PRESERVE, p = 0.048;
0.33 versus 0.39 and 1.26 in RUN DMC, p < 0.001) and higher FA median (0.345 vs
0.344 and 0.322 in PRESERVE, p = 0.046; 0.347 versus 0.345 and 0.321 in RUN DMC,
p < 1 x 10% Levene’s test of homogeneity was used to ensure that ANOVA

assumptions were valid in each cohort.

Using pooled individual participant data, significant predictors for WMH regression on
univariate analysis were lower age, absence of hypercholesterolaemia, lower baseline
WMH volume and lacune count, and higher brain volume, FA median and MD

normalised peak height (see table 3.2).

On multivariate analysis including variables significant on univariate analysis only
baseline WMH volume (OR 0.36, 95% CI 0.23-0.56) and baseline FA median (OR
1.55, 95% CI 1.07-2.24) were associated with lesion regression. Figure 3.4 shows how
the probability of lesion regression depended on baseline WMH volume across the three
cohorts, with regression being associated with lower baseline WMH volume; there was

no clear WMH threshold beyond which lesion regression did not occur.
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Univariate models Final multivariate model

Predictor variables B SE p value B SE OR t- p value
statistic

Study (RUN DMC vs -0.479 0.364 0.18

PRESERVE

Age (years) -0.055 0.016 <0.001

Sex (male vs female) 0.259 0.252 0.304

Hypertension (yes/ no) -0.534 0.341 0.12

Hypercholesterolaemia  -0.637  0.259 0.0014

(yes/no)

Diabetes (yes/no) -0.295 0.34 0.39

Smoking (yes/no) -0.117 0.334 0.73

Baseline WMH (cc) -1.062 0.171 <1x10 -1.021 0.227 0.361 <1x10° <1 x10*
(0.230
0.565)

Brain volume (cc) 0.520 0.131 <1x10*  0.191 0.218 1.210 ( 0.88 0.38
0.790 —
1.856

Lacunes (count) -0.239  0.058 <1x10*

Microbleeds (count) -0.017  0.023 0.45

FA median 0.736 0.140 <1x10*  0.441 0.189 1.553 2.335 0.019
(1.07 -
2.251

MD peak height (mm?/s)  0.820 0.145 <1x10*  0.054 0.260 1.05 0.209 0.83
(0.634
1.757)

Table 3.2. Predictors of WMH regression using ordered logistic regression assessed on both
univariate and multivariate analysis. f = unstandardised f coefficient; SE = standard error;
OR = odds ratio [(95%CI)]; WMH = white matter hyperintensities; FA = fractional anisotropy;
MD = mean diffusivity
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Figure 3.4. Probability of showing WMH regression versus baseline disease

severity measured as WMH volume (cc).
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Intra-rater reliability in WMH marking technique

Ten participants from the RUN DMC and PRESERVE studies were randomly selected
and re-marked separately to the main study, in a re-randomised order and using the
same blind-to-timepoint parallel method. The intraclass correlation coefficient was
excellent at 0.93 (95% CI 0.87 — 0.95), and, importantly, when categorised as regressor
/ stable / progressor, all participants were in the same class as they had been during

the original marking (figure 3.5).

%)

WMH progression - repeatability analysis (cc)

0 10 15 20
WMH progression - first analysis (cc)

Figure 3.5. Calculated change in WMH difference between pairs of scans during original analysis

and repeated analysis.

Discussion

I found only modest regression of WMH lesion volume in a small proportion of
individuals over follow-up periods of between two and five years in this pooled study
across three prospective cohorts with symptomatic SVD. Using a definition of 0.25cc
to define regression, the proportion of participants demonstrating regression was 0%,
2.2% and 14.3% in SCANS, RUN DMC and PRESERVE respectively. When defining
“regressors,” using a threshold of one standard deviation of the inter-scan WMH change,
there were no regressors in any population. These values are lower than reported in

recent literature.93,29
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The only factor that consistently predicted regression was a lower severity of SVD
(and particularly less white matter damage) defined by other imaging variables.
Participants who demonstrated lesion regression had a lower WMH burden at baseline.
On multivariate analysis both WMH volume, and white matter microstructural
integrity as assessed by FA, were associated with regression. Taken together, these
results suggest that WMH regression may be more likely early in the disease process

and in less severely affected patients.

Previous analysis of the RUN DMC cohort found lesion regression in 26 participants
(9.4%) between 2006-2011 and in five participants (1.8%) between 2011-2015.268 The
WMH lesion volumes I calculated, even though obtained by a different method,
correlated very highly with previously published values. In this analysis I only used
data from the 2011 and 2015 timepoints due to a scanner change between 2006 and
2011, and during this period our estimate of 2.2% is very similar to the 1.8% previously
reported. The much higher proportion of regressors between 2006-2011 compared to

2011-2015 might be related to the measurement of WMH on different scanners.

In PRESERVE, there were a higher number of regressors. The reason for this is
uncertain. Of note it was a multicentre study with image acquired on multiple scanners,
and even in the standard blood pressure treatment arm in PRESERVE there was a
reduction in mean blood pressure reduced by 15.3 mmHg2%. It is possible that this
led to regression in some patients, as blood pressure lowering has been shown to reduce
WMH progression in the SPRINT-MIND trial.240 Additionally, patients may have
better outcomes by virtue of their inclusion in clinical trials, potentially due to

improved healthcare access and more detailed observation.304

Strengths of this study included the use of multiple cohorts that included participants
with a range of mild to moderate to severe SVD, the larger sample size allowing
associations between demographic risk factors / imaging markers and regression to be

examined, and the rater being blinded to timepoint the minimise any bias in the
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application of the semi-automated lesion marking technique that we used. The

technique had excellent intra-rater reliability.

Limitations of the study include the differing intervals between follow-up imaging in
each cohort. I was also limited by the understanding of scan-rescan reliability and the
lack of consensus for acceptable noise in WMH measurement. This has been tested in
small cohorts with various image analysis techniques305306_ but it is still unclear to
what extent small fluctuations in WMHs should be expected from imaging across
multiple timepoints. If the measurement error in WMH calculation is similar to a
definitive estimate of natural WMH variation then the WMH regression I observed in

a small number of participants may be pathophysiologically insignificant.

A specific uncertainty is whether subtle differences in slice angle position chosen for
the repeated MRI acquisitions may affect estimates of lesion progression.
Conventionally it is thought that any discrepancies in slice position should offset each
other in three dimensional space; however, if the slice thickness approaches lesion size
(as is very plausibly the case in FLAIR images with an inter-slice gap of 3mm or 5mm),
it may be possible for lesions to be captured on one set of images but fall between slices
in another, producing an apparent reduction in WMH volume. (This is quite possible
in the other direction producing an apparent WMH growth, but given that the
magnitude of WMH change in progressors was considerably higher in regressors it is
likely to have less influence on the overall measurements. An illustration of how this

might be realised is given in figure 3.5.

This analysis does not exclude the fact that individual white matter lesions can regress,
and this has been clearly demonstrated.®? However it does suggest that in symptomatic
SVD it is unusual for total WMH lesion volume to regress. This reassuring in the use
of WMH as a surrogate endpoint in clinical trials and suggest that previous power
calculations performed without considering regressors are likely to be accurate. Future
studies testing interventions in SVD or performing longitudinal analysis of white

matter damage in other populations (such as participants with cardiovascular risk
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factors or cognitive impairment) should consider a similar blind-to-timepoint analysis

method.

Figure 3.5. Sagittal FLAIR image of an SVD patient.. Red lines indicate hypothetical MRI slices used
to acquire axial images with 5mm slices (A,B) or 2mm slices (C,D). In (A), the green lesion appears in
two slices, the yellow lesion in three and the blue lesion in four slices, and the volume would be
calculated accordingly. (B) shows an identical image with a pitch rotation of 10° applied to the image
slices. In this case, the green lesion appears in one slice, the yellow lesion in two slices and the blue
lesion in three slices. Although different surface areas are measured in the slices in (B), as the slice
thickness approaches the lesion size the removal of a slice might cause an apparent reduction in lesion
volume. This is not an issue when the slice thickness is much smaller than the lesion; in (C), the slices
have the same angle as (A) and the green lesion appears in four slices, the yellow lesion in five slices
and the blue lesion in nine slices. In (D), the slices are angled as in (B) and the lesions appear in the
same number of slices as in (C).
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PART 11
Insights into small vessel disease pathophysiology from
advanced neuroimaging, and the role of inflammation

in cerebral small vessel disease.
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CHAPTER FOUR
Methods, and the MINocycline to Reduce

inflammation and blood brain barrier leakage in small
Vessel disease (MINERVA) study protocol

Content from this chapter has been published as:

Brown, RB, Tozer, DJ, Loubiére L, Hong YT, Fryer TD, Williams GB,
Graves MJ, Aigbirhio FI, O’Brien JT & Markus HS. Fur Stroke J 2022; 7: 323-
330307

Figures 4.4, 4.5 and 4.7 are reproduced from this article under a Creative Commons

Attribution 4.0 Licence.

I am the clinician responsible for the MINERVA trial, contributed to specific trial
design, gained ethical approval, recruited the participants, performed blood sampling
and neuropsychometric testing and analysed the baseline trial data. I performed follow
up imaging and neuropsychometric testing for the observational PET-MRI study.
Jessica Walsh gained ethical approval for the observational PET-MRI study, recruited
the participants, and performed blood sampling and neuropsychometric testing. Young
Hong performed image pre-processing. Daniel Tozer and Tim Fryer developed aspects
of the neuroimaging protocol, performed image pre-processing and image analysis, and
gained funding for the studies. Guy Williams and Martin Graves developed aspects of
the neuroimaging protocol and gained funding. Franklin Aigbirhio and John O’Brien

gained funding for the studies. Hugh Markus designed the studies and gained funding.
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Introduction

The experimental data presented in Part II were acquired from two phases of a research
study funded by a Medical Research Council Experimental Medicine Programme Grant
(MR/N026896/1). The first component is an observational study investigating the
associations between microglial signal as a proxy measure of neuroinflammation
(measured by PET imaging), blood brain barrier (BBB) permeability (measured by
DCE-MRI) and conventional neuroimaging markers of SVD severity, peripheral
inflammatory markers and neuropsychometric performance, with follow-up at the one
year point including repeat structural MRI and cognitive testing as longer-term
outcomes. The second phase of the study is an ongoing randomised, double-blind
placebo-controlled clinical trial in patients with SVD, with primary outcomes based on
these advanced neuroimaging markers. This chapter presents the experimental
methods used to identify and recruit participants, and to analyse the neuroimaging
and the blood samples, that are common across both studies. It goes on to present
methods for dealing with additional laboratory analysis of blood and CSF that are
implemented only in a subgroup of the trial participants, and the details of the

intervention itself.

Phase I: Observational PET-MRI study

60 participants were recruited to the observational arm of this study and underwent
baseline assessment including PET-MRI (using the radioligand ''C-PK11195, which
binds to microglia), phlebotomy and neuropsychometric testing and follow-up after one
year including conventional MRI and repeat neuropsychometric testing. Of these, 20
had symptoms of lacunar stroke, cognitive impairment or gait apraxia attributable to
SVD with at least moderately severe white matter damage on MRI (Fazekas scale”™ 2
2); these constituted the sporadic SVD group. 20 had a monogenic form of SVD
(CADASIL) with a proven cysteine changing mutation in the Notch3 gene predicted

to be pathogenic according to the Association of Clinical Genetic Science (UK). The
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two patient subgroups were enrolled at least three months after clinical stroke to
minimise the risk of enhanced 1!C-PK11195 binding or BBB permeability due to the
acute lesion.308399 The remaining 20 participants were healthy stroke-free control

individuals.

Figure 4.1 illustrates the design of the observation PET-MRI study. The methods and
main findings of this phase of the study have already been published?!® but are
summarised here (methods) and in the introduction and relevant subsequent chapters

where context is required (results).

ISpnradicS\ﬂJ (n=20) | @ : D ' o2
esmmﬁ,
CADASIL(n=20)] " ~. * Pogy,

1 year

Stroke-free control
(n=20)

PET-MRI including DCEMRI MNeuropsychometric testing

Phlebotomy

m MRI [conventional seguences only) rﬂ; Treatment period

Figure 4.1. Observational phase study design.

Patient selection

Participants were recruited from inpatient and outpatient stroke services at Cambridge
University Hospitals NHS Foundation Trust and the National CADASIL service run
by Prof Hugh Markus. Figure 4.2 shows the inclusion and exclusion criteria for the
study. Control participants were recruited from a database of healthy individuals who
had indicated that they would be willing to take part in stroke research. Although
presence of auto-immune and inflammatory diseases or prescription of
immunomodulatory treatments were not explicit exclusion criteria for this study, in

practice this did not apply to any of the recruited participants.

-95 -



Inclusion criteria

Sporadic SVD group

+ Clinical evidence of a lacunar stroke syndrome (eg pure motor stroke, pure sensory
stroke, sensorimotor stroke or ataxic hemiparesis, or clumsy hand dysarthria
syndrome) with a corresponding acute lacunar infarct on diffusion weighted imaging
(DWI) for cases imaged (clinically) within 3 weeks of stroke or an anatomically
compatible lacunar infarct on

« FLAIR/T1 MRI for cases imaged later after stroke (<=1.5cm diameter).

o Confluent white matter hyper-intensities on T2 weighted MRI

* At least 3 months after last stroke to exclude BBB changes secondary to acute
infarction.

CADASIL group

+ Subjects with a confirmed genetic diagnosis due to a recognised NOTCH 3 mutation

e At least 3 months after last stroke to exclude BBB changes secondary to acute
infarction.

Control group
» Stroke free subjects of similar age to patient groups

« No evidence of other major neurological conditions

Exclusion criteria

SVD and CADASIL group exclusion criteria:
¢ Unable/unwilling to consent

¢« MMSE <21 (for consent issues)

s Age<i8

e Lacunar infarcts >1.5cm — as many of these are striatocapsular infarcts caused by
embolism

+ FEvidence of cortical stroke

o Any stroke cause other than SVD including:

¢ Cardioembolic source

+ Carotid or vertebral stenosis >50% measured on NASCET criteria

¢« Estimated glomerular filtration rate (eGFR) =<59 ml/min/1.73m2 within past 3

months. Estimated GFR will be calculated using the Modification of Diet in Renal
Disease (MDRD) equation:

186 x (Creatinine / 88.4)1.154x (Age) - 0.203 x (0.742 if female) x (1.210 if black)
No conftraindications to taking part in MRI study, e.g., pacemaker

Women of child bearing age

Control groups exclusion criteria:

¢ Unable/unwilling to consent

¢« MMSE <21 (for consent issues)

¢ Age<i8

+ Any MRI evidence of lacunar infracts or leukoaraiosis (>grade 1 in either
periventricular or deep white matter regions on the Fazekas scale
eGFR=<59 within past 3 months
No contraindications to taking part in MRI study, e.g., pacemaker
¢ Women of child bearing age

Figure 4.2. Inclusion and exclusion criteria of observational phase PET-MRI cohort.
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Imaging acquisition
The neuroimaging protocol included PET and MRI which were co-acquired on a 3T
GE SIGNA PET-MRI scanner (GE Healthcare, Waukesha, WI, USA) at the Wolfson

Brain Imaging Centre in Cambridge, UK. Baseline imaging included:

1. PET data acquisition for 75 minutes following the injection of 'C-PK11195
(target injection activity 500MBq) produced at the Wolfson Brain Imaging

Centre Radiopharmaceutical Unit.

2. Simultaneous whole brain non-contrast MRI using a 32-channel head coil (Nova
Medical, Wilmington, MA, USA) including T;- and To-weighted images,
FLAIR, DTT and susceptibility weighted images. Complete sequence details are

given in Appendix B.

3. DCE-MRI to acquire dynamic T1 maps in a sub-volume of the brain chosen by
the researcher to be representative of the burden of SVD in each patient. A
Gadoterate meglumine, a Gadolinium-based contrast agent (Dotarem@®)) was
injected at a sub-clinical dose of 0.025mmol/kg. The dynamic T1 relaxation
time was mapped prior to injection and this was followed by eight cycles of post
injection T1 mapping using an in-house developed pulse sequence that
repeatedly acquires six 3D radiofrequency spoiled gradient echo images with

different flip angles.

Follow-up MRI only imaging was performed after one year and included T1- and T2-
weighted images, FLAIR, DTI and susceptibility-weighted images acquired on the

Same Scanner.

Image analysis
WMH lesions were marked using Jim version 8.0 (http://xinapse.com/j-im-software/).

The method described in chapter three was employed to blind the rater to timepoint;
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baseline and follow-up images were marked slice by slice on a parallel split screen and
displayed randomly in terms of order of acquisition to reduce the risk of bias. T1 images
were processed using the ‘Segment’ routine in SPM12 to produce tissue probability
maps for each tissue class after removal of the WMH mask. WMH and normal
appearing white matter masks were then eroded by 3mm to eliminate contamination

from CSF or grey matter.

The T1 maps from the DCE-MRI were calculated using the standard radiofrequency
spoiled-gradient echo signal equation and used to estimate the gadolinium
concentration in tissue using a Patlak graphical analysis to determine influx rate (Kiy)
as the measure of BBB permeability.?1? As there is no artery in the field of view, the
superior sagittal sinus was used as an arterial input function, corrected by the factor
(1 — haematocrit), which is assumed to be representative of the arterial concentration
of contrast agent.3!! Voxels of increased BBB permeability (‘hotspots’) were defined
as those with a Kj, greater than the 95 percentile of permeability derived from an

existing cohort of stroke-free control participants.

List-mode PET data were histogrammed into 55 time bins and reconstructed using
time-of-flight ordered subsets expectation-maximization (matrix size 128 x 128 x 89,
final resolution 2.0 x 2.0 x 2.8mm).3!? Attenuation correction was performed using a
multi-subject atlas method.?!3 Image were reconstructed to correct for random
coincidences, dead time, normalization, scattered coincidences, radioactive decay, and
sensitivity. SPM12 was used to realign each dynamic image series which was then co-

registered with the T1 MRI sequence using a mean realigned PET image.

The specific binding of "C-PK11195 was estimated by determining the binding
potential relative to a non-displaceable reference tissue (BPxp) using a basis function
implementation of the simplified reference tissue model, incorporating correction for
vascular binding.3!* The white matter reference tissue input was estimated by
supervised cluster analysis®!® using data from a library of previously-collected 'C-

PK11195 scans of healthy control participants using the same PET-MRI scanner.
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Binding hotpots were defined similarly to the BBB permeability measures above as
voxels about the 95t percentile of control participants. Figure 4.3 shows an example
of the maps of 1C-PK11195 binding and BBB permeability hotspots that were

produced using this technique.

Figure 4.3. Representative FLAIR image from a study patient with hotspot maps of BBB permeability
(yellow) and 11C-PK11195 binding (blue) overlaid.

DTI images were analysed using FSL software ("FDT"; FMRIB’s Diffusion
Toolbox, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT) to correct for eddy current effects
and to create a binary brain mask in DTI space. Maps of FA and MD were created
from this data using the DTIFIT tool. Spurious cerebrospinal fluid voxels based on
thresholds of MD values above 2.6 x 104 mm2s-1 and FA >1 were removed. For each
participant, the FMRIB Linear Image Registration Tool was used to register the
FLAIR and B0 images. Tissue segments and WMH masks were then transformed into

DTTI space and used to create tissue specific FA and MD histograms.

Blood sampling, processing, and analysis

10ml of blood was collected at the baseline imaging appointment into serum separator
tubes. After being left for at least 30 minutes to clot, the samples were centrifuged at
1000g for 15 minutes and the supernatant was aliquoted into 2ml Eppendorf tubes.

Samples were stored at -80°C for en bloc analysis.
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Samples were sent to the University of Cambridge Core Biochemical Assay Laboratory
for measurement of high sensitivity C-reactive protein (hsCRP) using an enzyme-linked

immunosorbent assay (Siemens Healthineers, Erlangen, Germany).

A further sample was sent for analysis using a commercially available proteomics
platform (Olink; https//olink.com/). This platform uses a novel proximity extension
assay technique incorporating a specific antibody against each target protein that has
been modified with a single strand DNA primer; complementary pairs hybridise and
are amplified by quantitative PCR where the numbers of cycles required is taken as a
negative proxy for the concentration of the target protein. I selected the Cardiovascular
Disease III panel which includes 92 protein biomarkers related to cardiovascular disease
and inflammation, including cell adhesion molecules such as ICAM-2, matrix
metalloproteases such as MMP-3, MMP-9 and TIMP-4, and conventional makers of
cardiovascular endothelium activation or angiogenesis such as vWF and t-PA

(https://www.olink.com /products-services/target /cardiometabolic-panel /).

Neuropsychometric testing

Participants underwent neuropsychometric testing at the baseline appointment using
a panel of cognitive tests that have previously been optimised for use in patients with
SVD.3Y These were specifically chosen to assess the cognitive domains that are typically
impacted in SVD (executive function — EF, processing speed — PS and working memory
— WoM). Long term memory (LTM) was also assessed. Details of the panel of tests
included is given in table 4.1. In addition, an estimate of pre-morbid IQ) was obtained

using the National Adult Reading Test (NART - restandardised, 2" Edition36).

Performance on each task was transformed to a zscore by comparison with the best
available age scaled reference data. The zscores from each task were averaged within
each domain tested to produce and overall domain score; an overall global cognition

(GC) score was constructed by averaging across domains.
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Neuropsychometric Assessments used
domain

Working memory Digit span

Episodic (long term) memory | Logical memory | & Il and visual reproduction | & Il
from the Wechsler Memory Scale-IV
(www.pearsonclinical.co.uk)

Processing speed Digit symbol substitution, Brain Injury Rehabilitation
Trust Memory and Information Processing Battery
(www.thedtgroup.org/research/bmipb), and the
grooved pegboard task (https://www.advys.be/docs/)

Executive function Trail-making test (part B, Reitan, R. M., & Wolfson, D.
(1985). The Halstead—Reitan Neuropsychological
Test Battery: Therapy and clinical interpretation.
Tucson, AZ: Neuropsychological Press), single letter
verbal fluency, and the Wisconsin card sort test
(Grant, D. A., Berg, E. (1948). A behavioral analysis
of degree of reinforcement and ease of shifting to new
responses in a Weigl-type card-sorting problem.
Journal of Experimental Psychology, 38, 404-411)

Table 4.1. Cognitive domains assessed and specific neuropsychometric test used in each domain

in the observational phase.

Ethical and regulatory approval
This study was approved by the East of England -Cambridge South Research Ethics
Committee (reference: 16/EE/0468) and the Administration of Radioactive Substances

Advisory Committee (ARSAC ref: 83/3886/35752). All participants provided informed

written consent.

Phase II: the MINocyclinE to Reduce blood-brain barrier
permeability and inflammation in small Vessel diseAse

(MINERVA) trial

44 participants were recruited to the interventional phase of the study. The

MINocyclinE to Reduce blood-brain barrier permeability and inflammation in small
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Vessel diseAse (MINERVA) study is a double-blind, placebo-controlled randomised

clinical trial of Minocycline in patients with SVD.

Minocycline is a semi-synthetic tetracycline-derivative antibiotic that has been
modified to increase its penetrance into the CNS. Minocycline is purported to have
anti-inflammatory properties within the brain, reducing the activation of microglia,3!7
and may be effective in stabilising the BBB.3!® In a rodent model of SVD (using the
spontaneously hypertensive stroke-prone rat), it was significantly associated with
reduced white matter damage and with improved behavioural and survival
outcomes.”* Similar experiments in a different preclinical model (Wistar rats which
underwent permanent bilateral carotid artery occlusion) showed that minocycline
treatment was significantly associated with a reduction in ischaemic damage in white
matter tracts and attenuated immunohistochemical staining of MMP-2.319
Additionally, in mice with bilateral carotid artery stenosis, minocycline treatment was
associated with preservation of electrophysiological response in the corpus callosum
and with a reduction in microglial proliferation seen in post-mortem

immunohistochemical studies.?20

Primary outcomes from the MINERVA study should provide robust evidence of
whether this intervention can influence the inflammatory response in SVD based on
HC-PK11195 binding, and whether it can affect BBB permeability measured by DCE-
MRI. If positive, it would imply that both processes can be altered in parallel, whereas
if only the PET or DCE-MRI outcomes are positive it would provide further evidence
that these changes occur at different points in the disease process and should be

targeted by different disease modifying strategies.

In addition to these primary endpoints of microglial activation and BBB permeability,
the MINERVA study should provide detailed assessments of the effect of this
intervention on radiological measurements of SVD and the activation of the systemic

immune response using conventional MRI markers of SVD and immunophenotyping
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of peripheral blood respectively. Follow up after one year will allow assessment of any

longer-term effects on brain structure/pathology and cognitive performance.

Inclusion and exclusion criteria were broadly the same as in the sporadic SVD arm of
the observational study. White matter disease caused by CAA might have different
pathological mechanisms, and participants with probable CAA defined using the
modified Boston criteria3?! (2010 version, superseded after trial recruitment ended)
were excluded. Patients with known or suspected monogenic forms of SVD, including

CADASIL, were also excluded pending confirmatory genetic testing.

Figure 4.4 illustrates the MINERV A study design. The study protocol already been

published?®07 and relevant parts of the methods are presented here.

Stroke due
to SVD

2 3 months 9 months
PET-MRI including DCEMRI » Neuropsychometric testing
4 MRI (conventional sequences only) m Treatment period
m Phlebotomy E%‘ Lumbar puncture (optional)

Figure 4.4. MINERVA study design and trial flowchart.

Trial procedures and interventions

Patients were randomised to intervention or placebo in the ratio 1:1 with a random
permuted block randomisation design (block size of 2/4). Randomisation was

performed via a web-based system managed by Sealed Envelope Ltd
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(www.sealedenvelope.com). Participants in the intervention arm received minocycline
100mg orally twice daily; participants in the placebo arm took a matching cellulose

capsule. Participants and investigators were blinded to treatment allocation.

Participants underwent visits at baseline (for PET-MRI using the imaging protocol as
above in the observational phase, blood sampling and neuropsychometric testing), six
weeks (for clinical check-up) and three months (for post-treatment data collection,
phlebotomy and repeat PET-MRI). Participants will be followed up again at one year

for non-contrast MRI and repeat neuropsychometry (data collection ongoing).

All participants were asked if they would consent to CSF sampling by lumbar puncture

and if consenting this was also performed at the baseline appointment.

Patient selection
Participants were recruited from inpatient and outpatient stroke services at Cambridge
University Hospitals NHS Foundation Trust. Figure 4.5 shows the inclusion and

exclusion criteria for the study.

Imaging acquisition

The baseline neuroimaging protocol included identical sequences described above and
given fully in Appendix B for the observational phase study, with the addition of a
arterial spin-labelled sequence (ASL). This PET-MRI protocol was repeated on
completion of treatment after three months. One year follow up includes the

conventional MRI sequences only, again with the addition of an ASL sequence.

Image analysis

Image analysis was performed as described above in the observational phase.
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Eligibility Criteria
Inclusion criteria

¢ Clinical evidence of cerebral small vessel disease as evidenced by one or more of:

o a lacunar stroke syndrome (e.g. pure motor stroke, pure sensory stroke,
sensorimotor stroke or ataxic hemiparesis, or clumsy hand-dysarthria
syndrome) with a corresponding acute subcortical infarct on diffusion weighted
imaging (DWI) for cases imaged (clinically) within three weeks of stroke or an
anatomically compatible lacunar infarct on FLAIR/T1 MRI for cases imaged
later after stroke (£1.5cm diameter).

o Self-reported symptoms of cognitive impairment

o Gait apraxia

AND

¢ Confluent white matter hyperintensities on T2 weighted MRI (Fazekas scale score =
2)

Exclusion criteria

¢ Unable/unwilling to consent
¢ Recorded diagnosis of dementia for consent issues and to ensure cognitive testing is
possible (or lack of capacity to consent and complete testing via clinician assessment)
e Age<18
¢ Lacunar infarcts >1.5cm — as many of these are striatocapsular infarcts caused by
embolism
Evidence of cortical stroke
Any stroke cause other than SVD including:
o Cardioembolic source
o Carotid or vertebral stenosis >50% measured on NASCET criteria
e Estimated glomerular filtration rate (eGFR) < 59 ml/min/1.73m? within past three
months. Estimated GFR will be calculated using the Modification of Diet in Renal
Disease (MDRD) equation:
186 x (Creatinine / 88.4) 1154 x (Age) 9203 x (0.742 if female) x (1.210 if black)
¢ No contraindications to taking part in MRI study, e.g. pacemaker
¢ Women of childbearing potential, pregnant or breastfeeding
Concurrent inflammatory/autoimmune conditions or taking immunosuppressive or
immunomodulatory medication
Other neurological or neurodegenerative disorder
Absolute or relative contraindications to treatment with minocycline:
o Allergic to minocycline hydrochloride or other similar antibiotics
o Suffer from myasthenia gravis, have impaired liver or kidney function, or
systemic lupus erythematosus (SLE)
o Sensitivity to sunlight or artificial light (e.g. sunbeds)
o Taking medication contraindicated with minocycline

Figure 4.5. MINERVA inclusion and exclusion criteria
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Blood sampling, processing, and analysis

10ml serum was collected and processed as above in the observational phase to be
analysed for hsCRP and the Olink CVD-III proteomic panel, both pre- and post-
treatment. A further aliquot was sent to the UK Dementia Research Institute Fluid
Biomarkers Laboratory (University College London) for quantification of
neurofilament light (NfL) and glial fibrillary acidic protein (GFAP) using the Simoa(®)
platform (Quanterix, Billerica, MA, USA). This technology uses antibodies against a
target bound to larger paramagnetic beads, in combination with a fluorescent detection
antibody. At ultra-low concentrations, each bead binds one or no molecules of the
target antigen and the sample is then loaded into a 200,000 microwell array where the

fluorescence can be quantified.

6ml whole blood was collected in a sodium heparin tube and analysed with the
CyTOF@®) mass cytometry platform using a Helios™ cytometer (Standard BioTools
Inc, San Francisco, CA, USA), also both pre- and post-treatment. Mass cytometry
allows high dimensional profiling of immune cells where antibodies against the key
discriminatory surface antigens are conjugated with heavy metal cations, avoiding
between-channel crosstalk that can be an issue for conventional fluorescence-based flow
cytometry. I selected the Maxpar@®) Direct™ Immune Profiling assay which is a
preconfigured and standardised 30 antibody channel analysis tube allowing
identification of 37 cell lines including classical, non-classical and intermediate
monocytes, B- and T-lymphocyte subsets, granulocytes, and NK cells (table 4.2;

product literature available at https://fluidigm.com/area-of-interest/immune-

profiling/ ).

Neuropsychometric testing
Participants underwent the same neuropsychometric test battery as those included in
the observational phase study; additionally they were asked to complete the Geriatric

Depression Scale and Fatigue Severity Scale questionnaires (table 4.3).
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Cell surface markers

Cell lines identified

CD3

CD4

CD8

CDl11c
CD14

CD16 CD19
CD20

CD25

CD27

CD28

CD38 CD45
CD45RA
CD45R0O

CD56
CD57
CD66b
CD123
CD127
CD161
CD294
CCR4
CCR6 CCRT7
CXCR3
CXCR5H
HLA-DR
IgD
TCRyd

Naive, central memory, effector memory,
terminal effector CD4+ T cells

TH1, TH2, TH17 T cells

Regulatory T cells

vo T cells

Naive, central memory, effector memory,
terminal effector CD8+ T cells

NK T cells

Early and late NK cells

Naive, memory and plasmoblast B cells
Classical, intermediate and non-classical
monocytes

Myeloid and plasmacytoid dendritic cells

Neutrophils, basophils, eosinophils

Table 4.2. (A) Antibody panel used in Maxpar® Direct™ Immune Profiling assay and cell line profile
identified.

Cerebrospinal fluid sampling

All patients enrolled in the trial were asked if they would additionally give a sample

of cerebrospinal fluid (CSF), taken via a lumbar puncture (LP). If they consented, LP

was performed at the baseline appointment (after the MRI scan, to avoid any spurious

increases in BBB permeability introduced by the procedure) or the day after. Imaging

was reviewed to ensure that there were no contraindications to the procedure

(including raised intracranial pressure) and participants who were normally taking

clopidogrel for stroke secondary prevention prescribed aspirin instead for seven days

prior to the procedure in accordance with guidance from the Association of British

Neurologists.322
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Neuropsychometric domain

Assessments used

Working memory

Digit span

Episodic (long term) memory

Logical memory | & Il and visual reproduction | & Il
from the Wechsler Memory Scale-IV
(www.pearsonclinical.co.uk)

Processing speed

Digit symbol substitution, Brain Injury
Rehabilitation Trust Memory and Information
Processing Battery
(www.thedtgroup.org/research/bmipb), and the
grooved pegboard task
(https://lwww.advys.be/docs/)

Executive function

Trail-making test (part B, Reitan, R. M., & Wolfson,
D. (1985). The Halstead—Reitan
Neuropsychological Test Battery: Therapy and
clinical interpretation. Tucson, AZ:
Neuropsychological Press), single letter verbal
fluency, and the Wisconsin card sort test (Grant,
D. A., Berg, E. (1948). A behavioral analysis of
degree of reinforcement and ease of shifting to
new responses in a Weigl-type card-sorting
problem. Journal of Experimental Psychology,
38, 404-411)

Mood assessment (apathy
and depression)

Geriatric Depression Scale
(http://www.stanford.edu/~yesavage/GDS.html)

Fatigue severity assessment

Fatigue severity scale (Krupp, L. B., LaRocca, N.
G., Muir-Nash, J., & Steinberg, A. D. (1989). The
fatigue severity scale. Application to patients with
multiple  sclerosis  and systemic  lupus
erythematosus. Archives of Neurology, 46, 1121
1123)

Table 4.3. Cognitive domains assessed and specific neuropsychometric tests and questionnaires
used in each domain in the MINERVA trial

Patients were positioned in the left lateral decubitus position and 4-5ml 1% lidocaine

was infiltrated at the L3/4 or L4/5 spinal level. A 22G atraumatic spinal needle was

inserted and 30ml CSF withdrawn. Participants were advised to lie flat for 30-60

minutes after the procedure to minimise the risk of lumbar puncture associated

headache.
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10ml CSF was centrifuged at 2000g for 10 minutes. The supernatant was aliquoted
into 2ml Eppendorf tubes and stored at -80°C for en bloc analysis. CSF albumin was
measured at the University of Cambridge Core Biochemical Assay Laboratory by
ELISA using a Siemens Dimension EXL auto-analyser . To allow calculation of the
CSF /serum albumin ratio, CSF samples were sent with a matching sample of serum
from the same patient as collected above which was also quantified using ELISA by

the same method.

CSF samples were also sent to the UK Dementia Research Institute Fluid Biomarkers
Laboratory (University College London) to measure NfLL and GFAP using the Simoa®)

platform as above.

[ * Assessed for eligibility (n = )

Excluded (n = )

| O Not meeting inclusion criteria (n= )
1 Declined to participate (h= )

0O [Other reasons]

Randomised (n = )

¥ Allocation :

Allocated to minocycline (n = ) /Allocated to placebo (n = )
0 Completed treatment (n = ) 0O Completed treatment (n = )
O Did not complete treatment [with O Did not complete treatment [with
reasons] (n = ) reasons] (n = )
, | Folowwr | }
s
Lost to follow-up [with reasons] (n = ) Lost to follow-up [with reasons] (n = )
Discontinued treatment [with reasons] (n = ) Discontinued treatment [with reasons] (n = )
| i ]
ol
Analysed on intention to treat basis (n = ) Analysed on intention to treat basis {(n = )
O Excluded from analysis [with reasons] (n= ) 0O Excluded from analysis [with reasons] (n= )
Included in per-protocol analysis (n = ) Included in per-protocol analysis (n = )

Figure 4.6. MINERVA study CONSORT reporting diagram template.
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Statistical analysis and power calculations

Participant recruitment is reported in a Consolidated Standards of Reporting Trials
(CONSORT) diagram (template shown in figure 4.6). Differences between the
treatment and placebo groups will be tested using y? tests (categorical data) and one
way ANOVA or Mann-Whitney U tests (for normal or non-normal continuous data)

as appropriate.

Primary outcome analysis will be performed on an intention-to-treat basis, including
all randomised participants. As the MINERVA trial primary outcomes consider the
treatment with minocycline as an experimental probe rather than a clinical endpoint,
intention-to-treat analysis might bias the results towards the null hypothesis and so
per-protocol analysis will also be performed including only participants who complete
the treatment course. Outcomes will be tested using standard regression models both
unadjusted and adjusted for age, sex and demographic or clinical variables that are

significantly different between groups.

Using the data from the observational phase study?!3, I calculated that in order to
show a 20% reduction in MC-PK11195 binding metrics with power of 80% and o =
0.05, we require 17 participants in each arm. To demonstrate a 20% reduction in BBB
permeability with these constraints, 21 participants per arm are required. The sample

size of 22 per arm encompasses these requirements.

Safety and adverse event reporting

The radiation dose during PET imaging is approximately 2.6mSv (the equivalent of
one year of background environmental radiation). Participant information states that
this confers a small additional lifetime risk of developing cancer, and patients consent
explicitly to this level of radiation exposure. 3T MRI does not have any adverse clinical
effects, but as gadolinium contrast usage can lead to nephrogenic systemic fibrosis in
participants with renal dysfunction, only patients with an estimated glomerular

filtration rate of 60ml/min/1.73m? were recruited.
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Minocycline is a safe and well-tolerated medication but potential side effects include
gastrointestinal disturbance, dizziness, and skin rashes/discoloration. Patients are
provided with an alert card and emergency contact details for the study clinician in
case of any possible side effects. Data are collected on adverse reactions in keeping
with the Summary of Product Characteristics for minocycline during the treatment
period. Additional safety outcomes include recurrent stroke or other cardiovascular
events during the treatment period and at one year, and change in neuropsychometric

test performance.

Data capture / data access

Data were recorded electronically using an online research data management tool
(REDCap) hosted at the University of Cambridge.??3 REDCap (Research Electronic
Data Capture) is a secure, web-based software platform designed to support data
capture for research studies, providing validated data capture, audit trails for tracking
data manipulation and export procedures, and procedures for importing data from
external sources. After study completion, cleaning and database finalisation and our
pre-specified analyses, anonymised data will be made available for secondary uses to

the wider scientific community subject to reasonable request.

Ethical and regulatory approval

The MINERVA study was approved by the East of England — Cambridge Central
Research Ethics Committee (reference 18/EE/0237) and was classified as a non-
CTIMP (clinical trial of investigational medical product) by the Medicines and
Healthcare products Regulatory Authority. The use of 1'C-PK11195 was approved by
the UK Administration of Radioactive Substances Advisory Committee (ARSAC,
Research ID 176; 19/09/2018). The study was registered prospectively on the
International Clinical Trials Registry Portal (reference ISRCTN15483452).

The cerebrospinal fluid sampling was approved by the East of England — Cambridge
Central Research Ethics Committee (reference 19/EE/0008).
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Potential limitations

The MINERVA study was There are potential limitations to this trial. The PET
radioligand used is known to have off-target binding32* and its receptor is expressed in
multiple cell lines in addition to microglia?®?; the application of a reference tissue
kinetic model described above aims to mitigate this by increasing the specificity for
brain parenchyma. In addition, the resolution of PET imaging is not as high as the 3T
MR images and this may provide less anatomically specific details about the resolution

of any areas of increased signal.

A further consideration is that the dose of minocycline that was effective in the rodent
model?3* may not translate to a human study. Minocycline has previously been tested
unsuccessfully in neurodegenerative conditions such as Parkinson’s disease,??® and
Alzheimer’s disease??6, as well in neurological disorders with a less obvious
inflammatory or degenerative component such as traumatic brain injury®2” and
schizophrenia.3?® Issues with adverse effects, compliance and equivalent dosing might
impact translatability; particularly the latter as doses used in preclinical studies are
generally significantly higher than the licensed dose in humans. However, this
mechanistic study using advanced neuroimaging markers might provide proof-of-
concept level evidence even if clinical benefit is not demonstrated. If positive, the
results might inform sample size calculations for future trials powered to detect clinical
efficacy and support the testing of alternative pharmacological agents to dampen the

innate immune response.

Pooled PET-MRI cohort

For the purposes of assessing baseline associations between demographic variables and
cardiovascular risk factors and measurements of BBB permeability, 1C-
PK11195 binding and markers of inflammation in peripheral blood, patients with SVD
from the observational phase study were pooled with unique patients recruited to the

MINERVA trial. Figure 4.7 shows which elements of the study procedures are
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analogous; as the treatment in the MINERVA could potentially affect one year
outcomes, and the study is ongoing, the data in the remainder of this thesis is from
the baseline visits only (pooled cohort) or from the observational phase patients at

baseline and follow-up.

OBSERVATIONAL PET-MRI STUDY

Sporadic SVD (n = 20) W : i . 5

egm
CADASIL(n=20)| ~ " ~ . _ "5 fosp.

1 year

Strokefreecontrol | .~

:m %
)@

MINERVA TRIAL i‘«

Stroke due ‘ L T - 7;-
to SVD ®%q 5 @ g
l m v

B months 9 months

4 (1) ‘1 ‘ . a2 2
R37/ \ A/ S
PET-MRI including DCEMRI . Neuropsychometric testing

. MRI (conventional sequences only) m Treatment period
Phlebotomy é%‘ Lumbar puncture (optional)

Figure 4.7. Schematic study diagrams of the observational phase cohort and the MINERVA trial with common
study interventions highlighted in red.
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CHAPTER FIVE
Participant demographics, conventional MRI and DTI

results, and neuropsychometric testing

I recruited the participants to the interventional study, collected demographic data,
performed neuropsychometric testing, performed follow-up neuropsychometric testing
for the observational phase participants, analysed the imaging and analysed the results.
Jessica Walsh recruited the participants to the observational phase, and performed

baseline neuropsychometric testing. Daniel Tozer assisted with the image analysis.
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Introduction

This chapter summarises the recruitment to the observational and interventional phase
studies. Details of the observational cohort and differences between the sporadic SVD,
CADASIL and control subgroups have previously been presented2!3:329; here I discuss
only the sporadic SVD subgroup and the control participants. I present the recruitment
and demographic details of the MINERVA study and test for any differences in
demographics and comorbidities between this cohort and the sporadic SVD subgroup
in the observational study. Finally I present the baseline neuropsychometric testing
results, comparing both the pooled patient group to control participants and the
patients with sporadic SVD from the observational cohort to those in the MINERV A

trial.

As the MINERVA study is ongoing, data presented include only those collected at

baseline (i.e. prior to commencement of treatment).

Of note, seven patients participated in both the observational and interventional
phases of the study. For the purposes of comparing the relationships between their
baseline demographics, comorbidities and neuroimaging measurements, the baseline
was taken to be the first visit of the observational study. For the purposes of comparing
the observational and interventional cohorts, these participants were included in both

groups.

I hypothesised that the patient group would have a higher burden of comorbidity and
more severe radiological markers of SVD than the control population, and that
neuropsychometric test scores would be correspondingly lower. I further hypothesised
that the age of the trial participants would be older and there would be a longer gap
from stroke to recruitment, as some participants overlapped in both and were by
definition older at the point of enrolment into the trial phase. However, given that the
interventional phase required significantly more participant commitment and was
significantly more intensive, an alternative hypothesis would be that younger and less

frail participants were more likely to participate in the trial.
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Methods

Participants were recruited as described in chapter four. At the baseline appointment,
demographic details, and medical history including comorbidities and medications were
collected. Participants underwent DCE-MRI and neuropsychometric testing as

described above.

Statistical analysis

Demographic data included categorical and continuous data. Between group differences
were tested using y? or Fisher’s exact tests (in case of group sizes of five or less) for
categorical data and unpaired Student’s #test or Mann-Whitney U tests (for normal
or non-normal continuous data defined using the Shapiro-Wilk test). False discovery

rate correction was applied to account for multiple comparisons.

Logistic regression models for neuropsychometric test score were constructed to test
the difference in performance between patient and control groups, including as
covariates sex, and baseline IQQ which are known to predict performance in patients
with SVD on a similarly constructed battery of cognitive tests.?? Age was not included

in the model as the neuropsychometric test results are already age-corrected.

Results

Observational phase recruitment

40 participants were recruited between 2017 and 2019; 20 in the sporadic SVD
subgroup and 20 stroke-free control participants. Technical issues with the PET-MRI
scanner, the intravenous access line for gadolinium contrast injection and "C-PK11195
production activity or quality control resulted in the following numbers of participants

having complete data collected (table 5.1):
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Sporadic

o fm o
Non-contrast MRI 20 19 59
DCE-MRI 19 19 57
PET 17 17 48
Phlebotomy 20 20 60
Neuropsychometric 20 20 60

testing
Table 5.1. Number of participants in each subgroup with complete images for non-contrast MRI,
DCE-MRI and PET respectively.
Serum samples were taken and neuropsychometric testing performed in all

participants.

MINERVA trial recruitment

44 participants with sporadic SVD were recruited between 2019 and 2022. In the event
of technical issues compromising radioligand production or DCE-MRI acquisition,
every attempt was made to reschedule the appointment to maximise the data collected

in these domains.

Three participants were unable to tolerate the MRI scanner due to claustrophobia, and
one further participant was unable to rearrange the appointment after radioligand
production failure, leaving 40 participants who completed the PET imaging. Four
participants were found to have eGFR < 60ml/min/1.73m? on the day of the scan
appointment; this ordinarily would have been checked before the scan appointment
but this was not possible at times in 2020-2021 due to the Covid-19 pandemic; these
patients underwent non-contrast MRI and PET imaging but not DCE-MRI sequences.
One participant was recruited while still an inpatient after stroke and did not complete

the neuropsychometric testing due to the severity of ongoing physical disability.
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Sporadic SVD

(n =44)
Non-contrast MRI 41 Phlebotomy 43
- serum
DCE-MRI 37 Pr}'g@%’g‘y 25
PET 40 CSF 18
Neuropsychometric 43

testing

Table 5.2. Number of MINERVA participants completing each aspect of the trial protocol

(baseline appointment).

Comparison of patient groups and control

After merging the cohorts as above, I included 57 individual patients with sporadic
SVD and 20 stroke-free control participants. Figure 5.1 displays the merged cohort
graphically, plotted by age and baseline WMH volume and stratified by group (patient

vs control) and sex.

The patient cohort was slightly older than the control group (mean age 69.8 +10.5
compared to 66.3 + 6.7 years respectively, p = 0.14) and had a slightly lower
proportion of male participants (59.6% compared to 65%, p = 0.88). There were no
significant differences in ethnic background between the two populations (defined as
proportion identifying as White British) or years in education. Regarding vascular risk
factors, the patient cohort was significantly more likely to have hypertension (87.7%
versus 30.0%, p = 2.6 x 10°%) and hypercholesterolaemia (73.7% versus 35.0%, p

0.0047) and had a significantly higher BMI (29.9 + 8.4 kg/m? compared to 26.3 + 3.3
kg/m?, p = 0.014). There were no significant differences in proportion with diabetes,
systolic / diastolic blood pressure or smoking status. Regarding comorbidities, there
was no significant difference in the prevalence of depression or migraine. The

comparison of demographics, vascular risk factors and comorbidities is presented in
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table 5.3. No participants in either phase of the study were prescribed regular

immunomodulatory, immunosuppressive or anti-inflammatory medications.

150 1
¢
g 1004 -
E ® Female
_g ¢ ®  Male
=
roup
E ’ ‘ ’ ¢ 2 Control
% % ‘ * ¢ " * + Sporadic SVD
[a4]
&
* 0: *
> ¢ ¢ « *
¢ * o * *
¢ > o 4
¢ * . o $00°
i} *® § * o “ .
0 ) O Q g;‘ C ”Q‘ ",_j\(__}’i :,
. B 70 80 90

Age at enrclment

Figure 5.1. Combined PET-MRI cohort plotted by age and baseline WMH volume,

stratified by sex and participant group.

Baseline conventional neuroimaging findings differed significantly between the patient
and control groups. As expected, indices of SVD burden were more severe in the patient
group, with higher WMH volume (29.9 + 24.5 6cc compared to 3.1 + 6.10cc, p < 1 X
106), lacune count (2.6 + 2.0 compared to 0.05 + 0.22, p < 1 x 10°%), number of
microbleeds (3.5 + 11.6 compared to 0.15 + 0.49, p < 1 x 10%) and lower total brain
volume (1413.9 + 81.7cc compared to 1448.9 + 44.1cc, p = 0.026). MRI markers of

SVD are presented in table 5.4.
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Sporadic

Control
SVvD p value
(n =20)
(n =57)
Demographics
Age (years) 69.9+105 66.3 +6.7 0.08
Sex Male 34 (59.6) 13 (65.0) 0.88
Female 23 (40.4) 7 (35.0)
Ethnicity
White British 48 (84.2) 19 (95.0) 0.40
White lIrish 4 (7.0) 1(5.0)
White other 4(7.0)
Asian 1(1.8)
(Pakistani)
Years in education 13.6+29 13.46+3.8 0.80
Vascular risk factors
Hypertension 50 (87.7) 6 (30.0) 2.6 x 10°°
SBP (mmHg) 146.6  + 1421177 041
22.6
DBP (mmHg) 76.3+13.1 81.2+9.0 0.11
Ischaemic heart disease Data only collected in trial cohort
Hypercholesterolaemia 42 (73.7) 7 (35.0) 0.0047
Diabetes mellitus 11 (19.3) 1(5.0) 0.17
Smoking (current) 26 (45.6) 8 (40.0) 0.97
BMI (kg/m?) 29.9+84 26.3+33 0.014
Co-morbidities
Depression 17 (29.8) 7 (35.0) 0.88
Migraine 17 (29.8) 5 (25.0) 0.90
Time since last stroke 12.3 n/a n/a
(5.1-20.5)

(months)

Table 5.3. Comparison of demographic and clinical factors between sporadic SVD cohort and

control group. Values are number of patients (%) for categorical variables and mean + SD or

median (IQR) for continuous variable. SBP systolic blood pressure; DBP diastolic blood pressure;

BMI body mass index; * significant at FDR corrected p < 0.05;
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Sporadic SVD Control

(n =57) (n =20) P value
Conventional MRI markers of SVD severity
WMH volume (cc) 29.9+245 3.1+6.1 *<1x10°
Lacunes 26+20 0.05 +0.22 *<1x10°
CMBs 35+11.6 0.15+0.49 *0.003
Brain volume (cc) 1413.9 1448.9 *0.026

Table 5.4. Comparison of radiological markers between sporadic SVD cohort and control group.
Values are mean + SD. WMH white matter hyperintensities; CMBs cortical microbleeds;
* significant at FDR corrected p < 0.05

Comparison of observational cohort with MINERV A trial interventional
cohort

To assess for any differences between the observational phase participants and the trial
patients, we tested for any differences in the above clinical and radiological variables

between the two cohorts.

Figure 5.2 shows the sporadic SVD group from the observational phase together with
the trial population, again presented as age versus baseline WMH volume and stratified

by sex and study phase.

The trial participants were not significantly older than the observational patient cohort
(mean age 69.1 £+ 11.2 compared to 70.9 £+ 9.0 years respectively, p = 0.52) and had
a non-significantly higher proportion of male participants (65.9% compared to 50%, p
= 0.35). There were no significant differences in ethnic background or years in
education between the two cohorts; neither were there are significant differences in the
prevalence of hypertension, hypercholesterolaemia, diabetes mellitus, BMI or smoking
status. The observational cohort had a slightly higher systolic blood pressure on entry
at the baseline visit than the MINERVA participants (153.2 + 26.6 mmHg compared

to 140.8 + 16.6 mmHg, p = 0.08). There were no differences in the rates of depression
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or migraine. The observational cohort were enrolled in the study somewhat later after

stroke than the MINERVA participants (median 31.2 compared to 13.0 months, p =

0.28). The comparison of demographics, vascular risk factors and comorbidities is

presented in table 5.5.
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Figure 5.2. Observational and interventional cohorts plotted by age and baseline WMH

volume, stratified by sex and cohort. Connected points indicate participants who participated

in both phases.
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Demographics
Age (years)

Sex

Ethnicity

Years in education

Vascular risk factors

Hypertension
SBP (mmHg)
DBP (mmHg)

Ischaemic heart disease
Hypercholesterolaemia
Diabetes mellitus
Smoking (current)

BMI (kg/m?)
Co-morbidities

Depression

Migraine

Time since last stroke

(months)

Male

Female

White Britis
White Irish

White other
Asian

Pakistani

h

Observational
(n =20)

70.9+9.0
10 (50.0)
10 (50.0)

14 (70)
3 (15)
3 (0.15)
0

13.0+2.9

18 (90.0)

153.2 £ 26.6
76.9+14.0

Data not collected
11 (55.0)

4 (25.0)

11 (55.0)
27.9+5.9

5 (25.0)
5 (25.0)

31.2
(7.5 — 29.5)

MINERVA
(n =44)

69.1 +11.2
29 (65.9)
15 (34.1)

39 (88.6)
3(6.8)
1(2.3)
1(2.3)

14127

38 (86.4%)
140.8 + 16.6
75.4 £12.0
4(9.1)

33 (75.0)

8 (18.2)

19 (43.2)
30.5 + 8.8

13 (29.6)
13 (29.6)

13.0
(5.2 - 22.5)

p value

0.52
0.35

0.14

0.16

0.99
0.08
0.71

0.19
0.99
0.83
0.18

0.99
0.99
0.28

Table 5.5. Comparison of demographic and clinical factors between observational phase sporadic
SVD cohort and MINERVA trial cohort. Values are number of patients (%) or mean + SD. SBP
systolic blood pressure; DBP diastolic blood pressure; BMI body mass index
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Baseline conventional neuroimaging parameters were very well matched between the
observational phase patient cohorts and the MINERVA cohort, with similar WMH
volume (31.9 £ 30.9cc compared to 31.3 + 26.0cc, p = 0.94) and lacune count (2.5 +
2.1 compared to 2.6 + 1.9, p = 0.92). The MINERVA cohort had slightly larger brain
volumes which approached statistical significance (1428.0 £ 76.3cc compared to 1386.0
+ 77.5cc, p = 0.060) and a slightly higher number of microbleeds that was not
significant (3.8 &+ 12.9 compared to 2.75 + 4.9). Comparison of these MRI parameters

between the two patient cohorts is presented in table 5.6.

Observational MINERVA

(n =20) (n =44) P value
Conventional MRI markers of SVD severity
WMH volume (cc) 31.9+30.9 31.3+26.0 0.94
Lacunes 25121 26+1.9 0.92
CMBs 2.75+49 3.8+129 0.65
Brain volume (cc) 1386.0 £ 77.5 1428.0 £ 76.3 0.060

Table 5.6. Comparison of radiological markers between observational cohort and MINERVA trial
cohort. Values are mean + SD. WMH white matter hyperintensities; CMBs cortical microbleeds;

Baseline neuropsychiatric test performance

The mean IQ calculated in the pooled patient cohort was 114.5 + 7.6, which was not
significantly different to that in the control participants (113.3 + 6.5, p = 0.51).
Processing speed was significantly lower in the pooled patient cohort than controls (z-
score -0.60 £ 1.23 compared to 0.42 4+ 0.43, p = 3.9 X 10°6). There were no significant
differences in scores in the executive function (EF), working memory (WoM) or long-
term memory domains (L'TM), or in global cognition (GC; table 5.7); the patient group

performed worse in all domains except executive function.
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Control Pooled patients with p value

(n =20) SVD (n =57)
IQ (NART) 113.3+6.5 1145+ 7.6 0.51
EF 0.15+0.87 0.45+1.18 0.25
PS 0.42 £0.43 -0.60 +1.23 3.9 x10°
WoM -0.0083+0.76  -0.23+£0.82 0.30
LTM 0.30+0.75 0.34+£0.91 0.87
GC 0.22 +0.52 -0.01+£0.74 0.16

Table 5.7. Comparison of neuropsychometric test scores between control participants and pooled SVD
patients (observational phase / MINERVA trial). Scores are estimated IQ (NART), zscores in specific
cognitive domains and averaged over all domains to estimate global cognition. IQ intelligence quotient; EF
executive function; PS processing speed; WoM working memory; LTM long-term memory; GC global

cognition.

Within the patient cohort, there was a significant difference in executive function sub-
scores with the MINERVA trial group scoring higher than average (0.97 4+ 0.95) and
the patients in the observational phase study performing slightly worse than average
(-0.28 £+ 1.09, p = 0.00019). There were no significant differences between the groups

in any of the other domains or in estimated global cognition (table 5.8).

Observational  MINERVA trial p value

phase patients patients (n = 37)

(n =20)
IQ (NART) 1125+7.9 116.2+7.0 0.11
EF -0.28 + 1.09 0.97 £ 0.95 0.00019
PS -0.58 +1.12 -0.61+1.34 0.94
WoM -0.09 £ 0.95 -0.32£0.72 0.36
LTM 0.31+0.71 0.36 +1.04 0.83
GC -0.16 £ 0.8 0.10 £ 0.69 0.24

Table 5.8. Comparison of neuropsychometric test scores between observational phase and MINERVA trial
patients. Scores are estimated IQ (NART), zscores in specific cognitive domains and averaged over all
domains to estimate global cognition. IQ intelligence quotient; EF executive function; PS processing speed;

WoM working memory; LTM long-term memory; GC global cognition.
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Figure 5.3. Plots of baseline executive function, processing speed, working memory, long-term
memory and global cognition zscores comparing control and pooled patient groups (A,C,E,G,I)
and observational phase cohort to MINERVA trial (respectively B,D,F.H,J). *p < 0.05; ** p
< 0.01; *** p < 0.0001
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In univariate logistic regression models, SVD patient status did not significantly
predict executive function zscore (B = 0.304, SE = 0.293, p = 0.30), working memory
zscore (B = -0.219, SE = 0.214, p = 0.31) or long-term memory zscore (3 = 0.035,
SE = 0.230, p = 0.88) but did significantly predict performance in processing speed (3
=-1.024, SE = 0.285, p = 0.00062). SVD patient status did not predict global cognition
score (8 = -0.226, SE = 0.183, p = 0.22).

In the multivariate logistic regression models, SVD patient status significantly
predicted the performance in processing speed ( = -1.127, SE = 0.297, p = 0.00039)
and global cognition (8 = -0.328, SE = 0.157, p = 0.041, not significant when corrected

for multiple comparisons). Results of these models are given in table 5.9.

Predictor Sex (male) NART SVD patient vs
control
SE p value [3 SE p value [3 SE p value
EF: univariate model [ 005 0293 030

EF: multivariate model -0.241 0.250 0.34 0.082 0.017 0.00014 0.136 0.264 0.61
PS: univariate model [N 102 0285 000061
PS: multivariate model -0.327 0.282 0.25 0.025 0.019 0.21 -1.117  0.297 0.00039

WoM: univariate mode! NI 020 0214 031
WoM: multivariate model 0.085 0.175 0.63 0.060 0.012 5.1x10% -0.296 -.184 0.11

LTM: univariate model [N 0055 20 088

LTM: multivariate model -0..220 0.193 0.26 0.054 0.013 0.00013 -0.035 0.204 0.86
GC: univariate model I ©2%5 0183 022
GC: multivariate model -0.176 0.149 0.24 0.055 0.010 1.3x10®  -0.328 0.157 0.041

Table 5.9. Results of univariate and multivariate regression models showing predictors for
neuropsychometric scores in each domain. NART National Adult Reading Test; EF executive function; PS
processing speed; WoM working memory; LTM long-term memory; GC global cognition; SE standard error.
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Discussion

This chapter summarises the recruitment details and demographics of 57 patients with
SVD, pooled from two phases of an ongoing study, and 20 healthy control participants.
The patient and control groups were reasonably well matched, though the patient
cohorts included participants with a significantly higher burden of cardiovascular risk
factors. The patient cohorts from the observational phase study and the MINERVA
trial were very well matched on demographic details, comorbidities and neuroimaging

markers of SVD.

This is a large group of participants to have undergone such a detailed neuroimaging
protocol, blood and CSF sampling and neuropsychometric profiling. The relative lack
of ethnic diversity likely reflects the Cambridge / Cambridgeshire population and may
limit the applicability of study results to non-White populations; the preponderance of
male patients is also typical for stroke research studies which on average include only
40% female participants.330 This may be the case because female patients are
approximately five years older at the time of first stroke and become more disabled by

it331, and should also be taken into account when discussing results.

As hypothesised, the patient cohort was significantly more likely to have vascular risk
factors including hypertension and hypercholesterolaemia, and had a significantly
higher BMI. These factors are well known to be associated with SVD prevalence in
large community based studies.'®21.220 The patient cohort also showed significantly
more severe neuroimaging findings on every marker of SVD tested; this was not an
unexpected finding given that recruitment was based on evidence of moderate to severe
white matter damage pre-baseline but is reassuring that the cohorts were well

segregated.

There were no significant differences in demographic details or comorbidities and
vascular risk factors between the MINERVA trial participants and the patient group
recruited to the observation phase study; again this was expected as the MINERVA

inclusion criteria were somewhat more restrictive due potential contraindications to
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the medication, and all MINERVA participants would have been de facto eligible for
the observational phase. The MINERVA participants were recruited sooner after the
index stroke than those in the observational phase, although this wasn’t statistically
significant; this may have been a consequence of my having a clinical role and recruiting
some patients for whom I had provided medical care, including during the acute stroke
phase itself, whereas the recruitment to the observational phase was led by a non-
clinician (JW). The Covid-19 pandemic may also have influenced recruitment by
impeding contact with patients who were in the chronic phase of stroke, such that the
majority of eligible participants screened were those who had required emergency
treatment during the pandemic. In any case, it seems reasonable that the brain changes
of SVD are in a stable phase in both patient subgroups as acute inflammatory changes
after stroke likely resolved within three months308309 and further analysis will test
whether the delay is relevant for both the 'C-PK11195 binding and the BBB
permeability. The baseline neuroimaging parameters are very well matched between

patients in the observational and interventional studies.

Neuropsychometric test scores were reasonably well-matched between the control and
pooled patient cohorts, with the main significant difference shown in processing speed,
a domain which is well known to reflect SVD severity. Contrary to my hypothesis, the
patient group demonstrated higher scores in executive function, which was driven by
significantly higher scores in the MINERV A subgroup. This may reflect a recruitment
bias if only patients with preserved executive function tended to be interested in the
interventional trial and maintained the capacity to consent (quite aside from the
statistical paradox in finding significance in subgroups that is not present in the

population).

Further work will assess the effect of other demographics and other cardiovascular risk
factors or comorbidities on cognition in this pooled sample of patients with SVD, and
will also investigate the extent to which deficits are mediated by neuroimaging findings;

conventional markers of SVD such as WMHs396972 Jacunes??:332, CMBs3%102 and

PVSs!4117 are known to be associated with cognitive deficits, but this cohort will allow
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assessment of geographically-specific markers of microglial signal and BBB breakdown
in addition, which are discussed in chapters six and seven respectively. In chapter
eight, I present data from the one year follow-up of patients with SVD in the
observational study, including changes in radiological markers of disease and in

cognition.
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CHAPTER SIX
Association of central and peripheral inflammation
with baseline SVD severity and neuropsychometric

performance

I recruited the participants for the MINERVA trial, arranged neuroimaging, collected
and processed blood samples, performed cognitive testing, segmented the image masks,
and analysed the data. Jessica Walsh recruited the participants to the observational
phase study and performed baseline cognitive testing. Young Hong and Tim Fryer
performed pre-processing of the images. Daniel Tozer performed image registration and
hotspot identification. Malin Overmars assisted with calculation of the biomarker

cluster scores.
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Introduction

This chapter examines the role of inflammation, both systemic (i.e. in peripheral blood)
and local (i.e. within the CNS) in SVD and its association with both radiological
markers of disease severity and cognition. There is growing evidence to suggest that
the immune system has a role in both cardiovascular3?? and neurological disease334,
and therefore worthy of investigation in cerebrovascular disease specifically. The
evidence that it is relevant in SVD is observational; this is discussed below with

reference to the central and peripheral compartments.

Evidence for central inflammation

Early evidence for immune activation came from post-mortem brain samples in
patients with SVD, which show areas of demyelination and the co-localisation of
inflammatory cells.”” Immune cells seen are typically microglia, myeloid-derived
phagocytic cells that reside in brain and scavenge extracellular debris. Much of the
work in pre-clinical models of SVD / stroke inflammation has focused on microglia as
they are a common endpoint of the activation of diverse pathways in the innate
immune system;?3 recently it has also been established that they have a role in
maintaining the BBB336 and promoting healing and tissue repair.?37:33% Microglia have

also recently been shown to have a role in myelination.339

As post-mortem samples can be collected some time after SVD symptoms (in some
cases years or decades), in vivo methods of investigation are necessary to demonstrate
contemporaneous evidence of neuroinflammation or microglial activation. Pre-clinical
models are useful in this regard, and a rodent model of SVD suggests that immune
activation leads to ECM degradation mediated by matrix metalloproteases as discussed

above.234

In humans, neuroimaging can provide this evidence either indirectly (for example, using
texture analysis of conventional FLAIR images to infer additional information about
brain tissue not visible by eye??®) or directly, leveraging the specificity of microglial

cell surface markers by using a positron-emitting radioligand in a PET scan. The
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targets for such ligands are generally markers of the M1 pro-inflammatory phase and
the majority of the literature is based on targeting TSPO (discussed in the
introduction), although other targets of interest include the cannabinoid receptor-2,
the P2X7 receptor and cyclooxygenase-2.340 Previous PET studies imaging microglia
have shown clearly elevated signal in symptomatic SVD compared to control
participants?!3 and that 1!C-PK11195 binding is associated with SVD burden in
patients with MCI/AD.??9

A second method for assessing immune activation in vivo is to sample CSF. This has
previously been done to look for associations with isolated biomarkers, for example
MMPs associated with extracellular matrix degradation.?91:227 No studies have yet
reported data from panels of biomarkers tested in the CSF of patients with SVD, nor
of any cytometric analysis to assess CNS cell populations. The advent of proteomics

and transcriptomics has made it possible to interrogate CSF in much greater detail.

Evidence for peripheral inflammation

In contrast, many studies have investigated potential inflammatory biomarkers
relevant for SVD in the peripheral compartment. This literature has been reviewed in
detail??!, the authorsnoting 82 studies that tested combinations of associations between
systemic inflammatory markers (such as IL-6, C-reactive protein and fibrinogen),
vascular-specific inflammatory markers (such as homocysteine, E-selectin, ICAM-1,
thrombomodulin, VEGF, and von Willebrand factor) and individual radiological
markers of disease. The authors conclude that while systemic inflammatory markers
have a more robust association with CAA, it is vascular-specific inflammation that is
of interest in sporadic SVD. This is likely to provide more informative data about the

mechanism of disease and offer more realistic therapeutic targets.

In addition to individual biomarkers, some authors have applied compound biomarker
panels to investigate peripheral inflammation in SVD. This has been employed both
with a hypothesis-driven panel of markers including IL-6, C-reactive protein, TNF-a,

P-selectin, ICAM-1 and homocysteine, which predicted WMH progression and incident
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lacunes at two year follow-up,** and using the same commercially available proteomics
panel used in this study.??2 The authors of the latter identified a subcluster of proteins
predominantly reflecting coagulation that were associated with disease severity and

mediated the relationship between WMH volume and both age and hypertension.

Detailed peripheral immunophenotyping has not been used extensively in SVD, but
early studies have suggested that the phenotype and behaviour of monocytes,
circulating myeloid cells also involved in the innate immune response, may be relevant
in SVD.226 The authors built on evidence from atherosclerotic cardiovascular disease
that oxidised phospholipids from atherosclerotic plaque are associated with enhanced
monocyte response??? which is mediated by epigenetic modification?25 and show that
cytokine production capacity is enhanced in peripheral blood mononuclear cells of
patients with SVD and predicted WMH progression, as well as identifying an
association between an intermediate subtype of monocytes with SVD burden.
Intermediate (CD14%/CD16%) monocytes represent around 2-8% of circulating
monocytes and are involved in reactive oxygen species production and angiogenesis,?42
so may be relevant in any immune response to vascular disease; they there are also
known to be associated with unstable atherosclerotic plaque in coronary artery

disease.343

Interaction between peripheral and central compartments

Activation of immune cells in the peripheral and central compartments as discussed
above may be relevant for SVD through mechanisms that are either independent or
inter-related; if the processes are related, this may be mediated by cytokine signalling
or direct invasion of peripheral immune cells into the CNS. The CNS is traditionally
considered to have immune privilege due to the protection from cells and large
molecules afforded by the BBB3%; however more recent evidence suggest that this is
not the case and that meningeal and border-associated macrophages (BAMs) resident
within perivascular spaces can facilitate cytokine signalling that activates parenchymal
immune cells3*® and promote the direct infiltration of mononuclear cells from blood.346

Particular focus has been placed on BAMs, which promote the infiltration of other
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myeloid cells after ischaemia,?*” enhance parenchymal microglial phagocytic activity348

and are expanded in ageing.3%9

Hypotheses and study design

I hypothesised that immune activation is associated with SVD pathology both in the
central compartment (as a consequence of tissue damage / ischaemia), and in the
peripheral compartment (likely as a consequence of overlapping cardiovascular risk
factors that predispose to SVD). I tested these associations by assessing the correlation
of MRI markers of SVD severity and neuropsychometric test scores with parameters
derived from 'C-PK11195 PET imaging as a marker of central inflammation, and the
results of peripheral blood proteomics analysis and populations of monocytes measured
using mass cytometry as markers of peripheral inflammation. To do this, I also derived
the optimal parameters from PET imaging to discriminate between patients and
control participants. As activated microglia are present throughout the whole brain,™
and the NAWM is thought to be most at risk for disease progression?22% an additional
hypothesis was that the volume of hotspots in the NAWM would be the optimal

discriminant between groups.

I further hypothesised that peripheral immune activation directly influences immune
cells in the CNS, and further tested the association between markers of inflammation
in these two compartments and whether any effects of peripheral inflammation were

mediated by markers of central inflammation.
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Methods

For this analysis I used data from the pooled cohort of 57 unique patients with SVD
that had baseline PET-MRI, phlebotomy and neuropsychometric testing as described
in chapter five. Inclusion and exclusion criteria are presented in chapter four, as are

details of the neuroimaging protocol (with full sequence details in Appendix B).

Image analysis

WMH were marked semi-automatically using Jim version 8.0 (http://xinapse.com/j-
im-software/) using the blind-to-timepoint method outlined in chapters three and four;
baseline WMH volumes were calculated from analysis of the baseline and one year
follow-up FLAIR images (observational cohort) and baseline and three-month follow-
up FLAIR images (MINERVA cohort). Lacunes were outlined using a similar method,
also including visual inspection of T1 and T2 sequences to exclude other lesions which
can be difficult to discriminate on FLAIR alone such as PVSs. CMBs were dotted on
SWAN images and counted automatically. Brain volumes were calculated using SIENA

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/STENA).

PET images were pre-processed by YH and TF as described in chapter four, and
registered to T1 MR images by DT. As several parameters of interest can be generated
from the maps of ''C-PK11195 binding (including volume of hotspot tissue and hotspot
volume scaled for tissue class across all the tissue class masks defined above), I first
aimed to establish which parameters were optimal markers of disease activity. To do
this, I assessed which of these potential metrics was the best discriminant between the
sporadic SVD and patient groups and selected this as a single readout value from the

PET images.

Blood processing

Blood was collected from each participant and processed as described in chapter four.
C-reactive protein was measured by ELISA in the Core Biochemical Analysis
Laboratory, University of Cambridge. Aliquots were sent to Olink Analysis Service,

Uppsala, Sweden in two batches (corresponding to the observational cohort and

-136 -



MINERVA trial cohort participants). The output of this data is Normalised Protein
eXpression (NPX), an arbitrary unit of protein expression for each of the panel
components. A priori markers of interest from within the panel were chosen to

highlight in results based on previous literature discussed above: E-selectin, MMP-2,

MMP-3, MMP-9, TIMP-4, P-selectin and vWF.

In the MINERVA participants only, an additional blood sample was taken to the
NIHR Cambridge BRC Cell Phenotyping Hub for CyTOF®) mass cytometry as
discussed above using the Maxpar®) Direct™ Immune Profiling assay. Proportions of
classical, non-classical and intermediate monocytes were extracted from the cytometric
output file using the Maxpar® PathSetter™ software, using the proprietary gating
strategy which identifies as monocytes cells which are CD3/CD19 negative and positive

for CD45 (a pan-leucocyte marker) and either CD14 or CD16.

Neuropsychometric testing

Neuropsychometric testing was performed as above in chapter four. JW tested all
participants in the observational phase; I tested the participants in the MINERVA
trial. To minimise the risk of bias or discrepancy, the tests were administered in a
standardised order according to a prepared script and JW provided training (during
the one year follow-up testing of the observational phase patients, discussed further in
chapter eight) involving observation of test administration and performing several
batteries under observation until consensus was reached that the administration of the

tests was as reproducible as possible.

Statistical analysis

To derive the optimal output from the PET scans, I performed multivariate logistic
regression to assess the extent to which each candidate metric predicted participant
group (patient versus control), including as covariates age and sex, and selected the
metric that minimised the Akaike Information Criteria (AIC) in this model. All

analysis was performed in the R project for statistical computing?6? version 4.2.1.
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Univariate linear regression was used to test the correlation of this output marker with
radiological markers of SVD severity (WMHs, lacunes, CMBs and brain volume). The
Kolmogorov-Smirnov test was used to test the normality of these distributions and
any non-normally distributed variables were transformed until normal. The association

of other key demographic and cardiovascular risk factor variables was also tested.

I next performed multivariate linear regression to assess the relationship between PET
binding and the above markers of SVD, including as covariates age and sex. If any
pairs of predictors showed a correlation coefficient >0.8, only one variable was taken
forward to the final multivariate model. T used a combination of stepwise forward
selection of any predictors with p < 0.05 on univariate analysis and backward selection
of predictors that lost this significance in the multivariate model. In all regression
models, results are presented as unstandardised estimated 3 coefficients and standard
errors where the independent and dependent variables are biologically meaningful, and

standardised {3 coefficients where the units of either variable are arbitrary.

Similar regression models were constructed to test the correlation of PET binding with

each specific cognitive domain based on the z-scores from each subset of tests.

C-reactive protein and the 92 biomarkers from the Olink CVD-III proteomic panel
were first treated individually and entered into linear regression models as predictors
for each radiological SVD marker and for each cognitive domain, including age and sex
as covariates. Correlations were considered significant at false discovery rate-corrected
p < 0.05 in view of multiple comparisons. To pool results from the observational cohort
and the MINERVA trial, samples from eight of the observational phase were chosen
to maximise the range of expression across all biomarkers and re-tested as bridging
samples alongside serum from the MINERVA patients. NPX values were then
normalised to the median for each assay individually, applying and additional
correction factor calculated from the bridging samples using a proprietary but open-

source package in R (OlinkAnalzye3™).
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I then performed principal component analysis of the CVD-III panel data and tested
the association of the first principal component with markers of SVD severity in the
same way. Finally with the assistance of MO I calculated biomarker cluster scores for
each participant according to the weighted NPX values of the subset of proteins from
the panel that were found to be related to WMH severity.?22 T tested the correlation
of the biomarker cluster score with radiological markers of SVD as above, corrected
for age, sex and diagnosis of hypertension in the same way as these were the covariates

used by the authors who defined the subset of interest.

Proportions of classical, non-classical and intermediate monocytes were entered into
linear regression models to test associations with MRI markers, also corrected for age

and sex.

Finally significant associations between measurements of peripheral inflammation and
radiological /neuropsychometric outcomes were taken forward for causal mediation
analysis, a statistical technique used to determine whether a relationship between two
variables is explained by a third variable. Here, to determine whether inflammation in
the CNS mediates the relationship between inflammation in the periphery and SVD
severity, I used the PET imaging summary readout values as the potential mediating

factor. This analysis was conducted in R using the mediation package.3>!

Results

Data were included from 20 control participants and 20 patients with sporadic SVD
who were enrolled in the observational phase study between October 2017 and January
2019, and 44 participants who were enrolled in the MINERVA trial between October
2019 and June 2022. Demographics, cardiovascular risk factors and comorbidities are

discussed in chapter five (see table 5.5).

Determination of optimal PET marker
The optimal "C-PK11195 binding metric for discriminating groups was the NAWM
hotspot volume as a proportion of NAWM (8 = 0.33, p = 0.027). These measurements

also discriminated better between groups than the voxelwise mean MC-PK11195
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binding. Figure 6.1 shows the between group comparisons for metrics of C-PK11195
binding and results from the logistic regression models from possible candidate metrics
of HC-PK11195 binding and BBB permeability are shown in table 6.1. Accordingly,
NAWM percentage hotspot value was selected for use in subsequent analysis

(henceforth termed 'C-PK11195 hotspot proportion).

Candidate predictor metric B SE  z-statistic p value AIC
PK11195 binding
Hotspot volume (NAWM) 0.11 0.10 1.06 0.29 45.67
Hotspot percentage (NAWM) 0.33 0.15 221 0.027 39.77
Hotspot volume (all WM) 0.13 0.12 1.06 0.29 44.98
Hotspot percentage (all WM) 0.23 0.15 157 0.12 44.31

Table 6.1. Logistic regression model results for candidate metrics of PK11195 binding. WM white
matter; NAWM normal appearing white matter

Relationship of PET binding to MRI markers of SVD

WMHs

On univariate analysis, the 11C-PK11195 hotspot proportion was a significant predictor
of WMH volume (8 = 2.644, SE = 0.398, p = 5.9 x 10%). Other significant predictors
were years in education (8 = -2.868, SE = 1.114, p = 0.013) and time since stroke (f3
= 0.421, SE = 0.140, p = 0.0044). In the multivariate analysis, only "C-PK11195
hotspot proportion remained a significant predictor of WMH volume (B = 2.591, SE =
0.397, p = 1.1 x 10°7). Results of these models are shown in table 6.2; figure 6.2 shows

the relationship between WMH volume and 1'C-PK11195 hotspot proportion.
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Figure 6.1 . Boxplots showing comparisons between control group and sporadic SVD patients for candidate
metrics of "C-PK11195 binding: (A) mean binding in NAWM; (B) hotspot volume in NAWM; (C) NAWM
hotspots as percentage of NAWM; (D) mean binding in all white matter; (E) hotspot volume in all white
matter; (F) white matter hotspots as percentage of all white matter. WM white matter; NAWM normal

appearing white matter
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Figure 6.2 . Scatter plot showing relationship between WMH and 11C-PK11195 binding hotspots
as percentage of NAWM. %ZNAWM percentage of normal appearing white mater
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Univariate analysis Multivariate analysis

B SE p value B SE pvalue

Demographics

Age (years) 0466 0316 0.15 0.445 0.269 0.11

Sex Male 3.547  6.800 0.60 0.386 5.668 0.95

Ethnicity White  9.150 2449 0.29

British

Years in education -2.868 1114 0.013
Vascular risk factors

Hypertension -13.053 9.866 0.19

SBP (mmHg) -0.039  0.206 0.85

DBP (mmHg) -0.381  0.364 0.30

Ischaemic heart -12.397 10.773 0.26

disease

Hyper- 5290  7.486 0.48

cholesterolaemia

Diabetes mellitus 1.245 8.672  0.89

Smoking (current) 7.383 6.679 0.27

BMI (kg/m?) -0.366  0.480 0.45
Comorbidities

Depression 9.454 7.261 0.20

Migraine 7.298  7.309 0.32

Time since last 0.421  0.140 0.0044

stroke (months)

Central nervous system inflammation

11C-pPK11195 2.644 0.398 59x10% 2591 0.397 <1x10°

hotspots, %NAWM

Table 6.2. Linear regression model results univariate and multivariate models of candidate predictors
of WMH volume. Values are unstandardised 3 coefficients and standard errors. SBP systolic blood
pressure; DBP diastolic blood pressure; BMI body mass index); %SNAWM percentage of normal
appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B

Demographics

Age (years) -0.014

Sex Male  0.105

Ethnicity White  0.038

British

Years in education -0.024
Vascular risk factors

Hypertension 0.360

SBP (mmHg) 0.002

DBP (mmHg) -0.001

Ischaemic heart -0.083

disease

Hyper- 0.296

cholesterolaemia

Diabetes mellitus 0.085

Smoking (current) -0.051

BMI (kg/m?) -0.005
Comorbidities

Depression 0.065

Migraine 0.102

Time since last 0.007

stroke (months)
Central nervous system inflammation

11C-PK11195 1.064
hotspots, %NAWM

SE

0.007
0.151
0.535

0.026

0.213

0.004
0.007
0.333

0.160

0.207

0.151

0.011

0.165

0.164
0.004

1.137

p value B SE p value

0.049 -0.014 0.008 0.07
0.49 -0.0004 0.161 0.99
0.94

0.36

0.098

0.65
0.99
0.81

0.071
0.68

0.74
0.68

0.70
0.54
0.10

0.36 1.222 1.126 0.28

Table 6.3. Linear regression model results univariate and multivariate models of candidate predictors

of lacune count. Values are unstandardised 3 coefficients and standard errors. SBP systolic blood

pressure; DBP diastolic blood pressure; BMI body mass index); %SNAWM percentage of normal

appearing white matter, values in percentage points.
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Lacunes

The lacune count was non-normally distributed and natural logarithm-transformed to
create a normal distribution. The MC-PK11195 hotspot proportion was not
significantly related to lacune count on univariate analysis (3 = 1.064, SE = 1.137, p
= 0.36). No other predictors reached significance on univariate analysis, nor in the
multivariate analysis (table 6.3). Figure 6.3 shows a scatter plot of raw lacune count

versus the 1'C-PK11195 hotspot proportion.

.
. .
.

—
C
3
85 e o s
(]
[
= . . .
5]
©
—

. o .

e o e *oe » .
o @ o0 o0 o e
04 L]

10 20 30 40
11C-PK11195 binding hotspots, %NAWM

Figure 6.3 . Scatter plot showing relationship between lacune count and 11C-PK11195 binding hotspots
as percentage of NAWM. %ZNAWM percentage of normal appearing white mater

CMBs

The CMB count was also non-normally distributed and natural logarithm-transformed;
neither the "C-PK11195 hotspot proportion (3 = 1.064, SE = 1.137, p = 0.36) nor
any other predictor was significantly associated with the CMB count. No predictors
reached significance in the multivariate model (table 6.4). Figure 6.4 shows the

association between raw CMB count and 'C-PK11195 hotspot proportion.
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Figure 6.4. Scatter plot showing relationship between CMB count and 11C-PK11195 binding
hotspots as percentage of NAWM. %NAWM percentage of normal appearing white mater

Brain volume

Age (B =-3.155, SE = 1.018, p = 0.003) and time since stroke ( = -1.427, SE = 0.631,
p = 0.029) were the only significant predictors of brain volume. The ''C-PK11195
hotspot proportion was non-significantly associated with lower brain volume (B = -
278.0, SE = 187.0, p = 0.14). In the multivariable model only age predicted brain
volume (B = -3.94, SE = 1.18, p = 0.002; table 6.5). Figure 6.5 shows the association

between brain volumes and 'C-PK11195 hotspot proportion.

1600 M
1500 4 .

14001

Brain volume (cc)

1300 1
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10 20 30 40
11C-PK11195 binding hotspots, %NAWM
Figure 6.5. Scatter plot showing relationship between brain volume and 11C-PK11195
binding hotspots as percentage of NAWM. ZNAWM percentage of normal appearing white
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Univariate analysis Multivariate analysis

B SE p value B SE pvalue

Demographics

Age (years) -0.023  0.0127 0.072 -0.030  0.016 0.08

Sex Male -0.099 0.277 0.72 -0.341  0.342 0.33

Ethnicity White 0.010  1.039  0.99

British

Years in education 0.013  0.148 0.79
Vascular risk factors

Hypertension 0.660  0.398 0.10

SBP (mmHg) 0.007  0.006 0.26

DBP (mmHg) 0.003  0.012 081

Ischaemic heart -0.161 0559 0.77

disease

Hyper- 0.012  0.306 0.97

cholesterolaemia

Diabetes mellitus 0130 0353 0.72

Smoking (current) 0.068 0275 0.81

BMI (kg/m?) -0.012  0.020 0.56
Comorbidities

Depression -0.389  0.296 0.19

Migraine -0.126  0.300 0.68

Time since last 0.010  0.006 0.11

stroke (months)

Central nervous system inflammation

11C-PK11195 2483 2425 031 3.051 2402 0.21
hotspots, %NAWM

Table 6.4. Linear regression model results univariate and multivariate models of candidate predictors
of CMB count. Values are unstandardised {3 coefficients and standard errors. SBP systolic blood
pressure; DBP diastolic blood pressure; BMI body mass index); ZNAWM percentage of normal
appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B

Demographics

Age (years) -3.155

Sex Male  -25.10

Ethnicity White  -47.93

British

Years in education -2.244
Vascular risk factors

Hypertension -9.271

SBP (mmHg) -0.566

DBP (mmHg) 0.003

Ischaemic heart 25.04

disease

Hyper- -26.40

cholesterolaemia

Diabetes mellitus -11.02

Smoking (current) -4.686

BMI (kg/m?) -2.038
Comorbidities

Depression 28.03

Migraine 20.64

Time since last -1.427

stroke (months)

Central nervous system inflammation

1C-PK11195 -278.0
hotspots, %NAWM

SE

1.018
23.22
75.80

2.989

33.597

0.564
1.029
49.57

25.70

31.78

23.49

1.538

25.14

25.28
0.631

187.0

p value B SE pvalue
0.003 -3.94 1.18 0.002
0.29 -4153 2459 0.10
0.53

0.58

0.78

0.32
0.98
0.62

0.31

0.73
0.84
0.19

0.27
0.42
0.029

0.14 -152.65 284.1 0.59

Table 6.5. Linear regression model results univariate and multivariate models of candidate predictors

of brain volume. Values are unstandardised 3 coefficients and standard errors. SBP systolic blood

pressure; DBP diastolic blood pressure; BMI body mass index); %SNAWM percentage of normal

appearing white matter, values in percentage points.
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Relationship of PET binding to cognition
On univariate analysis, 11C-PK11195 hotspot proportion was significantly associated

with lower neuropsychometric scores in executive function (8 = -5.920, SE = 2.55, p

= 0.026), and global cognition (3 = -4.452, SE = 1.59, p = 0.0079) domains.

Other significant predictors of performance in the executive function domain included
years of education (B = 0.159, SE = 0.053, p = 0.0043), NART score (8 = 0.079, SE
= 0.021, p = 0.00075), time since stroke (8 = -0.019, SE = 0.008, p = 0.031), WMH
volume (3 = -0.016, SE = 0.006, p = 0.019) and FA median (8 = -18.16, SE = 5.161,
p = 0.002). In the multivariate model, FA median (8 = -8.401, SE = 3.000, p = 0.0082)
and 1C-PK11195 hotspot proportion (§ = -7.560, SE = 2.456, p = 0.0040) remained

significant.

Significant predictors of processing speed included lacune count (8 = -0.238, SE =
0.081, p = 0.0052), CMB count (§ = -0.044, SE = 0.013, p = 0.0020), brain volume ($
= 0.005, SE = 0.002, p = 0.03), FA median (3 = 17.45, SE = 5.468, p = 0.0051) and
MD peak height (3 = -0.016, SE = 0.006, p = 0.019). WMH volume negatively
predicted performance at a level approaching statistical significance (8 = -0.014, SE =
0.007, p = 0.059). In the multivariate model, age (8 = 0.062, SE = 0.019, p = 0.002)
and brain volume (8 = 0.006, SE = 0.002, p = 0.0088) remained significant.

Significant predictors of long-term memory included years of education (8 = 0.104, SE
= 0.042, p = 0.017), NART score (8 = 0.046, SE = 0.016, p = 0.007), lacune count
(B = -0.150, SE = 0.061, p = 0.018) and FA median (B = 11.030, SE = 3.455, p =
0.005). In the multivariate model, only age predicted performance with borderline

statistical significance and positive correlation (8 = 0.029, SE = 0.014, p = 0.048).

Other significant predictors of global cognitive performance included years of education
(B = 0.085, SE = 0.034, p = 0.018), NART score (§ = 0.051, SE = 0.013, p = 0.00037),
WMH volume (§ = -0.013, SE = 0.004, p = 0.0031) lacune count (B = -0.125, SE =
0.049, p = 0.016), CMB count (8 = -0.023, SE = 0.008, p = 0.007), and FA median (3
= 14.87, SE = 3.43, p = 0.00040). In the multivariate model, NART score (8 = 0.052,
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SE = 0.125, p = 0.0002) and CMB count (3 =-0.024, SE = 0.007, p = 0.0026) remained
significantly associated with GC s-score; 11C-PK11195 hotspot proportion was
associated with worse performance and approached statistical significance ( = -2.607,
SE = 1.39, p = 0.060). Figure 6.6 shows the univariate relationships between 1C-
PK11195 hotspot proportion and each cognitive domain domains while tables 6.6, 6.7,

6.8 and 6.9 outline the results of the linear regression models respectively.

EF z-score
LTM z-scare

20 30 0 20 30
c 11C-PK11195 binding hotspots, %NAWM D 11C-PK11185 binding hotspots, %NAWM

PS z-score
WoM z-score

3
10 10

20 30 20 30
11C-PK11195 binding hotspots, %NAWM 11C-PK11195 binding hotspots, %NAWM

Figure 6.6. Scatter plot showing correlation of 11C-PK11195 hotspot proportion to (A) executive

function zscore; (B) processing speed zscore; (C) long-term memory zscore and (D) global cognition

Z-score.
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Demographics

Age (years)
Sex Male
Ethnicity White British
Years in education

IQ (NART)

Vascular risk factors

Hypertension
SBP (mmHg)
DBP (mmHg)

Ischaemic heart

disease

Hypercholesterolaemia

Diabetes mellitus

Smoking (current)

BMI (kg/m?)
Comorbidities

Depression

Migraine

Time since stroke

(months)

Conventional MRI markers
WMH (cc)

Lacunes

CMBs

Brain volume (cc)
FA median
MD PH (mm?s)

Central nervous system inflammation
11C-PK11195
hotspots, %NAWM

Univariate analysis

B

0.012
-0.131
0.255
0.159
0.079

-0.694
-0.007
-0.004
-0.161

0.280

-0.398
-0.654
-0.020

-0.504
0.148
-0.019

-0.016
-0.110
-0.026
0.004
18.16
112.5

-5.920

SE

0.016
0.346
1.093
0.053
0.021

0.4763
0.009
0.015
0.588

0.369
0.458
0.332
0.032

0.363
0.370
0.008

0.006
0..082
0.014
0.002
5.161
144.9

2.550

Multivariate analysis

p value B SE pvalue

0.46 0.023 0.017 0.19

0.71

0.305

0.352 0.39
0.82
0.0043
0.00075

0.152
0.43
0.79
0.7

0.45
0.39
0.056
0.53

0.17
0.69
0.031

0.019
0.19
0.06

0.09

0.002 -8.401 3.000 0.0082

0.45

0.026

-7.560 2.456 0.0040

Table 6.6. Unstandardised {3 coefficients and standard errors of univariate and multivariate models

of candidate predictors of executive function zscore. SBP systolic blood pressure; DBP diastolic blood

pressure; BMI body mass index); FA fractional anisotropy; MDPH mean diffusivity peak height;

ENAWM percentage of normal appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B SE p value B SE pvalue

Demographics

Age (years) 0.023 0.0170 0.18 0.063 0.019 0.002

Sex Male -0.298 0.361 041 0.144 0.370 0.70

Ethnicity White British  -1.150 2.232 0.31

Years in education -0.0335 0.060 0.58

IQ (NART) 0.022 0.026 0.40
Vascular risk factors

Hypertension -0.016 0.512 0.97

SBP (mmHg) -0.016 0.009 0.08

DBP (mmHg) -0.006 0.017 0.74

Ischaemic heart -0.600 0.824 0.47

disease

Hypercholesterolaemia -0.252 0.388 0.52

Diabetes mellitus -0.360 0.482 0.46

Smoking (current) -0.133 0.364 0.72

BMI (kg/m?) -0.005 0.033 0.87

Comorbidities

Depression -0.360 0.386 0.36
Migraine -0.397 0.385 0.31
Time since stroke -0.004 0.009 0.66
(months)

Conventional MRI markers

WMH (cc) -0.014 0.007  0.059

Lacunes -0.238 0.081  0.0052

CMBs -0.044 0.013 0.0020

Brain volume (cc) 0.005 0.002 0.03 0.006 0.002 0.0088
FA median 17.45 5468 0.0051

MD PH (mm?s) 404.5 116.3  0.0027

Central nervous system inflammation
11C-PK11195 -4.412 2831 0.12 -3.414 2561 0.19
hotspots, %NAWM

Table 6.7. Unstandardised B coefficients and standard errors of univariate and multivariate models of
candidate predictors of processing speed zscore. SBP systolic blood pressure; DBP diastolic blood
pressure; BMI body mass index); FA fractional anisotropy; MDPH mean diffusivity peak height;
ZNAWM percentage of normal appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B SE p value B SE pvalue

Demographics

Age (years) 0.023 0.012 0.06 0.029 0.014 0.048

Sex Male -0.272  0.264 0.31 -0.212 0.294 0.47

Ethnicity White British  0.383 0.955 0.69

Years in education 0.104 0.042 0.017

IQ (NART) 0.046 0.016 0.007
Vascular risk factors

Hypertension -0.249 0.374 0.51

SBP (mmHg) 0.004 0.006 0.51

DBP (mmHg) -0.006 0.011 0.58

Ischaemic heart -0.338 0.645 0.60

disease

Hypercholesterolaemia -0.135 0.285 0.64

Diabetes mellitus -0.065 0.356 0.86

Smoking (current) -0.045 0.270 0.87

BMI (kg/m?) 0.031 0.024 0.20

Comorbidities

Depression -0.011 0.286  0.97
Migraine 0.531 0.275 0.06
Time since stroke 0.003 0.007 0.97
(months)

Conventional MRI markers

WMH (cc) -0.010 0.05 0.060
Lacunes -0.150 0.061 0.018
CMBs -0.010 0.011 0.37
Brain volume (cc) 0.00031 0.0017 0.86
FA median 11.030 3.455 0.005
MD PH (mm?s) 37.97 94.60 0.69

Central nervous system inflammation
11C-PK11195 -2.507 2111 0.24 -2.661 2.022 0.20
hotspots, %NAWM

Table 6.8. Unstandardised B coefficients and standard errors of univariate and multivariate models of
candidate predictors of long-term memory zscore. SBP systolic blood pressure; DBP diastolic blood
pressure; BMI body mass index); FA fractional anisotropy; MDPH mean diffusivity peak height;
ZNAWM percentage of normal appearing white matter, values in percentage points.
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Demographics

Age (years)
Sex Male
Ethnicity White British
Years in education

IQ (NART)

Vascular risk factors

Hypertension
SBP (mmHg)
DBP (mmHg)

Ischaemic heart

disease

Hypercholesterolaemia

Diabetes mellitus

Smoking (current)

BMI (kg/m?)
Comorbidities

Depression

Migraine

Time since stroke

(months)

Conventional MRI markers
WMH (cc)

Lacunes

CMBs

Brain volume (cc)
FA median
MD PH (mm?s)

Central nervous system inflammation
11C-PK11195
hotspots, %NAWM

Univariate analysis

B

0.013
-0.084
-0.033
0.085
0.051

-0.250
-0.004
-0.003
-0.037

-0.032
-0.306
-0.351
-0.0002

-0.353
-0.044
-0.007

-0.013
-0.125
-0.023
0.002
14.87
158.4

-4.452

SE

0.010
0.218
0.711
0.034
0.013

0.305
0.005
0.010
0.433

0.234
0.288
0.213
0.020

0.228
0.234
0.005

0.004
0.049
0.008
0.001
3.43

101.1

1.59

Multivariate analysis

p value B SE pvalue

0.20 0.010 0.011 0.35

0.70

-0.052

0.191 0.79
0.96
0.018

0.00037 0.052 0.125 0.0002

0.42
0.45
0.75
0.93

0.89
0.29
0.11
0.99

0.13
0.85
0.13

0.0031
0.016

0.007 -0.024 0.007 0.0026

0.23
0.00040
0.14

0.0079

-2.607

1.369 0.060

Table 6.9 Unstandardised {3 coefficients and standard errors of univariate and multivariate models of

candidate predictors of global cognition zscore. SBP systolic blood pressure; DBP diastolic blood

pressure; BMI body mass index); FA fractional anisotropy; MDPH mean diffusivity peak height;

ZNAWM percentage of normal appearing white matter, values in percentage points.

-153 -



Relationship of peripheral blood proteomic panel with markers of SVD
severity

Proteomics data were available for 56 participant. All samples passed quality control
based on the deviation from the median value of pooled serum internal control samples
for each protein below a threshold of 0.3 NPX. All plates passed quality control based
on a standard deviation of the values for the pooled internal control samples below a
threshold of 0.2 NPX. The mean intra-assay coefficient of variance was 8%, and the
mean inter-assay coefficient of variance was 13%. Details of the intra- and inter-assay

coefficient of variance distributions are provide in Appendix C.

On univariate analysis, neither C-reactive protein nor any of the 92 biomarkers in the
Olink CVD III panel was significantly associated with any SVD marker (WMH volume,
lacune count, CMB count or brain volume) when false discovery rate-corrected. The
most significant predictors of WMH volumes were BLM hydrolase (B = 0.402, FDR-
corrected p = 0.14), Galectin-4 (3 = 0.390, p = 0.14) and myoglobin (B = 0.387, p =
0.14). The most significant predictor of CMBs was IGFBP-1 (B = -0.414, p = 0.67).
The best predictors of lacune count and brain volume were on the borderline of
statistical significance uncorrected. Results for individual biomarkers are presented in
Appendix D. Of the pre-specified panel components, there were no statistically
significant associations with radiological SVD markers; TIMP-4 correlated positively
with WMH volume, lacune count and CMBs and negatively with brain volume,

whereas P-selectin showed the opposite associations (table 6.10).

WMHs Lacunes CMBs Brain volume
B p B p value B p value B p value
value
CRP 0.064 0.96 -0.118 0.27 -0.739 0.22 0.461 0.91
MMP-2 0.086 0.54 -0.081 0.57 -0.145 0.28 0.146 0.27
MMP-3 -0.029 0.83 -0.024 0.86 -0.098 0.46 -0.132 0.30
MMP-9 -0.145 0.30 -0.167 0.23 -0.207 0.12 0.008 0.96

E-selectin -0.187 0.18 -0.079 0.57 -0.028 0.84 -0.183 0.20
P-selectin -0.184 0.20 -0.128 0.36  -0.157 0.24 0.051 0.72
TIMP-4 0.217 0.12 0.131 0.35 0.147 0.27  -0.009 0.95
vWF 0.124 0.40 -0.055 0.71 0.047 0.74  -0.052 0.71

Table 6.10. Results from univariate linear regression models of C-reactive protein and pre-specified
biomarkers from the Olink CVD III panel as predi'%tzi)rs for WMHs (cc), lacune count, CMB count and

brain volume (cc).



Principal component analysis of the Olink biomarker panel results did not satisfactorily
reduce the dimension of the data, with the first two principal components accounting
for 9.96% and 9.11% of the inter-subject variance respectively (figure 6.7A). 21
dimensions were required to account for 85% of the variance, the figure at which
principal components are considered to be sufficiently representative to take forward
for further analysis (figure 6.7B). This was considered analytically intractable and

unlikely to provide biologically meaningful results from more detailed analysis.

PC2(9.11%)
Variance explained (%)

lI.".l.'lllllll.ln-n..n-m .......................

0.1 0.2 0.3 0 10

PC1 (9.96%) Dimensions

Figure 6.7. Principal component analysis results of Olink CVD III panel data. (A) Scatter plot
showing association of principal components 1 and 2. (B) Scree plot showing variance explained by
each dimension and cumulative variance explained across all dimensions (black line).

Compound biomarker cluster scores were calculated as described above. The mean for
the pooled patient cohort was significantly higher than the control population (5.48
compared to 4.74, p < 1 x 10). On univariate analysis, biomarker cluster score was
not significantly associated with any markers of SVD severity, with the strongest
correlation shown with brain volume (standardised 3 = -0.24, p = 0.08). Figure 6.8
shows the relationship between the biomarker cluster scores and radiological SVD

markers.

On multivariate analysis, corrected for age, sex and diagnosis of hypertension, the

biomarker cluster score had a negative correlation with brain volume at borderline
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statistical significance (standardised g = -0.262, p = 0.043). No other markers reached
statistical significance, though the prediction effect size for this score was similar to
that demonstrated by Kuipers et al.??2 (3 = 0.205, p = 0.14; results for each marker

are presented in table 6.11).
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Figure 6.8. Scatter plot showing correlation of compound biomarker cluster score to (A) WMHs (B) lacune
count (C) CMB count and (D) brain volume.

Marker B (standardised p value
WMH 0.205 0.14
Lacunes -0.009 0.95
CMBs 0.021 0.88
Brain volume -0.262 0.043
FA median -0.027 0.85
MD PH -0.11 0.41

Table 6.11. Results from multivariate linear regression of biomarker cluster score versus radiological

markers of SVD, corrected for age, sex and diagnosis of hypertension.
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Relationship of circulating monocytes to radiological SVD markers

Mass cytometry data were available for the final 25 participants in the MINERVA
trial. Proportions of classical (3.57 £ 1.58% of intact live cells) and non-classical (0.41
+ 0.22%) monocytes were broadly as expected from population reference ranges; there

was a slightly larger population of intermediate monocytes (0.30 £+ 0.16%).

Within this subgroup of the MINERVA trial participants, neither the proportion of
classical monocytes (standardised B = 0.188, p = 0.14) nor intermediate monocytes (f3
= 0.216, p = 0.08) were associated with WMH. However both classical and
intermediate subsets negatively predicted FA median and MD peak height
(classical/FA: B = -0.564, p = 0.034; classical/ MDPH: g = -0.720, p = 0.0062;
intermediate/FA: = -0.665, p = 0.0041; intermediate/ MDPH: = -0.611, p = 0.013).

These results are displayed in table 6.12.

Classical Non-classical Intermediate

B p value B p value B p value
WMH 0.188 0.14 0.049 0.69 0.216 0.08
Lacunes 0.391 0.12 0.177 0.52 0.427 0.06
CMBs 0.254 0.46 0.142 0.65 0.473 0.15
Brain 0.019 0.93 0.125 0.58 0.108 0.59
volume
FA -0.564 0.034 -0.187 0.54 -0.665 0.0041
median
MD PH -0.720 0.0062 -0.060 0.85 -0.611 0.013

Table 6.12. Results from multivariate linear regression of monocyte subset (percentage of live cells)

versus radiological markers of SVD, corrected for age and sex.

Interactions between peripheral and central compartments

The biomarker cluster score was positively correlated with C-PK11195 binding
proportion (standardised 3 = 0.317, p = 0.05) and statistically significant when
corrected for age, sex, and diagnosis of hypertension (8 = 0.359, p = 0.034). Figure 6.9

shows this relationship.
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11C-PK11195 binding hotspots, %NAWM

Biomarker cluster score

Figure 6.9. Scatter plot showing relationship between biomarker cluster score and 'C-PK11195
binding hotspots as percentage of NAWM. %ZNAWM percentage of normal appearing white mater

Proportions of both circulating classical (3 = 0.501, p = 0.12) and intermediate (§ =
0.513, p = 0.11) were positively correlated with 1C- PK11195 binding proportion,

though did not reach statistical significance (figure 6.10).

According to these results and their relationships with radiological markers, compound
biomarker cluster score, proportion of classical and intermediate monocytes were taken
forward to causal mediation analysis (the putative mediator being ''C- PK11195

binding and the outcomes radiological markers of SVD).

>
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Figure 6.10. Scatter plots showing relationship between proportion of (A) CD14++/CD16- classical
monocytes and (B) CD14+4+/CD16+ intermediate monocytes and C-PK11195 binding hotspots as
percentage of NAWM. ZNAWM percentage of normal appearing white mater

-158 -



In the causal mediation analyses, there were no significant partially mediating effects
found for the relationship between any of these peripheral metrics of inflammation and
either WMH volume, lacune count, CMB count or brain volume. However, there were
some significant partial mediation effects shown between each of the monocyte subsets

and both FA median and MD peak height (figure 6.11).

G-PK11195 hotspot "C-PK11195 hotspot
proportion proportion
B=0.384; p = 0.03 B=-0235p=015 B=0.384; p =003 B=-0.312; p=0.05"
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cluster score F=0219,p=023 FA median cluster score B=0.119;p=052 MD peak height
TE=0.129;p=045 TE = 0.003; p=0.99
PM =0.259; p = 0.55 PM = 0.005; p =099
1"C-PK11195 hotspot "C-PK11195 hotspot
proportion proportion
B=0411;p=0.08 B =-0.456; p = 0.007** B=0411;p=006 B =-0.750; p = 0.004~
Pr(;l:;::gglo{ podisip oo FA median e po0317ip= 007 MD peak height
TE =-0.323;p = 0.01" v TE = -0.653; p = 0.008"*
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C-PK11195 hotspot "C-PK11195 hotspot
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monocytes monocytes
TE =-0.654; p = 0.01* TE =-0.552; p = 0.02*
PM = 0.413; p=0.07 PM = 0.483; p=0.09

Figure 6.11. Models testing if 1'C-PK11195 binding proportion mediates association between measurements of
peripheral inflammation and radiological outcomes. (A) Olink CVD III biomarker cluster score versus FA median
(B) Olink CVD III biomarker cluster score versus MD PH (C) Proportion of classical monocytes versus FA median
(D) Proportion of classical monocytes versus MD PH (E) Proportion of intermediate monocytes versus FA median
(F) Proportion of intermediate monocytes versus MD PH. FA fractional anisotropy; MD mean diffusivity; f
standardised p-coefficient for direct effect; p’ standardised p-coefficient for indirect effect; TE treatment effect;
PM proportion mediated
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Discussion

These detailed results describe immune system activity in a cohort of patients with
symptomatically-defined moderate-to-severe SVD, investigated using a range of
experimental techniques to interrogate both peripheral (blood) and central (CNS)
compartments. These demonstrated significant differences between the SVD patient
and control groups, both in the CNS measuring 1C-PK11195 binding in several
exploratory metrics, and in a cluster of serum biomarkers. These findings support
previous work using the Olink CVD III panel??2 and build on findings from the

observational phase of this study alone.2!3

I demonstrated a very clear relationship between the MC-PK11195 binding in the
NAWM and the WMH lesion volume. As discussed in chapter two, WMHs are a key
radiological marker of SVD severity due to their near ubiquitous presence and
continuous distribution, and this finding provides further evidence that microglia may
be relevant in their pathogenesis. There was no relationship to lacune count, CMB
count or brain volume, which may reflect the discontinuous nature of these
distributions and other overlapping disease processes such as neurodegeneration. Age

significantly predicted a lower brain volume, as expected.

A further novel finding is that 1C-PK11195 was associated with worse performance in
the executive function cognitive domain. This suggests that microglia activity in white
matter networks may be associated with impairment in this domain and supports
previous studies showing that white matter network parameters measured using DTIT
and white matter free water also relate executive function performance.352:353
Importantly, although markers of white matter integrity contributed significantly to
this model (in this case FA), the signal was independent from the relationship with

HC-PK11195.

Neither C-reactive protein nor any of the individual biomarkers from the Olink CVD
III panel were associated with radiological markers of SVD severity. This was

unsurprising as previous studies that have found significant associations have been
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larger by approximately an order of magnitude.217:219222 However, it was noteworthy
that I found no evidence to support the role of specific matrix metalloproteases (MMP-
2, MMP-3, MMP-9 and TIMP-4) or markers of endothelial activation / coagulation
(E-selection, P-selectin and vWF) on markers of SVD severity. It is not known to what
extent values for these biomarkers vary over time or are subject to perturbation by
illness or other medical factors. Principal component analysis of the Olink panel data
was uninformative as there was weak covariance between the individual panel
components; it has previously been applied to this panel in a much larger study

investigating pulse pressure®>* with broadly similar findings.

The biomarker cluster score was more informative. Although only associated with brain
volume on multivariate analyses, it predicted 1'C-PK11195 binding in the central
compartment and although this cannot be interpreted as proof of causation, it suggests
that there may be a common pathophysiological process underlying both phenomena.
The components of this compound score include GDF-15, a marker of cellular stress,
cystatin B, an extracellular vesicle protein considered to represent BBB permeability,
GP-VI, a platelet receptor, TIMP-4, and SPP-1, a pleiotropic cell surface marker that
can induced in activated macrophages.3°® This suggests that diffuse cellular, endothelial
and intravascular processes may be active in SVD. These may simply represent a
response to the haemodynamic instability presented by cardiovascular risk factors
rather than a direct risk for further tissue damage as there were no significant
mediation effects identified by causal mediation analysis using the biomarker cluster

score.

In contrast, there were clear associations between the proportions of circulating
classical and intermediate monocyte subsets and DTI markers of white matter
microstructure (FA median and MD PH). Although there was not a statistically
significant relationship between these subsets and 'C-PK11195 binding, the causal
mediation analysis did reveal significant associations in the direct effect (classical
monocytes on FA median and MD PH), indirect effect (classical monocytes on MD

PH, intermediate monocytes on FA median and MD PH) and overall treatment effect
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(both subsets on FA median and MD PH). This suggests that contemporaneous
activation of blood monocytes and subtle early evidence of white matter damage may
be mediated by microglia in the central compartment. It is interesting that this
relationship was not shown for overtly damaged tissue as measured by either WMH
volume or lacune count; recent analysis of the one-year follow-up data from the
observational phase study showed that NAWM voxels that go on to become WMH at
follow-up have significantly lower 1'C-PK11195 binding, suggesting that if microglial
activity is a factor for disease progression, it is relevant at least a year prior to overt
tissue injury.?°6 These results add further support to this study and suggest a model
where peripheral monocyte activation stimulates microglia in the NAWM, which is
then at risk of progression to WMH over a period of one year or longer. I included only
raw cell counts from mass cytometry, but did not analysis functional markers of
monocyte activity such as cytokine stimulation, and this work is planned in order to

gain a deeper immunophenotype of this patient population.

As resident tissue phagocytes, activation of microglia is seen at the end-point of
inflammatory pathways regardless of whether the initial injury is primarily immune
(for example, in multiple sclerosis3®7), ischaemic or degenerative3®8; disentangling the
role of primary microglial activity requires more detailed phenotyping of the CNS cell
population itself (from animal models or CSF in patients) and longitudinal follow-up
correcting for other demographic and cardiovascular risk factors and markers of disease
severity. The summary metric for inflammation in the central compartment in this
study was microglial signal as measured by 'C-PK11195 binding hotspot proportion.
This discriminated well between patients and control participants, but it may be less
useful for mechanistic analysis within the patient group. I did not perform regional
analysis (either voxelwise, which would be limited by the somewhat coarser resolution
of the PET images, or by region of interest), which may offer more specific mechanistic
insight into how the microglial signal relates to afferent blood supply and anatomical

location.
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Critically, the cells are dynamic and have the potential to demonstrate either pro-
inflammatory (“M1” phase, defined by the expression of stimulatory surface molecules
including CD86, and production of IL-13, and TNF-a) or anti-inflammatory (“M2”
phase, characterised by anti-inflammatory surface markers such as CD206, and
production of IL-10, and TGF-B) phenotypes.!®! However, recent consensus is that
these strict categories are insufficient to describe the range of functional behaviours
exhibited by microglia?®® and more detailed assessment of microglial phenotype via

transcriptomic analysis might provide more accurate insight into their role in disease.

Strengths of this study included the number of participants included, which although
significantly smaller than previous observational MRI-based studies of patients with
SVD, was comparable in size and used more detailed central and peripheral
inflammation metrics than similar immunophenotyping studies.?14226° A reasonably
homogeneous patient population is likely to reflect the fact that this cohort is
representative of patients with SVD in our area, and robust processing was included

to harmonise data from the observational phase study and the MINERVA trial.

Despite the number of participants included, the study was nevertheless underpowered
to detect certain associations and may not have detected relationships between the
peripheral and central biomarkers or radiological markers of disease. Recruitment was
limited by the number necessary for the MINERVA trial and associated funding for
neuroimaging. A further potential limitation is that this relatively small participant
cohort was used to test the relationship between a large number of variables, and
although these were hypothesis-driven it it possible that some of the relationships
identified were chance findings based on the number of experiments performed on this

population.

Comparison of blood results measured at a single time point to radiological outcomes
that reflect the accumulation of disease over many years also limits the interpretation
of the role of these processes identified. Various patient factors including intercurrent

illness or infection may affect these parameters and further work is needed to establish
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how they fluctuate over time and what should be considered the normal range in
patients with SVD. However, the clear separation between patient and control groups

in all parameters measured supports the ongoing investigation of these processes.

Further work will test whether the MINERVA trial treatment has any differential
effects in the central and peripheral compartments and also whether the markers of
central and peripheral inflammation identified predict disease progression
longitudinally (as would be necessary to demonstrate a causal effect). Initial
longitudinal analysis using only data from the observational phase patients is discussed
in chapter eight. Additional work is planned to perform more detailed
immunophenotyping of CSF cells using single cell RNA sequencing of CSF from the
MINERVA trial patients; this will provide additional evidence towards whether the
signal identified in the PET images represents a discrete CSF myeloid cell profile.
Finally the mass cytometry results include a large amount of data on other leucocyte
cell lines and suggests a data-driven approach to investigate whether any additional

cell populations may be relevant in SVD.
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CHAPTER SEVEN
Association of blood-brain barrier permeability with
baseline SVD severity, neuropsychometric performance

and cerebrospinal fluid biomarkers

I recruited the participants for the MINERVA trial, arranged neuroimaging, collected
and processed blood samples, performed cognitive testing, segmented the image masks,
and analysed the data. Jessica Walsh recruited the participants to the observational
phase study and performed baseline cognitive testing. Guy Williams assisted with pre-
processing of the images. Daniel Tozer performed image registration and hotspot
identification. Malin Overmars assisted with calculation of the biomarker cluster

scores.
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Introduction

This chapter examines the relationship between BBB permeability, measured both
non-invasively and via invasive biomarker sampling, and both radiological markers of
SVD and cognition. The role of the BBB has been well established in health and in
neurological disease; evidence that is relevant in SVD has accumulated over several
years and is summarised below. I go on to investigate the relationship between

biomarkers of astrocytic activation and neuronal breakdown and SVD severity.

Evidence for the role of BBB permeability in SVD
The BBB is a network of cells and extracellular matrix around capillary endothelium
in the brain which serves to maintain brain homeostasis and prevent exposure to

potential toxins!®®; details of the cellular structure are presented in the introduction.

Initial evidence for deficiency in the BBB in patients with SVD came from post-mortem
brain samples; reasonably large molecules such as immunoglobulins!94360 and
fibrinogen!95196, which in healthy BBB states should not penetrate into brain

parenchyma, are seen on immunohistochemical studies.

Due to the limitations with post-mortem sampling discussed in chapters one and six,
m wvivo experimental techniques to demonstrate an association between BBB
permeability and SVD severity must either use pre-clinical animal models or measure

flux across the BBB using neuroimaging techniques.

Rodent models of SVD do provide some evidence that the BBB is deficient, including
in the spontaneously hypertensive / stroke-prone rat where white matter staining three
weeks after carotid artery occlusion showed immunoglobulin staining in the white
matter??5, an indication of its permeability through the BBB, and in mice with bilateral
carotid artery occlusion; in this paradigm, mice undergoing this procedure displayed
significant leakage of Evans blue dye after 14 days and this was associated with
significantly lower expression of occludin, a tight junction protein key for BBB

integrity.36! However, these models are necessarily limited by the invasiveness of the
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interventions required to generate them and by subtle differences in BBB anatomy,

physiology and neurogliovascular cell behaviour.

BBB permeability can be measured using neuroimaging techniques, typically using the
administration of gadolinium-based contrast to shorten the T1 relaxation time and
amplify the T1 image signal where it penetrates the CNS (DCE-MRI), though
encouraging techniques are being developed to generate images based on applying a
diffusion filter rather than using contrast agents.?62 DCE-MRI studies have shown
increased area under curve across the whole brain of patients with SVD296 and focal
areas of BBB breakdown by application of the Patlak tracer kinetic model.210,213
Similar results in a cohort of patients with minor stroke showed a significant negative
correlation between voxels of increased BBB permeability and distance from WMH.?10

However, BBB permeability did not predict incident WMH voxels at one year follow-
up.

The optimal method for measuring overall BBB permeability is comparison of
concentration in blood and CSF of a large molecule to which the BBB ought to be
impermeable. Albumin is most often used as an abundant serum protein that is
practical to measure and increasing leaks through tight junctions as BBB permeability
increases. The CSF/serum albumin ratio (or albumin quotient, Q) has been
suggested as the gold standard assessment of BBB function and is increased in
populations with lacunar stroke or VCI/VaD!99 patients with vascular risk factors

within a mixed dementia cohort?%Y and a cohort explicitly with subcortical VaD.201

Other CSF markers of BBB integrity have been investigated, including Cystatin C204
(an extracellular vesicle protein, which was significantly associated with WMH
progression, and several cardiovascular biomarkers that were found to be associated
with BBB dysfunction in early Alzheimer’s disease,?%3 including proinsulin and
apolipoprotein A. A further marker of interest is platelet-derived growth factor
receptor- (PDGFRf3), which is expressed by pericytes and shed when the BBB breaks

down!?; this study found that CSF PDGFRp concentrations were independent of
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vascular risk factor burden, but importantly that it correlated with early cognitive
impairment. This suggests that BBB integrity may be important for cognition

regardless of the aetiology of cognitive dysfunction.

Role of markers of neurogliovascular unit breakdown in SVD

The highly conserved architecture of the BBB described in chapter one (figure 1.6)
and strictly regulated interactions between the perivascular cells and endothelium
together with astrocytes and neurons has led to this structure being described as the
neurogliovascular unit.?%4 As all components are required for intracerebral homeostasis
and neuronal signalling, the idea has arisen that disruption of any one component of

this unit may be responsible for neurological impairment in disease.365

Assessment of neurogliovascular unit dysfunction in a more general sense has been
limited in SVD, though some pre-clinical studies have been informative. In mice
undergoing bilateral carotid artery microcoil stenosis, histological analysis showed
widespread disruption to vascular and astrocytic cytoarchitecture and relocation of
astrocytic aquaporin-4 water channels3%, and in a middle cerebral occlusion mouse
model, neurons were found to express proteins previously only seen in astrocytes.367
Evidence in humans is less clear, but widespread changes in astrocyte morphology have
been shown in CADASIL368, and it has been suggested that altered neurogliovascular

function rather than structure may underlie some of the motor symptoms seen in

SVD.369

An emerging marker of astrocytic dysfunction is glial fibrillary acidic protein (GFAP),
a structural protein found predominantly in astrocytes that is upregulated when
astrocytes are activated by immune challenge3” and can leak into blood in very low
concentrations across the BBB and the blood-CSF barrier.3”! This low concentration
makes measurement by conventional techniques challenging, but the development of
single molecule detection assays has made it viable and raised serum GFAP levels have

been found in neurodegenerative conditions where neuroinflammatory processes and
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BBB breakdown are known to be relevant, including Alzheimer’s disease and Lewy

Body Dementia.372

A more general marker of neuronal breakdown is neurofilament light chain (NfL), a
neuronal cytoplasmic structural protein that is expressed in large myelinated axons
and increases in the CSF in proportion to the breakdown of these axons.?™ The
development of similar single molecule assays has allowed NfL to be measured
accurately in the serum, and in addition to traditionally demyelinating conditions such
as multiple sclerosis, recent studies have shown that NfL in blood rises proportion to
SVD severity?™ and predicts incident dementia in patients with SVD.37 It has not
been established whether the serum NfL increases seen in these conditions represent
increased concentrations in the CNS, increased BBB breakdown or a combination of
the two; in addition to testing the relationship between NfL and disease severity,

comparison with measures of BBB permeability allow me to evaluate this relationship.

Hypotheses and study design

I hypothesised that SVD pathology is associated with focal areas of BBB breakdown
and tested these associations by assessing the correlation of MRI markers of SVD
severity and neuropsychometric test scores with parameters derived from DCE-MRI
images. To do this, I also derived the optimal parameters from DCE-MRI imaging to
discriminate between patients and control participants similar to the derivation of
these parameters for the PET images described in chapter six. I further testing the
relationship of these markers with the CSF /serum albumin ratio, and compared the

radiological and biomarker-based methods of assessing BBB permeability.

I further hypothesised that astrocytic activation represents a distinct pathological
process in SVD,, and tested the association between GFAP in both serum and CSF
with markers of disease severity. NfLL was also tested in a similar manner to test the

hypothesis that axonal breakdown is related to radiological markers of SVD.

Finally I hypothesised that the concentration of these proteins in blood is related to

increased CNS turnover rather than increased leakage through the BBB.
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Methods

For this analysis, I used data from the pooled cohort of 57 independent Patients with
SVD that had baseline DCE-MRI, phlebotomy and neuropsychometric testing as
described in chapter five. As CSF sampling and some of the serum assays were only
implemented for the MINERVA trial participants, aspects of the analysis include only
the trial cohort and this is highlighted where relevant. Inclusion and exclusion criteria
are presented in chapter four, as are details of the neuroimaging protocol (with full

sequence details in Appendix B).

Image analysis
WDMHs, lacunes and CMBs were highlighted as described in chapter six. Brain volumes

and DTT histograms were calculated as discussed in chapter four.

T1 maps were calculated using the standard radiofrequency spoiled-gradient echo
signal equation. The Patlak model3!? was then fitted by GBW and DJT to produce
maps of permeability constant (Kji,). These maps were registered to the original T1
images and voxels of increased BBB permeability (‘hotspots’) defined as those with a
Ki, greater than the 95™ percentile of permeability derived from control participants,
analogous to the method used for calculating hotspots of NC-PK11195 binding in

chapter six.

As several parameters can be produced from the BBB permeability mapping, I first
aimed to establish the optimal metric for further testing using methods analogous to
those employed for the 1C-PK11195 binding maps in chapter six. I assessed which of
these potential metrics (including volume of hotspot tissue and hotspot volume scaled
for tissue class across all the tissue class masks) was the best discriminant between the
sporadic SVD and patient groups and selected this as a single readout value from the

DCE-MRI images.

Blood processing
Blood was collected from each participant and processed as described in chapter four.

From the Olink CVD-III panel, a priori markers of interest were chosen to examine
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specifically based on evidence from the literature: COL1A1, Cystatin B, Junctional
Adhesion Molecule-A, MMP-2, MMP-3, MMP-9, and TIMP-4.

In the MINERVA patients, an additional blood sample was sent to the Dementia
Research Institute Biomarker Laboratory, University College London for measurement
of NfL and GFAP using the SIMOA platform as described in chapter four. In the
subset of MINERVA patient who underwent CSF sampling, a serum aliquot was also
sent to the Core Biochemical Research Laboratory, University of Cambridge for paired

measurement of albumin by ELISA.

Cerebrospinal fluid processing

CSF was collected from a subset of the MINERV A participants as described in chapter
four and albumin measured in the Core Biochemical Research Laboratory, University
of Cambridge for paired measurement of albumin by ELISA as above. NfLL and GFAP

were measured in CSF using the SIMOA platform as above.

Neuropsychiatric testing

Neuropsychometric testing was performed as detailed in chapter six.

Statistical analysis

To derive the optimal output from the DCE-MRI images, I performed multivariate
logistic regression to assess the extent to which each candidate metric predicted
participant group, including as covariates age and sex, and selected the metric that
minimised the Akaike Information Criteria (AIC) in this model. All statistical analysis

was performed in the R project for statistical computing?? 4.2.1.

Univariate linear regression was performing to test the association of this BBB
permeability metric with radiological markers of SVD (WMHs, lacunes, CMBs and
brain volume). Any variables not normally distributed under the Shapiro-Wilk test
were transformed until normal. Associations between potential covariates already
tested in chapter five, including demographic details and comorbidities, are presented

again to provide context for multiple linear regression analysis.
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Multivariable linear regression models were then constructed to test the correlation of
BBB permeability and radiological SVD markers, including as pre-specified covariates
age and sex. Only one variable from any pairs of predictors with a correlation
coefficient >0.8 was taken forward to the final model. I used a combination of stepwise
forward selection of any predictors with p < 0.05 on univariate analysis and backward
selection of predictors that lost this significance in the multivariate model. As in
chapter five, results are presented as unstandardised {3 coefficients and standard errors
except where the units of either independent or dependent variables are arbitrary, in

which case standardised 3 coefficients are given.

Similar univariate and multivariable linear regression models were next constructed to
test the relationship between BBB permeability and neuropsychometric test

performance in each of the cognitive domains.

Each biomarker from the Olink CVD-III panel was first entered individually into linear
regression models of WMHs, lacune count, CMB count and brain volume and
considered significant at p < 0.05 (false discovery rate-corrected). Next, the biomarker
cluster scores were also tested, corrected for age, sex and hypertension as was done in

their derivation.222

The CSF /serum albumin quotient, Q.,, was defined as the ratio of the serum albumin
(g/L) to CSF albumin (mg/L). I next tested the relationship between Qa, and both
radiological markers of SVD and cognitive performance in each domain. As a post-hoc
validation exercise, I assessed the correlation of Q.y, to average Kj, in the slab of tissue
under consideration using Pearson’s product moment correlation; on an exploratory
basis I also tested whether Q. was related to the BBB permeability hotspot metric

that best discriminated patients from controls.

Finally, I tested the relationship of serum and CSF NfLL and GFAP with markers of
markers of disease severity using similar models and whether the relationship between
serum and CSF values was mediated by the BBB permeability metrics using causal

mediation analysis.
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Results

Data were included from 20 control participants and 20 patients with sporadic SVD
from the observational phase study, and 44 participants from the MINERVA trial.
CSF was taken from 18 trial participants; in four of these, albumin concentrations were
in an intermediate range and presumed to represent contamination with blood. These
were excluded from analysis leaving CSF samples from 14 participants. Demographics,
cardiovascular risk factors and comorbidities are discussed in chapter five (see table

5.5).

Determination of optimal DCE-MRI marker for BBB permeability

The optimal BBB permeability metric to differentiate patients from controls was the
NAWM hotspot volume as proportion of NAWM (8 = 0.29, p = 0.008). This also
discriminated better between groups than the voxelwise mean Kj,. Table 7.1 shows the

results of the logistic regression models from possible candidate metrics.

Figure 7.1 shows the between group comparisons for the DCE-MRI metrics of BBB
permeability. Accordingly, NAWM percentage hotspot was selected for use in

subsequent analysis (henceforth termed BBB hotspot proportion).

Candidate predictor metric B SE  z-statistic p value AIC
DCE-MRI
Hotspot volume (NAWM) 0.24 0.10 2.30 0.021 47.62
Hotspot percentage (NAWM) 0.29 0.11 264 0.008 42.02
Hotspot volume (all WM) 0.24 0.10 2.81 0.004 45.72
Hotspot percentage (all WM) 0.32 0.12 2.75 0.006 42.47

Table 7.1. Logistic regression model results for candidate metrics of BBB permeability. DCE-MRI
dynamic contrast-enhanced MRI; WM white matter; NAWM normal appearing white matter
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Figure 7.1 . Boxplots showing comparisons between control group and sporadic SVD patients for candidate
metrics of BBB permeability: (A) mean Kin in NAWM; (B) hotspot volume in NAWM; (C) NAWM hotspots
as percentage of NAWM; (D) mean Ki, in all white matter; (E) hotspot volume in all white matter; (F)

white matter hotspots as percentage of all white matter. WM white matter; NA WM normal appearing white

matter

Relationship of BBB permeability to MRI markers of SVD

Univariate relationships between demographic factors/comorbidities and radiological

SVD markers are discussed in chapter six and presented again in results tables.

WMHs

On univariate analysis, the BBB hotspot proportion was not a significant predictor of

WMH volume (8 = -10.640, SE = 46.925, p = 0.82). These results are shown in figure

7.2A. The BBB hotspot proportion did not predict WMH volume in the multivariate

model. Table 7.2 shows the results of these models.
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Univariate analysis Multivariate analysis

B SE pvalue 8 SE p value

Demographics

Age (years) 0.466 0.316  0.15 0.548 0.368 0.14

Sex Male 3.547 6.800 0.60 6.112 7.953 0.45

Ethnicity White  9.150 24 .49 0.29

British

Years in education -2.868 1.114 0.013 -3.074 1.298 0.023
Vascular risk factors

Hypertension -13.053 9.866  0.19

SBP (mmHg) -0.039 0.206 0.85

DBP (mmHg) -0.381 0.364 0.30

Ischaemic  heart -12.397 10.773 0.26

disease

Hyper- 5.290 7486  0.48

cholesterolaemia

Diabetes mellitus 1.245 8.672  0.89

Smoking (current) 7.383 6.679  0.27

BMI (kg/m?) -0.366  0.480 0.45
Comorbidities

Depression 9.454 7.261 0.20

Migraine 7.298 7309 0.32

Time since last 0.421 0.140 0.0044

stroke (months)
BBB permeability

Kin hotspots, -10.640  46.925  0.82 -23.341 4631 062

%NAWM

Table 7.2. Linear regression model results univariate and multivariate models of candidate predictors
of WMH volume. Values are unstandardised 3 coefficients and standard errors. SBP systolic blood
pressure; DBP diastolic blood pressure; BMI body mass index); %ZNAWM percentage of normal
appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B SE p value B SE pvalue
Demographics
Age (years) -0.014  0.007  0.049 -0.013  0.008 0.11
Sex Male 0.105  0.151 0.49 -0.078  0.169 0.65
Ethnicity White 0.038  0.535 0.94
British
Years in education -0.024  0.026 0.36

Vascular risk factors

Hypertension 0.360  0.213  0.098
SBP (mmHg) 0.002  0.004 0.65
DBP (mmHg) -0.001  0.007  0.99
Ischaemic heart -0.083 0.333 081
disease

Hyper- 0.296  0.160 0.071

cholesterolaemia

Diabetes mellitus 0.085 0.207 0.68
Smoking (current) -0.051 0.151 0.74
BMI (kg/m?) -0.005 0.011 0.68

Comorbidities

Depression 0.065 0.165 0.70
Migraine 0.102  0.164 054
Time since last 0.007  0.004 0.10

stroke (months)

BBB permeability
Kin hotspots, -0.873  0.999 0.39 -1.156  1.007 0.26
%NAWM

Table 7.3. Linear regression model results univariate and multivariate models of candidate
predictors of log lacune count. Values are unstandardised {3 coefficients and standard errors. SBP
systolic blood pressure; DBP diastolic blood pressure; BMI body mass index); ZNAWM percentage
of normal appearing white matter, values in percentage points.
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Figure 7.2. Scatter plots showing correlation of BBB permeability hotspot proportion to (A)
WDMHs (B) lacune count (C) CMB count and (D) brain volume.

Lacunes

The logarithm of the lacune count was tested as lacune count was not normally
distributed. The BBB hotspot proportion did not predict lacune count on univariate
analysis (8 = -0.873, SE = 0.999, p = 0.39) not in the multivariate model. These

results are shown in figure 7.2B and table 7.3.

CMBs

The CMB count was also non-normally distributed and natural logarithm-transformed;
the BBB permeability hotspot proportion did not predict this value on univariate (3
= 0.0358, SE = 1.992, p = 0.98) or multivariate analysis. These results are shown in
table 7.4 and figure 7.2C.

Brain volume

BBB permeability hotspot did not predict brain volume on univariate analysis (f = -
120.89, SE = 158.17, p = 0.45). On the multivariate analysis, only age was a significant
predictor of brain volume with a negative correlation (§ = -3.732, SE = 1.168, p =
0.0028). These results are shown in table 7.5 and figure 7.2D.
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Univariate analysis Multivariate analysis

B SE p value B SE pvalue
Demographics
Age (years) -0.023  0.0127 0.072 -0.026  0.016 0.12
Sex Male -0.099 0.277 0.72 -0.334  0.336 0.33
Ethnicity White 0.010  1.039  0.99
British
Years in education 0.013 0.148 0.79

Vascular risk factors

Hypertension 0.660  0.398 0.10
SBP (mmHg) 0.007  0.006 0.26
DBP (mmHg) 0.003  0.012 081
Ischaemic heart -0.161 0559 0.77
disease

Hyper- 0.012 0306 0.97

cholesterolaemia

Diabetes mellitus 0.130 0.353 0.72
Smoking (current) 0.068 0.275 0.81
BMI (kg/m?) -0.012 0.020 0.56

Comorbidities

Depression -0.389  0.296 0.19
Migraine -0.126  0.300 0.68
Time since last 0.010 0.006 0.11

stroke (months)
BBB permeability

Kin hotspots, 0.0358 1.992 0.98 -0.567 2.003 0.78
%NAWM

Table 7.4. Linear regression model results univariate and multivariable models of candidate
predictors of log CMB count. Values are unstandardised {3 coefficients and standard errors. SBP
systolic blood pressure; DBP diastolic blood pressure; BMI body mass index); %NAWM percentage
of normal appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B
Demographics
Age (years) -3.155
Sex Male  -25.10
Ethnicity White  -47.93
British
Years in education -2.244
Vascular risk factors
Hypertension -9.271
SBP (mmHg) -0.566
DBP (mmHg) 0.003
Ischaemic heart 25.04
disease
Hyper- -26.40
cholesterolaemia
Diabetes mellitus -11.02
Smoking (current) -4.686
BMI (kg/m?) -2.038
Comorbidities
Depression 28.03
Migraine 20.64
Time since last -1.427
stroke (months)
BBB permeability
Kin hotspots, -120.89

%NAWM

SE

1.018
23.22
75.80

2.989

33.597
0.564
1.029
49.57

25.70

31.78

23.49

1.538

25.14

25.28
0.631

158.17

p value B SE p value
0.003 -3.732 1168 0.0028
0.29 -44.043  24.202 0.08
0.53

0.58

0.78
0.32
0.98
0.62

0.31

0.73
0.84
0.19

0.27
0.42
0.029

0.45 -207.49 14523 01.6

Table 7.5. Linear regression model results univariate and multivariable models of candidate

predictors of brain volume. Values are unstandardised B coefficients and standard errors. SBP

systolic blood pressure; DBP diastolic blood pressure; BMI body mass index); ZNAWM percentage

of normal appearing white matter, values in percentage points.
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Relationship of BBB permeability to cognition

On univariate analysis, BBB permeability hotspot percentage was not significantly
related to neuropsychometric scores in executive function (f = -4.206, SE = 2.132, p
= 0.055), processing speed (B = 1.158, SE = 2.430, p = 0.63), long-term memory (f =
-2.265, SE = 1.563, p = 0.15) or global cognition (B = -1.634, SE = 1.430, p = 0.26).
Univariate relationships are shown in figure 7.3.
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Figure 7.3. Scatter plots showing correlation of BBB permeability hotspot proportion to (A) executive
function; (B) long-term memory; (C) processing speed and (D) global cognition. Outcomes are age-corrected
z-scores. EF executive function; L'TM long-term memory; PS processing speed; GC' global cognition.

BBB permeability hotspot was not related to executive function score on multivariate
analysis; significant predictors in this model were WMH volume (§ = -0.022, SE =

0.007, p = 0.0034) and FA median (8 = 6.511, SE = 2.761, p = 0.024). These results

are presented in table 7.6.
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Univariate analysis Multivariate analysis

B
Demographics
Age (years) 0.012
Sex Male -0.131
Ethnicity White British  0.255
Years in education 0.159
IQ (NART) 0.079
Vascular risk factors
Hypertension -0.694
SBP (mmHg) -0.007
DBP (mmHg) -0.004
Ischaemic heart -0.161
disease
Hypercholesterolaemia 0.280
Diabetes mellitus -0.398
Smoking (current) -0.654
BMI (kg/m?) -0.020
Comorbidities
Depression -0.504
Migraine 0.148
Time since stroke -0.019
(months)
Conventional MRI markers
WMH (cc) -0.016
Lacunes -0.110
CMBs -0.026
Brain volume (cc) 0.004
FA median 18.16
MD PH (mm?s) 112.5
BBB permeability
Kin hotspots, -4.206

%NAWM

SE

0.016
0.346
1.093
0.053
0.021

0.4763
0.009
0.015
0.588

0.369
0.458
0.332
0.032

0.363
0.370
0.008

0.006
0..082
0.014
0.002
5.161
144.9

2.132

p value B SE pvalue

0.46 0.018 0.017 0.31
0.71 0.003 0.339 0.99
0.82
0.0043
0.00075

0.152
0.43
0.79
0.7

0.45
0.39
0.056
0.53

0.17
0.69
0.031

0.019 -0.022 0.007 0.0034
0.19
0.06

0.09

0.002 6.511 2.761 0.024
0.45

0.055 -3.421 1999 0.10

Table 7.6. Unstandardised {3 coefficients and standard errors of univariate and multivariate models of

candidate predictors of executive function zscore. SBP systolic blood pressure; DBP diastolic blood

pressure; BMI body mass index); FA fractional anisotropy; MDPH mean diffusivity peak height;

ENAWM percentage of normal appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B SE p value B SE pvalue

Demographics

Age (years) 0.023 0.0170 0.18 0.041 0.021 0.057

Sex Male -0.298 0.361 041 0.037 0.375 0.92

Ethnicity White British  -1.150 2.232 0.31

Years in education -0.0335 0.060 0.58

IQ (NART) 0.022 0.026 0.40
Vascular risk factors

Hypertension -0.016 0.512 0.97

SBP (mmHg) -0.016 0.009 0.08

DBP (mmHg) -0.006 0.017 0.74

Ischaemic heart -0.600 0.824 0.47

disease

Hypercholesterolaemia -0.252 0.388 0.52

Diabetes mellitus -0.360 0.482 0.46

Smoking (current) -0.133 0.364 0.72

BMI (kg/m?) -0.005 0.033 0.87

Comorbidities

Depression -0.360 0.386 0.36
Migraine -0.397 0.385 0.31
Time since stroke -0.004 0.009 0.66
(months)

Conventional MRI markers

WMH (cc) -0.014  0.007  0.059
Lacunes -0.238  0.081  0.0052 -0.184 0.090 0.050
CMBs -0.044 0.013  0.0020 _
Brain volume (cc) 0.005  0.002 0.03 0.007 0.002 0.007
FA median 17.45  5.468  0.0051
MD PH (mm?s) 4045 1163  0.0027

BBB permeability
Kin hotspots, 1.158 2430 0.64 2209 2269 0.34
%NAWM

Table 7.7. Unstandardised {3 coefficients and standard errors of univariate and multivariate models of
candidate predictors of processing speed zscore. SBP systolic blood pressure; DBP diastolic blood
pressure; BMI body mass index); FA fractional anisotropy; MDPH mean diffusivity peak height;
ENAWM percentage of normal appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B
Demographics
Age (years) 0.023
Sex Male -0.272
Ethnicity White British  0.383
Years in education 0.104
IQ (NART) 0.046
Vascular risk factors
Hypertension -0.249
SBP (mmHg) 0.004
DBP (mmHg) -0.006
Ischaemic heart -0.338
disease
Hypercholesterolaemia -0.135
Diabetes mellitus -0.065
Smoking (current) -0.045
BMI (kg/m?) 0.031
Comorbidities
Depression -0.011
Migraine 0.531
Time since stroke 0.003
(months)
Conventional MRI markers
WMH (cc) -0.010
Lacunes -0.150
CMBs -0.010
Brain volume (cc) 0.00031
FA median 11.030
MD PH (mm?s) 37.97
BBB permeability
Kin hotspots, -2.265

%NAWM

SE

0.012
0.264
0.955
0.042
0.016

0.374
0.006
0.011
0.645

0.285
0.356
0.270
0.024

0.286
0.275
0.007

0.05
0.061
0.011
0.0017
3.455
94.60

1.563

p value B SE pvalue
0.06 0.016 0.011 0.18
0.31 -0.335 0.237 0.17
0.017 0.108 0.038 0.008
0.007

0.51
0.51
0.58
0.60

0.64
0.86
0.87
0.20

0.97
0.06
0.97

0.060

0.018 -0.152 0.053 0.007
0.37
0.86
0.005
0.69

0.15 -1.951 1376 0.16

Table 7.8. Unstandardised 3 coefficients and standard errors of univariate and multivariate models of

candidate predictors of long-term memory zscore. SBP systolic blood pressure; DBP diastolic blood

pressure; BMI body mass index); FA fractional anisotropy; MDPH mean diffusivity peak height;

ENAWM percentage of normal appearing white matter, values in percentage points.
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Univariate analysis Multivariate analysis

B
Demographics
Age (years) 0.013
Sex Male -0.084
Ethnicity White British ~ -0.033
Years in education 0.085
IQ (NART) 0.051
Vascular risk factors
Hypertension -0.250
SBP (mmHg) -0.004
DBP (mmHg) -0.003
Ischaemic heart -0.037
disease
Hypercholesterolaemia -0.032
Diabetes mellitus -0.306
Smoking (current) -0.351
BMI (kg/m?) -0.0002
Comorbidities
Depression -0.353
Migraine -0.044
Time since stroke -0.007
(months)
Conventional MRI markers
WMH (cc) -0.013
Lacunes -0.125
CMBs -0.023
Brain volume (cc) 0.002
FA median 14.87
MD PH (mm?s) 158.4
BBB permeability
Kin hotspots, -1.634

%NAWM

SE

0.010
0.218
0.711
0.034
0.013

0.305
0.005
0.010
0.433

0.234
0.288
0.213
0.020

0.228
0.234
0.005

0.004
0.049
0.008
0.001
3.43

101.1

1.430

p value B SE pvalue

0.20 0.024 0.011 0.040
0.70 0.025 0.221 0.91
0.96
0.018

0.00037

0.42
0.45
0.75
0.93

0.89
0.29
0.11
0.99

0.13
0.85
0.13

0.0031 -0.015 0.004 0.0012
0.016
0.007
0.23
0.00040
0.14

0.26 -1.332 1291 0.31

Table 7.9 Unstandardised 3 coefficients and standard errors of univariate and multivariate models of

candidate predictors of global cognition zscore. SBP systolic blood pressure; DBP diastolic blood

pressure; BMI body mass index); FA fractional anisotropy; MDPH mean diffusivity peak height;

ENAWM percentage of normal appearing white matter, values in percentage points.

-184 -



Significant predictors of processing speed in the multivariate analysis were lacune count
(B =-0.238, SE = 0.081, p = 0.050) and brain volume (8 = 0.007, SE = 0.002, p =
0.007). These results are shown in table 7.7. Table 7.8 shows the univariate and
multivariate results for predictors of long-term memory; in this model years of
education (8 = 0.108, SE = 0.038, p = 0.008) and lacune count (3 = -0150, SE =
0.061, p = 0.007) were significant predictors. Significant predictors of global cognition
in the final multivariable model were age (3 = 0.024, SE = 0.011, p = 0.040) and
WMH volume (B = -0.015, SE = 0.004, p = 0.0012); see table 7.9. The BBB
permeability hotspot proportion was not significantly associated with performance in

any of these domains.

Relationship of peripheral blood proteomic panel with BBB permeability

On univariate analysis, none of the individual biomarkers from the Olink CVD III
panel were associated with BBB hotspot proportion when false discovery rate-
corrected. Full results for each individual biomarker are presented in Appendix D. Of
the pre-specified panel components, there were no statistically significant associations

with either radiological BBB permeability measurement or Qa,; (table 7.10).

BBB hotspot proportion Qaib
B p value B p value
COL1A1 -0.010 0.95 -0.068 0.85
Cystatin B -0.042 0.79 -0.018 0.96
JAM-A -0.155 0.32 -0.112 0.688
MMP-2 0.003 0.99 0.015 0.95
MMP-3 0.009 0.95 -0.010 0.98
MMP-9 -0.024 0.87 0.396 0.30
TIMP-4 0.102 0.52 -0.466 0.26

Table 7.10. Results from univariate linear regression models of pre-specified biomarkers from the
Olink CVD I panel as predictors for BBB permeability hotspot proportion and Q.
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The compound biomarker cluster score was positively but non-significantly related to
both BBB hotspot proportion and Qa, (figure 7.4). On linear regression, BCS did not
predict BBB hotspot proportion or Qalb in either univariate models (8 = 0.019, SE
= 0.013, p = 0.15; B = 9.192, SE = 6.361, p = 0.17 respectively) or in multivariate

models corrected for age and sex. (table 7.11).

BBB hotspot proportion

8 7 ) 5
BCS BCS

Figure 7.4. Scatter plots showing correlation of BCS to (A) Qamn and (B) BBB permeability hotspot
proportion, NAWM; BCS biomarker compound score; Qun CSF/serum albumin quotient.

Predictor B SE p value
BBB hotspot proportion

Age (y) -0.001 0.001 0.44

Sex (male) -0.018 0.025 0.48

BCS (NPX) 0.017 0.014 0.21
Qalb

Age (y)

Sex (male) -9.407 19.405 0.64

BCS (NPX) 17.806 11.374 0.15

Table 7.11. Results multivariable linear regression showing association of BCS with BBB hotspot

proportion and Qan, corrected for age and sex.
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Relationship of Qap to radiological SVD markers and cognition

There was a weak and statistically insignificant positive correlation between the Qanm
and WMH volume, and a statistically insignificant negative correlation between Qa
and brain volume. There was no relationship between Qa and either the lacune or
CMB count (figure 7.5). When corrected for age and sex, Qai, did not predict any of
these radiological parameters (table 7.12). The number of participants precluded more

detailed multivariate regression modelling.
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Figure 7.5. Scatter plots showing correlation of Qan to (A) WMHs (B) lacune count (C) CMB count and
(D) brain volume.

There was no relationship between Qa1 and any of the individual cognitive domain 2z

scores (figure 7.6); regression models corrected for age, sex and pre-morbid 1Q
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revealed no significant predictive effect of Qa1 and these results are shown in table

7.13.
Predictor B SE p value
WMHs
Age 0.222 0.459 0.64
Sex (male) 1.029 11.727 0.93
Qalb 1.605 3.614 0.67
Lacune count
Age -0.013 0.015 0.40
Sex 0.530 0.378 0.20
Qalb -0.156 0.117 0.21
CMB count
Age -0.054 0.036 0.17
Sex 0.329 0.923 0.73
Qalb 0.027 0.284 0.93
Brain volume
Age -2.615 1.1881 0.20
Sex -83.482 48.081 0.12
Qalb -6.990 14.816 0.65

Table 7.12 Unstandardised 3 coefficients and standard errors of regression models testing relationship

between Qai, and radiological markers of SVD, corrected for age and sex.
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Figure 7.6. Scatter plots showing correlation of Qam to (A) executive function; (B) long-term memory; (C)
processing speed and (D) global cognition. Outcomes are age-corrected z-scores. EF' executive function; LTM

long-term memory; PS processing speed; GC global cognition.
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Predictor B SE p value

EF
Age 0.027 0.036 0.44
Sex (male) -0.071 0.672 0.92
NART -0.017 0.034 0.63
Qalb 0.126 0.215 0.58
PS
Age 0.030 0.026 0.29
Sex 0.842 0.523 0.15
NART 0.014 0.027 0.61
Qalb -0.157 0.168 0.38
LTM
Age 0.048 0.032 0.18
Sex -0.847 0.650 0.23
NART -0.057 0.033 0.13
Qalb 0.257 0.208 0.26
GC
Age 0.031 0.019 0.15
Sex 0.058 0.385 0.89
NART -0.023 0.019 0.27
Qalb 0.066 0.123 0.61

Table 7.13 Unstandardised 3 coefficients and standard errors of regression models testing relationship
between Qa, and neuropsychometric performance in each domain, corrected for age, sex, and pre-morbid
1Q measured by NART.. EF ezecutive function; LTM long-term memory; PS processing speed; GC
global cognition; NART National Adult Reading Test.

Relationship of Qalb to DCE-MRI markers

Qap was highly correlated with radiological measurements of BBB permeability,
including both the overall mean permeability constant Ki, and the BBB permeability
hotspot proportion in the NAWM (Pearson’s r correlation coefficients 0.599, p = 0.04,
and 0.756, p = 0.004 respectively). To verify this relationship, I further tested the
relationship between Qap and the overall mean permeability constant Kj, and the BBB
permeability hotspot proportion in the entirety of the white matter; these were also
significantly correlated (correlation coefficients 0.626, p = 0.03, and 0.709, p = 0.010

respectively). These data are shown in figure 7.7.
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Association of GFAP with SVD severity
The intra-plate coefficient of variance for the GFAP SIMOA assay was 7.6% in serum

and 10.4% in CSF. The mean inter-plate coefficient of variance was 5.8% in serum and

11.4% in CSF.

Mean serum GFAP was 191.77 £+ 122.77 pg/mL, and was non-normally distributed
(Shapiro-Wilk W = 0.899, p = 0.002). The median and IQR were 144.86 pg/mL and
108.11 — 255.64 pg/mL respectively). Mean and median values were considerably higher
than the expected value in healthy individuals of 61 + 44 pg/mL detected by the same
assay.3™ CSF GFAP was normally distributed (W = 0.895, p = 0.11) with mean
9397.34 + 7477.68 pg/mL; reference values in asymptomatic individuals are unclear
for this assay but the CSF values are considerably lower than in patients with

traumatic brain injury which ranged from 284,000 to 816,000 pg/mL.
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Serum GFAP was not related to WMH volume, lacune count, CMB count or brain
volume (figure 7.8) and in multivariate regression models was not a significant
predictor for any of these radiological markers (table 7.14). CSF GFAP was not

significantly associated with any of these markers (figure 7.9 and table 7.15).

In multivariate models, serum GFAP was a significant predictor only of processing
speed with minimal negative effect size (B = -0.006, SE = 0.002, p = 0.0029). These data

are presented in figure 7.10 and table 7.16. CSF GFAP did not predict cognitive performance

in any domain (figure 7.11 and table 7.17).
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Figure 7.8. Scatter plots showing correlation of serum GFAP to (A) WMHs (B) lacune count (C) CMB
count and (D) brain volume.
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Predictor B SE p value

WMHs
Age (y) 0.179 0.396 0.66
Sex (male) 3.267 7.311 0.66
GFAP (pg/mL) 0.009 0.038 0.82
Lacune count
Age (y) -0.029 0.010 0.006
Sex (male) 0.209 0.181 0.256
GFAP (pg/mL) 0.001 0.0009 0.15
CMB count
Age (y) -0.036 0.023 0.13
Sex (male) -0.034 0.420 0.94
GFAP (pg/mL) -0.0001 0.002 0.95
Brain volume
Age (y) -4.476 1.355 0.003
Sex (male) -38.684 25.492 0.14
GFAP (pg/mL) 0.220 0.133 0.11

Table 7.14. Unstandardised B coefficients and standard errors of regression models testing relationship
between serum GFAP and radiological markers of SVD, corrected for age and sex.
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Figure 7.9. Scatter plots showing correlation of CSF GFAP to (A) WMHs (B) lacune count (C) CMB
count and (D) brain volume.
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Predictor B SE p value
WMHSs

Age (y) 0.575 0.467 0.26

Sex (male) 5.921 8.568 0.51

GFAP (pg/mL) -0.001 0.0006 0.06
Lacune count

Age (y) -0.034 0.016 0.08

Sex (male) 0.280 0.298 0.38

GFAP (pg/mL) -7.2 x 10 2.2 x10° 0.75
CMB count

Age (y) -0.088 0.037 0.05

Sex (male) 0.345 0.685 0.63

GFAP (pg/mL) -1.2 x 10° 5.0 x 10 0.81
Brain volume

Age (y) -1.319 2.182 0.56

Sex (male) -8.257 4.002 0.08

GFAP (pg/mL) -0.005 0.003 0.15

Table 7.15. Unstandardised B coefficients and standard errors of regression models testing relationship
between CSF GFAP and radiological markers of SVD, corrected for age and sex.
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Figure 7.10. Scatter plots showing correlation of serum GFAP to (A) executive function; (B) long-term
memory; (C) processing speed and (D) global cognition. Outcomes are age-corrected z-scores. EF ezecutive
function; LTM long-term memory; PS processing speed; GC' global cognition.
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Predictor B SE p value

EF
Age 0.018 0.026 0.49
Sex (male) 0.124 0.401 0.76
NART 0.002 0.018 0.93
GFAP (pg/mL)  -0.001 0.002 0.80
PS
Age 0.061 0.031 0.06
Sex -0.267 0.458 0.57
NART -0.008 0.020 0.69
GFAP (pg/mL) -0.006 0.002 0.029
LTM
Age -0.002 0.031 0.95
Sex 0.015 0.483 0.98
NART 0.014 0.022 0.53
GFAP (pg/mL)  -0.0006 0.002 0.82
GC
Age 0.017 0.016 0.28
Sex 0.122 0.244 0.62
NART 0.002 0.011 0.87
GFAP (pg/mL)  -0.002 0.001 0.17

Table 7.16. Unstandardised {3 coefficients and standard errors of regression models testing
relationship between serum GFAP and neuropsychometric performance in each domain, corrected
for age, sex, and pre-morbid IQ measured by NART.. EF executive function; LTM long-term
memory; PS processing speed; GC global cognition; NART National Adult Reading Test.
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Figure 7.11. Scatter plots showing correlation of CSF GFAP to (A) executive function; (B) long-term
memory; (C) processing speed and (D) global cognition. Outcomes are age-corrected z-scores. EF

ezecutive function; LTM long-term memory; PS processing speed; GC global cognition.
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Predictor B SE p value
EF
Age 0.095 0.038 0.05
Sex (male) 0.178 0.450 0.71
NART -0.034 0.27 0.26
GFAP (pg/mL)  -5.6 x10° 3.3 x10° 0.15
PS
Age 0.067 0.033 0.10
Sex 0.445 0.395 0.31
NART -0.009 0.023 0.70
GFAP (pg/mL) -5.1x10° 29x10°% 0.13
LTM
Age 0.054 0.058 0.39
Sex -0.478 0.691 0.52
NART -0.043 0.041 0.35
GFAP (pg/mL) 15x10° 5.0x10° 0.79
GC
Age 0.056 0.029 0.11
Sex 0.193 0.340 0.60
NART -0.029 0.020 0.22
GFAP (pg/mL) -2.3x10° 24x10° 0.29

Table 7.17. Unstandardised B coefficients and standard errors of regression models testing relationship
between CSF GFAP and neuropsychometric performance in each domain, corrected for age, sex, and
pre-morbid IQ measured by NART.. EF executive function; LTM long-term memory; PS processing
speed; GC global cognition; NART National Adult Reading Test.

Association of NfL with SVD severity
The intra-plate coefficient of variance for the NfLL SIMOA assay was 5.9% in serum

and 32.4% in CSF. The mean inter-plate coefficient of variance was 4.0% in serum and

39.1% in CSF.

Mean serum NfL was 44.59 + 58.04 pg/mL, with median 28.561 pg/mL and IQR 16.75
— 44.51 pg/mL. The distribution was non-normal (W = 0.529, p < 1 x 10F). The
normal range for NfL levels using this assay is 34.69 £13.09 pg/mL for age 6070, and
45.85 +15.31 pg/mL above age 70.377

Mean CSF NfL was 1885.01 + 2320.63 pg/mL, with median 999.17 pg/mL and IQR
665.39 — 1784.92 pg/mL. CSF NfL was also non-normally distributed (W = 0.708, p =

0.0007). These are broadly similar to a population of patients with vascular dementia
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and subcortical white matter disease, presumed to reflect SVD (who had CSF NfL
levels 1316 + 1218 pg/mL).378

Serum NfL was not related to WMH volume, lacune count, CMB count or brain volume
(figure 7.12) and in multivariate regression models was not a significant predictor for
any of these radiological markers (table 7.18). Serum NfL. was a significant predictor
only of long-term memory with minimal negative effect size (3 = -0.008, SE = 0.003, p

= 0.012). These data are presented in figure 7.13 and table 7.19).

In multivariate models, CSF NfL was a significant negative predictor of brain volume
(B = -0.017, SE = 0.007, p = 0.048). These data are presented in figure 7.14 and table 7.20.

CSF NIL did not predict cognitive performance in any domain (figure 7.15 and table 7.21).
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Figure 7.12. Scatter plots showing correlation of serum NfL to (A) WMHs (B) lacune count
(C) CMB count and (D) brain volume.
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Predictor B SE p value

WMHs
Age (y) 0.234 0.302 0.45
Sex (male) 2.010 6.639 0.76
NfL (pg/mL) 0.064 0.054 0.25
Lacune count
Age (y) -0.017 0.007 0.04
Sex (male) 0.039 0.165 0.81
NfL (pg/mL) 0.002 0.001 0.11
CMB count
Age (y) -0.032 0.018 0.09
Sex (male) -0.081 0.391 0.84
NfL (pg/mL) 0.002 0.003 0.51
Brain volume
Age (y) -3.106 1.061 0.007
Sex (male) -64.084 22.862 0.009
NfL (pg/mL) 0.278 0.180 0.14

Table 7.18. Unstandardised 3 coefficients and standard errors of regression models testing relationship

between serum NfL and radiological markers of SVD, corrected for age and sex.
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Figure 7.13. Scatter plots showing correlation of serum NfL to (A) executive function; (B) long-
term memory; (C) processing speed and (D) global cognition. Outcomes are age-corrected z-scores.
EF executive function; LTM long-term memory; PS processing speed; GC global cognition.
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Predictor B SE p value

EF
Age 0.024 0.018 0.20
Sex (male) 0.233 0.237 0.51
NART 0.009 0.018 0.61
NfL (pg/mL) -0.003 0.002 0.33
PS
Age -0.003 0.021 0.88
Sex -0.026 0.406 0.95
NART -0.009 0.023 0.69
NfL (pg/mL) 0.004 0.003 0.20
LTM
Age 0.001 0.018 0.97
Sex 0.194 0.343 0.58
NART 0.026 0.018 0.16
NfL (pg/mL) -0.008 0.003 0.013
GC
Age 0.005 0.010 0.64
Sex 0.179 0.203 0.39
NART 0.006 0.011 0.61
NfL (pg/mL) -0.001 0.002 0.42

Table 7.19. Unstandardised 3 coefficients and standard errors of regression models testing relationship
between serum NfL and neuropsychometric performance in each domain, corrected for age, sex, and pre-
morbid IQ measured by NART.. EF ezecutive function; LTM long-term memory; PS processing speed;
GC global cognition; NART National Adult Reading Test.
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Figure 7.14.. Scatter plots showing correlation of CSF NfL to (A) WMHs (B) lacune count
(C) CMB count and (D) brain volume.
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Predictor B SE p value

WMHs
Age (y) 0.302 0.462 0.53
Sex (male) 2.033 9.894 0.84
NfL (pg/mL) 0.002 0.002 0.30
Lacune count
Age (y) -0.018 0.015 0.27
Sex (male) 0.122 0.325 0.72
NfL (pg/mL) 0.0001 0.0001 0.18
CMB count
Age (y) -0.061 0.036 0.13
Sex (male) 0.086 0.772 0.91
NfL (pg/mL) 8.6 x 10°° 0.0002 0.61
Brain volume
Age (y) -2.079 1.567 0.22
Sex (male) -97.18 33.18 0.02
NfL (pg/mL) 0.017 0.007 0.048

Table 7.20. Unstandardised 3 coefficients and standard errors of regression models testing relationship

between CSF NfL and radiological markers of SVD, corrected for age and sex.
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Figure 7.15. Scatter plots showing correlation of CSF NfL to (A) executive function; (B) long-term
memory; (C) processing speed and (D) global cognition. Outcomes are age-corrected z-scores. EF

ezecutive function; LTM long-term memory; PS processing speed; GC global cognition.
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Predictor B SE p value
EF
Age -0.012 0.037 0.75
Sex (male) 0.367 0.456 0.45
NART 0.027 0.032 0.43
NfL (pg/mL) -0.0003 0.0001 0.08
PS
Age 0.013 0.039 0.75
Sex 0.481 0.476 0.35
NART 0.016 0.033 0.65
NfL (pg/mL) 6.4 x10°  0.0001 0.64
LTM
Age 0.006 0.043 0.90
Sex -0.282 0.534 0.62
NART -0.007 0.038 0.87
NfL (pg/mL) -0.0002 0.0001 0.17
GC
Age 0.013 0.025 0.61
Sex 0.259 0.304 0.43
NART -0.004 0.023 0.87
NfL (pg/mL) -0.0001 8.2x10° 0.23

Table 7.21. Unstandardised 3 coefficients and standard errors of regression models testing relationship
between CSF NfL and neuropsychometric performance in each domain, corrected for age, sex, and pre-
morbid IQ measured by NART.. EF ezecutive function; LTM long-term memory; PS processing speed;
GC global cognition; NART National Adult Reading Test.

Relationship between CSF /serum GFAP and NfL

The CSF /serum ratio for GFAP was negatively correlated with both the overall white
matter BBB permeability (mean Kj,) and with Qan, (Pearson’s r correlation coefficients
-0.31, p = 0.36 and -0.39, p = 0.23 respectively). The CSF /serum ratio for NfLL was
similarly negatively correlated with white matter mean Kj, and Qa, (7 = -0.23, p =

0.48 and r = -0.39, p = 0.24 respectively). These data are shown in figure 7.16.
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Figure 7.16. Scatter plots showing correlation of CSF/serum GFAP ratio to (A) mean BBB
permeability in the white matter and (B) Qan. (C) shows scatter plot of CSF/serum NfL ratio and
BBB permeability in the white matter and (D) shows scatter plot of CSF/serum NfL ratio and Qar.

Discussion

This detailed examination of BBB permeability in a cohort of patient with moderately
severe symptomatic SVD used both radiological and functional measurements to assess
the integrity of the BBB and the function of its components. I identified significant
differences between the SVD patient and control groups based on DCE-MRI, and these
differences were robust to the various ways that outcome metrics can be calculated
from the images. Interestingly, the BBB hotspot proportion was the most effective

metric for discriminating between the patient and control groups, and this mirrors the
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most effective metric found for the co-acquired 'C-PK1195 PET images discussed in

chapter six.

The relationship between BBB permeability and markers of SVD severity were
however less secure than the markers of microglial signal; BBB permeability hotspot
proportion did not correlate well with any specific radiological marker of SVD or
dysfunction in any cognitive domain. Previous studies have found that DCE-MRI
imaging is not highly reproducible,214 and studies in mice suggest that BBB
permeability can be induced and recover over timescales in the range of hours3™; it
may simply be that BBB permeability changes are too dynamic to be able to accurately

capture the relationship with other demographic and radiological variables.

Individual biomarkers in the Olink CVD III panel did not suggest a relationship
between vascular inflammation and BBB permeability, nor did the compound
biomarker score show any association with markers of BBB permeability. This may be
partly due to the sample size (the cohort used to derive the BCS being ten-fold larger
than this study population) or partly that a different subset of serum biomarkers might

be required to capture a relationship with BBB permeability.

There was no significant relationship between Q. and radiological or
neuropsychometric markers of SVD severity, and this is not surprising given the small
subset of participants who consented to have CSF sampling. However, it is reassuring
that the Qap correlated significantly with all possible DCE-MRI metrics that I tested
and this suggests that the radiological measurements used in the full participant cohort

are likely to be accurate and meaningful.

The identification of serum GFAP levels above the expected reference range suggest
that astrocytic activation is a further relevant disease process to study in SVD. Imaging
techniques are being developed to study this, including PET using a novel radioligand
specific for astrocytic cell surface proteins (1'C-BU990008)3%0 and using non-irradiating
modified diffusion-weighted MRI.38! This is some way from becoming a therapeutic

option as there are no safe and tolerable astrocyte inhibitors available.
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NfL levels were raised in both serum and CSF in this cohort; this is expected in SVD374
and predicts cognitive impairment and incident dementia.3” It is noteworthy that the
only significant associations found in this study between NfLL and radiological or
neuropsychometric markers of disease were between serum NfLL and long-term memory
and between CSF NfL and brain volume. These might be considered radiological
evidence and impaired cognitive domains more consistent with Alzheimer’s disease or
other neurodegenerative disorders than with SVD, in which the relationship with NfL
is probably more secure.?™ Although the overlap between cerebrovascular disease and
Alzheimer’s disease is significant, and the clinical distinction can be difficult, the
exclusion criteria for this study prohibited participants with additional neurological or

neurodegenerative conditions from being recruited.

By comparison of serum and CSF levels of NfLL and GFAP with BBB permeability
markers, I tested the hypothesis that these proteins that represent CNS dysfunction
are only detectable in peripheral blood due to increased transit across the BBB.
However, as the relationship was negative for both radiological and functional
measurements of BBB permeability in both proteins, this suggests that detection in

serum reflects a genuine increase production in the CNS compartment.

Strengths of this study include the range of radiological and functional metrics used to
interrogate BBB dysfunction, and the relatively large number of participants who
underwent advanced neuroimaging. Nevertheless, the study was likely underpowered
to ascertain associations between the BBB permeability and clinic-radiological features
of SVD severity, particularly given the small number of participants who gave CSF
samples. Comparison of anatomically specific markers of permeability based on MRI
may carry provide different information than a single numerical output representative
of the entire CNS, and further work will aim to determine if hotspots of BBB
permeability are in proximity to WMHs (and other overt SVD lesions) and also

whether hotspots of increased permeability in NAWM are likely to progress to lesions.
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Similar to the limitations discussed in chapter six, this chapter leveraged a relatively
small cohort of participants to test a numer of hypotheses involving complex high-
dimensional data, and there remains a risk that any significant findings were due to
chance. This is less of a concern in the BBB permeability studies as no major significant

relationships were identified.

Measurements of GFAP and NfLL were compared to reference data from healthy
participants, but their role in SVD would be better tested by the inclusion of control
participants in these experiments. The CSF NfL. assay in particular was less reliable
as evidenced by the relative high coefficient of variance, and this limits interpretability

particularly in this small sample.

Additionally, longitudinal data from the pooled observational and MINERVA trial
cohorts will allow me to test whether BBB permeability predicts disease progression
(or indeed if it is protective), and the repeat imaging included in the trial protocol will
provide a large dataset in which to investigate fluctuation in BBB permeability (i.e.
whether the mean permeability constant and hotspot volume are stable over a three
month time period, and whether focal areas of increased permeability continue to show
dysfunction from baseline to follow-up). Finally as minocycline, the trial intervention,
has been suggested as a BBB stabiliser?18, the MINERVA results will include testing
of whether intervention can in fact decrease permeability of the BBB and whether this

has a beneficial effect in the longer term.
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CHAPTER EIGHT
Blood-brain barrier permeability and markers of
central and peripheral inflammation: associations with

one year imaging and neuropsychometric performance

Content from this chapter has been published as :

Tozer DJ, Brown, RB, Walsh J, Hong YT, Fryer TD, Williams GB, O’Brien
JT, Fryer TJ & Markus HS. Stroke 2023; 54: 549-557356

and presented as:

Brown, RB, Walsh J, Tozer, DJ, Hong YT, Fryer TD, Williams GB, Graves
MJ, O’Brien JT & Markus HS. FEuropean Molecular Biology Organization

Stroke Immunology Worshop [oral presentation from submitted abstract]

(09.03.2022)

I designed the study, performed follow-up neuropsychometric testing and analysed the
imaging. Jessica Walsh recruited the participants, and performed blood sampling and
baseline. neuropsychometric testing. Daniel Tozer, Young Hong and Tim Fryer assisted

with the image analysis.
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Introduction

Chapters six and seven examined the relationship between neuroinflammation
(measured using "C-PK11195 PET), BBB permeability (measured using DCE-MRI)
and radiological measures of SVD severity at baseline, and demonstrated associations
between these metrics similar to those found in the observational phase of our study
alone.2!3 However, this association at a single timepoint is not necessarily causative; to
prove that these processes are responsible for SVD progression, it would be necessary
to demonstrate both that they correlate with disease severity and that they
independently predict clinical or radiological outcome in the longer term (in addition

to the effect of intervention as discussed in chapter five).

The evidence for the effect of neuroinflammation and BBB permeability in the longer
term is sparse in human populations, likely due to the resources required to gather this
data and follow up large enough cohorts for sufficient time. Markers of endothelial
function may represent the intersection between haemodynamic compromise and
inflammation?3®2 but few have been tested; one observational community cohort study
found that ICAM-1, responsible for lymphocyte adhesion and migration, predicted both
WMH progression over three and six years.?!¥ Individual markers of systemic
inflammation have been tested with mixed results, particularly focusing on the IL-6 /
CRP pathway; one study?® found that CRP was associated with WMH progression
over 3.3 years in a cohort of over 1000 community-dwelling participants, particularly
in the tertile with highest CRP at baseline, while Gu et al.?8! found that IL-6 (but not
CRP) was associated with WMH progression over 4.5 years in a similar population
based cohort. Other authors have failed to demonstrate any association with WMH

progression?20:290,

One longitudinal study performed has included more detailed immunophenotyping.226
The authors calculated change in WMH volume in 51 patients with SVD over nine
years, and found that baseline IL-6 predicted progression with moderate effect size

(correlation coefficient = 0.294, p < 0.05). In addition, WMH growth was also
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predicted by the proportion of intermediate CD14+"" CD16" monocytes and their
capacity for IL-17 production. It was also negatively correlated with IFN-y production
on exposure to C. albicans. These results do provide some evidence in humans that
inflammation relates to disease progression However, key acute inflammatory markers
fluctuate over a timescale of days and vary significantly with intercurrent illness, and
it is likely that all these studies are limited by the measurement of inflammatory

markers at a single timepoint.

The longitudinal effect of alterations in BBB permeability has only been assessed in
two human studies to date. Wardlaw et al.187 applied the Patlak model to DCE-MRI
data in a cohort of patients with mild stroke, and found that although the BBB
permeability was related to WMH severity, it did not predict progression after one
year. Further analysis of this cohort data did not find evidence that BBB permeability
predicts progression in other markers of SVD individually or using a composite SVD
severity score, though it did predict performance.3®® This study was limited by the
inclusion of other stroke subtypes which may have affected the robustness of the
conclusions for SVD markers specifically. The second study by Huisa et al.214 examined
a cohort of 22 patients felt to have VCI due to Binswanger’s disease (defined as severe
SVD characterised by inflammation /demyelination and relatively quick progression to
dementia), and found that BBB permeability at baseline using the Patlak model did

not predict WMH progression or incident lacunes over ten months.

Pre-clinical models have provided further limited evidence of both neuroinflammatory
processes and BBB leakage contributing to disease progression. In a spontaneously
hypertensive / stroke-prone rat model, unilateral carotid occlusion led to typical WMH
lesions developing and this was accompanied by an MMP-9 associated leakage of IgG
into parenchyma on serial histological sampling??*; in a similar rodent model, fibrinogen
staining (a further marker of BBB permeability) was only present late in the diseae.386
Further evidence is needed to elucidate the time course of both the inflammatory
response and the permeability of the BBB in SVD in order to target the timing of any

intervention appropriately in the course of the disease.
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This accumulated evidence informs three possible models of the relationship between
inflammatory processes, increased permeability of the BBB and tissue damage in SVD
(figure 8.1). One model, broadly following the structure outlined by Rosenberg et al.??7,
proposes that inflammatory mediators are produced as a response to haemodynamic
upset and initial ischaemia, followed sequentially by BBB opening and further tissue
damage. In an alternative model, the inflammation described above is purely a response
to the initial injury and does not drive further tissue damage; authors proposing the
latter have even suggested that microglial activation may even be protective, leading
to resolution of tissue damage and restoration of local homeostasis.?32 A final model
suggests that these processes are independent downstream results of a common primary
injury. Ascertaining which of these models best describes the relationship between the
novel disease processes identified and long term SVD progression is critical for

determining whether intervention is likely to be meaningful.

I aimed to test which of these models best described the relationship between
inflammation (using 'C-PK11195 PET as a proxy for central inflammation, and serum
inflammatory proteins as peripheral markers), BBB permeability (using DCE-MRI)
and the progression of SVD. I hypothesised that if the sequential model shown in figure
8.1(A) is most accurate, inflammation and BBB permeability would independently
predict worsening of radiological SVD severity and cognitive performance, when
corrected for other known factors that predict disease progression. I aimed to answer

the following questions:

(1) Do baseline measurements of inflammation predict disease progression based on

MRI or neuropsychometric testing?

(2) Do baseline measurements of BBB permeability predict disease progression in the

same way’!

To answer these questions, I performed one year follow-up appointments for
participants in the observational phase of our PET/DCE-MRI study, which included

repeat MRI (conventional sequences only) and neuropsychometric testing.
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Figure 8.1. Alternative models for the relationship between initial cerebrovascular injury,
inflammation / BBB permeability and parenchymal damage. (A) The model discussed in chapter
one. Hypoxia / ischaemia leads to direct tissue damage, and also results in a parallel inflammatory
cascade and BBB opening that exacerbates this damage. (B) Hypoxia / ischaemia leads to direct
tissue damage, and this causes both BBB opening and local inflammation. (C) Inflammation and
BBB permeability occur unrelated to tissue damage, either as a consequence of the initial hypoxia
/ ischaemia or secondary to other related factors such as cardiac risk factors, lifestyle factors,
linked genetic factors or medications.
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Methods

Patients with sporadic SVD were recruited as described in chapter four and underwent
baseline appointment at which demographic details, and medical history including
comorbidities and medications were collected. Participants underwent co-acquired

PET and DCE-MRI as described above, as well as baseline neuropsychiatric testing.

All participants were invited back one year after the baseline appointment for a repeat
MRI including conventional / structural sequences only on the same MRI scanner (T1,

T2, FLAIR, SWI and DTT; full sequence details are provided in Appendix B).

Image analysis

Baseline PET and DCE-MRI images were analysed using the methods described in
chapter four. Volumes of ‘hotspot’ areas of increased 11C-PK11195 binding and of Kj,
in the NAWM as defined in chapter five were taken as the primary indicator metrics

from the PET and DCE-MRI scans respectively.

SPM12 was used to segment the tissue in grey and white matter, and WMHs were
marked semi-automatically using Jim version 8.0 (http://xinapse.com/j-im-software/).
I employed a similar blind-to-timepoint method discussed in chapter three where the
baseline and follow-up images were marked in parallel and displayed in a random order
to the rater. Lacunes were marked on baseline and FLAIR images with parallel visual
inspection of T1 and T2-weighted sequences to confirm any lesions, and the masked
using the ‘Masker’ tool in Jim to confirm the number of discrete regions of interest
(ROI). CMBs were marked on SWI images and were also counted automatically using

the Masker tool. DTT data were converted to histograms as above.

Neuropsychiatric test scoring

The neuropsychiatric tests were scored at baseline and at one year according to the
method described in chapter six. The difference in zscores in EF (AEF), PS (APS),
LTM (ALTM) and GC (AGC) were taken as outcome indicators for cognitive

performance.
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Statistical analysis

Within the data collected, demographic factors (age, sex, premorbid IQ and years in
education), participant comorbidities (hypertension, hypercholesterolaemia, diabetes
and smoking history) and baseline imaging parameters (WMHs, lacunar infarcts,
CMBs, brain volume and DTT metrics) were identified as potential variables that might
predict radiological progression and/or cognitive deterioration. Univariate linear
regression was used to test the effect of each of these predictors individually on
continuous radiological markers of SVD progression (WMH expansion) and metrics of
change in cognition (AEF, APS, ALTM and AGC). Logistic regression was used to

test the effect of these predictors on subjects developing incident lacunes or CMBs.

I next performed multiple linear or logistic regression to assess the effects of the
predictor variables on these outcomes as above. This was limited by the number of
patients with SVD included (n = 20); conventionally it has been suggested that a
minimum of ten subjects-per-predictor is required to allow a linear regression model to
predict outcomes correctly in subsequent subjects?®7, and although other authors have
challenged this assumptions, calculating the required subject-per-variable as low as
two388, the area remains controversial. Logistic regression also likely requires ten
subjects-per-variable.?® T created models to test the effect of 1C-PK11195 binding and
BBB permeability that included as covariates age, sex, baseline severity for radiological
markers and pre-morbid IQ for cognitive markers. These models were considered

exploratory.

All analysis was performed in the R project for statistical computing?6V version 4.2.1.

Results

20 participants with moderate to severe SVD were recruited; demographic and
comorbidity data were available from 20 patients, as were conventional MRI data at

baseline and follow-up and baseline serum samples. 16 participants had available PET
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data and 19 had successful DCE-MRI that could be analysed. 19 patients completed

baseline and follow-up neuropsychometric testing.

Predictors of radiological disease progression
WMH progression

The mean change in WMH volume over one year was 3.6cc + 3.9cc. Table 8.1 shows

the results of univariate and multivariate linear regression models.

On univariate analysis, the only significant predictor of WMH progression was age at
enrolment (unstandardised § value 0.23, standard error 0.084, p = 0.013). 1''C-PK11195
binding and BBB permeability hotspots were not significantly associated with WMH

progression (figure 8.2).
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Figure 8.2. Scatter plots of (A) MC-PK11195 binding hotspots versus change in WMH
and (B) BBB permeability hotspots versus change in WMH over one year.
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Univariate models Multivariate model

Predictor variables B SE p value B SE p value
Demographics

Age (years) 0.23 0.084 0.013 0.055 0.28 0.85

Sex (male vs female) -1.94 1.72 0.27 -0.20 0.44 0.66
Comorbidities

Hypertension (yes/ no) 0.054 2.96 0.98

Hypercholesterolaemia 1.28 1.76 0.48

(yes/no)

Diabetes (yes/no) -2.13 2.16 0.34

Smoking (yes/no) 1.32 1.76 0.46

BMI -1.91 1.56 0.24
Radiological features

Baseline WMH (cc) 0.049 0.027 0.091 0.077 0.078 0.35

Brain volume (cc) 0.0024 0.0044 0.58

Lacunes (count) 0.073 0,456 0.87

Microbleeds (count) 0.236 0.180 0.20

FA median 10.43 23.46 0.55

MD peak height (mm?/s) -370.25 513.38 0.48
Novel pathophysiological markers

11C-PK11195 binding 9.8 x 106 1.1x10% 0.93 -0.018 0.028 0.53

hotspots

Kin hotspots -8.3x10% 1.2x10*% 0.49 -0.016 0.020 0.45

Table 8.1. Unstandardised 3 values, standard errors and p values from univariate linear
regression models and multivariate (exploratory) model measuring effect of predictors on WMH
progression (cc). FA fractional anisotropy; MD mean diffusivity; SE standard error.

In the multivariate model, none of the predictors was significantly associated with
WMH progression; of note, although the effect sizes were small, the values for both
11C-PK11195 binding and BBB permeability were negative i.e. associated with less

progression.

Incident lacunes

Five participants (25%) showed incident lacunes during the one year follow-up. These
were all single infarcts; multiple incident lacunes were not observed in any of the
participants. In four of the participants (20%), the one lacune had become invisible at
follow-up. Table 8.2 shows the results of univariate and multivariate logistic regression

models.

On univariate analysis, the only significant predictor of incident lacunes was the
presence of diabetes (unstandardised 3 value 2.97, standard error 1.38, p = 0.032). 1C-
PK11195 binding and BBB permeability hotspots were not significantly associated

with incident lacunes (figure 8.3).
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Predictor variables
Demographics
Age (years)
Sex (male vs female)
Comorbidities
Hypertension (yes/ no)
Hypercholesterolaemia

(yes/no)
Diabetes (yes/no)

Smoking (yes/no)
BMI

Radiological features
Baseline WMH (cc)
Brain volume (cc)
Lacunes (count)
Microbleeds (count)
FA median

MD peak height (mm?/s)

B

0.034
-0.41

16.7
1.39

2.97
0.41
0.17

-0.017
-0.004
0.30
0.068
-4.09
-74.7

Novel pathophysiological markers
11C-PK11195 binding

hotspots
Kin hotspots

-0.11

-0.045

Univariate models

SE

0.059
1.06

279
1.24

1.38
1.06
0.10

0.026
0.003
0.26
0.099
13.2
305.5

0.12

0.063

Multivariate model
p value B SE p value

0.56 0.48 0.31 0.12
0.70 6.79 4.94 0.17

0.99
0.26

0.032
0.70
0.10

0.51
0.19
0.25 0.080 0.30 0.79
0.50
0.76
0.81

0.39 -0.24 0.20 0.21

0.48 -0.34 0.30 0.26

Table 8.2. Unstandardised 3 values, standard errors and p values from univariate logistic regression models

and multivariate (exploratory) model measuring effect of predictors on likelihood of incident lacunes. FA

fractional anisotropy; MD mean diffusivity; SE standard error.
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Figure 8.3. Boxplots of (A) 'C-PK11195 binding hotspots and (B) BBB permeability

hotspots, stratified by incident lacunes.
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Incident cerebral microbleeds
Seven participants (35%) had incident CMBs during the one year follow-up. The
number of new CMBs ranged from one to seven and these were only present in

participants who had CMBs at baseline. CMBs did not disappear in any participant.

Table 8.3 shows the results of univariate and multivariate logistic regression models.

Univariate models Multivariate model

Predictor variables B SE p value B SE p value
Demographics

Age (years) -0.053 0.058 0.36 0.18 0.15 0.26

Sex (male vs female) 1.61 1.04 0.12 3.11 2.30 0.21
Comorbidities

Hypertension (yes/ no) -0.61 1.5 0.69

Hypercholesterolaemia -0.98 0.98 0.32

(yes/no)

Diabetes (yes/no) 0.69 1.14 0.54

Smoking (yes/no) 1.25 1.02 0.22

BMI 0.017 0.085 0.84
Radiological features

Baseline WMH (cc) 0.0097 0.015 0.53

Brain volume (cc) 0.0012 0.0023 0.62

Lacunes (count) 0.50 0.33 0.12

Microbleeds (count) 0.12 0.11 0.26 0.07 0.14 0.61

FA median -3.2 12.4 0.80

MD peak height (mm?/s) -303.4 311.7 0.33 _
Novel pathophysiological markers

11C-PK11195 binding 0.040 0.058 0.70 0.019 0.075 0.81

hotspots

Kin hotspots 0.018 0.053 0.73 0.18 0.12 0.16

Table 8.3. Unstandardised 3 values, standard errors and p values from univariate logistic regression models
and multivariate (exploratory) model measuring effect of predictors on likelihood of incident microbleeds.
FA fractional anisotropy; MD mean diffusivity; SE standard error.

On univariate analysis no predictors were significantly associated with incident CMBs,
including 1'C-PK11195 binding and BBB permeability hotspots. Figure 8.4 shows the
distribution of these values stratified by the presence or absence of incident CMBs. In
the multivariate model, none of the predictors was significantly associated with

incident CMBs.
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Figure 8.4. Boxplots of (A) '"C-PK11195 binding hotspots and (B) BBB permeability
hotspots, stratified by new CMBs.

Change in DTI parameters

Mean FA was 0.343 at baseline and 0.331 at follow-up (a difference of -0.011 £ 0.04,
p = 0.34). Mean MD peak height was 0.0110mm?/s at baseline and 0.0103mm?/s at
follow-up (A difference of -0.0007 + 0.0008mm?/s, p = 0.19). Table 8.4 shows the
results of univariate and multivariate logistic regression models for factors that predict
change in FA, and table 8.5 shows the results of similarly constructed models to predict
change in MD. On univariate analysis, the only significant predictor of change in FA
was baseline FA (8 =-0.547, SE = 0.209, p = 0.018); no predictors were significant in
the final model. Similarly on univariate analysis the only significant predictor of change
in MD was baseline MD (8 =-0.264, SE = 0.0897, p =0.0091) and no predictors were

significant in the multivariate model.
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Univariate models

Predictor variables B
Demographics

Age (years) -0.000749
Sex (male vs female) 0.0121
Comorbidities
Hypertension (yes/ no) -0.0232
Hypercholesterolaemia 0.0273
(yes/no)
Diabetes (yes/no) 0.00886
Smoking (yes/no) 0.00712
BMI -0.000256
Radiological features
Baseline WMH (cc) 0.000249
Brain volume (cc) 1.09x10®
Lacunes (count) 0.00374
Microbleeds (count) 0.00361
FA median -0.547
MD peak height (mm?/s) -0.401

Novel pathophysiological markers
11C-PK11195 binding 0.000668
hotspots

Kin hotspots 0.00183

SE

0.00104
0.0187

0.0303
0.0178

0.0231
0.0189
0.00175

0.000301
4.60x10°
0.00451
0.00175
0.209
5.42

0.00123

0.000949

Multivariate model

p value B SE p value

0.00396
0.0654

0.48
0.53

-0.00116
0.00221

0.78
0.97

0.46
0.14

0.71
0.71
0.89

0.42
0.82
0.41
0.055
0.018
0.94

-0.521 0.393 0.22

0.00181

0.54 0.000126 0.78

0.07 0.000515 0.00285 Q.97

Table 8.4. Unstandardised 3 values, standard errors and p values from univariate logistic regression models

and multivariate (exploratory) model measuring effect of predictors on change in FA. FA fractional

anisotropy; MD mean diffusivity; SE standard error.

Univariate models

Predictor variables B
Demographics

Age (years) 1.91 x 10°
Sex (male vs female) 0.000138
Comorbidities
Hypertension (yes/ no) 0.000272
Hypercholesterolaemia 0.000458
(yes/no)
Diabetes (yes/no) -2.62 x 10
Smoking (yes/no) 0.000578
BMI 1.23 x 10°®
Radiological features
Baseline WMH (cc) 4.26 x 10°®
Brain volume (cc) 1.78 x 107
Lacunes (count) 0.000138
Microbleeds (count) 2.08 x 10°
FA median -0.00359
MD peak height (mm?/s) -0.264

Novel pathophysiological markers

11C-PK11195 binding -2.20 x 10°
hotspots
Kin hotspots -4.60 x10®

SE

2.08 x 10
0.000384

0.000624
0.000369

0.00472
0.000359
3.18 x 10°

6.16 x 10°
9.35 x 107
8.73 x 10°
3.95 x 10°
0.00500
0.0897

2.23x10°

2.09 x 10°

Multivariate model

p value B SE p value

7.46 x 10°
0.00123

571 x 10°
0.000888

0.37
0.72

0.47
0.49

0.67
0.23

0.96
0.13
0.70

0.49
0.85
0.13
0.61
0.48
0.0091

-0.245

0.181 0.21

0.92 -2.7x10% 3.35x10° 0.45

0.83 5.40x 10° 5.32x10° 0.34

Table 8.5. Unstandardised $ values, standard errors and p values from univariate logistic regression models

and multivariate (exploratory) model measuring effect of predictors on change in MD. FA fractional

anisotropy; MD mean diffusivity; SE standard error.
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Figure 8.5. Scatter plots of (A) !C-PK11195 binding hotspots versus change in FA; (B) BBB
permeability hotspots versus change in FA; (C) 1C-PK11195 binding hotspots versus change in MD; and
(D) BBB permeability hotspots versus change in MD over one year;

Predictors of change in cognition

The mean scores in all cognitive domains increased between baseline and follow-up
appointments, particularly in executive function (mean change in zscore 1.14, p = 8.51
x 10°6). The mean change in zscore in processing speed and long-term memory were
0.11 (p = 0.35) and 0.069 (p = 0.52) respectively. The mean score for global cognition
increased significantly (mean change in zscore 0.26, p = 0.0047). Figure 8.6 shows

the distribution of scores in these domains at baseline and one year follow-up.
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Figure 8.6. Baseline and follow-up distribution of zscores in (A) executive function — EF; (B)
processing speed — PS; (C) long-term memory — LTM; and (D) global cognition — GC.

Figure 8.7 shows the relationship between baseline microglial signal (measured as
volume of MC-PK11195 binding hotspots) and change in neuropsychometric
performance; figure 8.8 shows the relationship between baseline BBB permeability
(measured as volume of permeability hotspots) and change in neuropsychometric
performance as above. The results of univariate and multivariate linear regression

models are presented below.

Change in executive function

Pre-morbid IQ as measured by NART was the only significant predictor of change in
executive function zscore (unstandardised B value -0.059, standard error 0.020, p =
0.0089). This was not significant when false discovery rate corrected. In the

multivariate model, no predictors were significantly associated with executive function

change (table 8.6).
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Univariate models Multivariate model

Predictor variables B SE p value B SE p value
Demographics
Age (years) -0.033 0.018 0.083 0.014 0.06 0.83
Sex (male vs female) 0.27 0.36 0.46 0.38 1.05 0.73
Years of education -0.026 0.062 0.68
Baseline 1Q -0.059 0.020 0.0089 -0.042 0.034 0.26
Comorbidities
Hypertension (yes/ no) -0.25 0.78 0.76
Hypercholesterolaemia -0.32 0.36 0.39
(yes/no)
Diabetes (yes/no) 0.44 0.42 0.31
Smoking (yes/no) 0.054 0.37 0.88
BMI 0.028 0.032 0.40
Radiological features
Baseline WMH (cc) -0.015 0.0096 0.12
Brain volume (cc) -0.00024 0.0010 0.81
Lacunes (count) -0.14 0.080 0.095
Microbleeds (count) -0.021 0.036 0.58
FA median 0.32 4.74 0.95
MD peak height (mm?/s) 168.9 90.1 0.081
Novel pathophysiological markers
11C-PK11195 binding 0.022 0.041 0.59 0.047 0.055 0.43
hotspots
Kin hotspots 0.022 0.019 0.29 0.028 0.050 0.59

Table 8.6. Unstandardised 3 values, standard errors and p values from univariate linear regression models
and multivariate (exploratory) model measuring effect of predictors on change in executive function domain

zscore. FA fractional anisotropy; MD mean diffusivity; SE standard error.
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Figure 8.7. Scatter plots showing relationship between baseline 1'C-PK11195 binding hotspots
and one year change in zscore in (A) executive function — EF; (B) processing speed — PS; (C) long-
term memory — LTM; and (D) global cognition — GC.
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Change in processing speed

On univariate analysis, number of CMBs was negatively correlated with change in
processing speed zscore (B = -0.059, SE = 0.020, p = 0.0089). FA was positively
correlated (B = 9.20, SE = 1.89, p = 0.00021). In the multivariate model, no predictors

were significantly associated with change in processing speed (table 8.7).

Univariate models Multivariate model

Predictor variables B SE p value B SE p value
Demographics

Age (years) -0.012 0.012 0.33 -0.34 0.032 0.33

Sex (male vs female) 0.081 0.23 0.73 -0.27 0.55 0.64

Years of education 0.0066 0.040 0.87

Baseline 1Q -0.025 0.015 0.11 -0.024 0.018 0.22
Comorbidities

Hypertension (yes/ no) 0.44 0.49 0.38

Hypercholesterolaemia 0.20 0.23 0.40

(yes/no)

Diabetes (yes/no) -0.025 0.28 0.93

Smoking (yes/no) 0.024 0.24 0.92

BMI -0.0034 0.020 0.87
Radiological features

Baseline WMH (cc) 0.0015 0.0067 0.82

Brain volume (cc) 0.00026 0.00063 0.68

Lacunes (count) 0.020 0.056 0.73

Microbleeds (count) -0.062 0.017 0.0021 0.0559 0.0528 0.34

FA median 9.20 1.89 0.00021 1.399 8.26 0.87

MD peak height (mm?/s) 55.0 62.6 0.39
Novel pathophysiological markers

11C-PK11195 binding -0.010 0.025 0.68 0.014 0.029 0.64

hotspots

Kin hotspots 0.023 0.012 0.065 0.011 0.026 0.70

Table 8.7. Unstandardised 3 values, standard errors and p values from univariate linear regression models
and multivariate (exploratory) model measuring effect of predictors on change in processing speed domain
zscore. FA fractional anisotropy; MD mean diffusivity; SE standard error.

Change in long term memory

On univariate analysis, hypertension was positively associated with change in long-
term memory zscore (3 = 0.792, SE = 0.299, p = 0.0017). WMH was negatively
correlated (B = -0.00677, SE = 0.00313, p = 0.045). In the multivariate model, no

predictors were significantly associated with change in long-term memory (table 8.8).
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Univariate models Multivariate model

Predictor variables B SE p value B SE p value
Demographics
Age (years) -0.0175 0.0113 0.14 -0.00369  0.0366 0.92
Sex (male vs female) 0.194 0.213 0.38 0.877 0.67 0.24
Years of education 0.0603 0.0342 0.096
Baseline 1Q 0.0260 0.0131 0.065 0.0375 0.0221 0.14
Comorbidities
Hypertension (yes/ no) 0.792 0.299 0.017 0.322 0.563 0.07
Hypercholesterolaemia 0.0880 0.217 0.69
(yes/no)
Diabetes (yes/no) 0.0263 0.267 0.92
Smoking (yes/no) -0.158 0.215 0.47
BMI 0.0267 0.0183 0.17
Radiological features
Baseline WMH (cc) -0.00677 0.00313  0.045 -0.00127 0.00106  0.28
Brain volume (cc) -0.000139  0.000529 0.80
Lacunes (count) 0.0744 0.0497 0.15
Microbleeds (count) -0.00225 0.0225 0.92
FA median 4.776 2.600 0.083
MD peak height (mm?/s) 4.149 62.333 0.95
Novel pathophysiological markers
11C-PK11195 binding 0.0194 0.0126 0.15 0.0237 0.0338 0.51
hotspots
Kin hotspots -0.0185 0.0112 0.12 0.0209 0.0312 0.53

Table 8.8. Unstandardised 3 values, standard errors and p values from univariate linear regression models
and multivariate (exploratory) model measuring effect of predictors on change in long-term memory domain
zscore. FA fractional anisotropy; MD mean diffusivity; SE standard error.

Change in global cognition

On univariate analysis, baseline IQ as measured by NART was negatively correlated
with change in global cognition zscore (8 = -0.0246, SE = 0.00870, p = 0.013). In the
multivariate model, 11C-PK11195 binding hotspot volume was significantly associated

with change in global cognition zscore (8 = 0.0501, SE = 0.147, p = 0.011 (table 8.9).
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Univariate models Multivariate model

Predictor variables B SE p value B SE p value
Demographics
Age (years) -0.00964 0.00816  0.26 -0.00356  0.0164 0.83
Sex (male vs female) 0.188 0.156 0.25 0.409 0.278 0.18
Years of education -0.0131 0.0279 0.65
Baseline 1Q -0.0246 0.00870  0.013 -0.00676  0.00899 0.48
Comorbidities
Hypertension (yes/ no) 0.0184 0.338 0.96
Hypercholesterolaemia 0.0297 0.164 0.72
(yes/no)
Diabetes (yes/no) 0.188 0.203 0.37
Smoking (yes/no) 0.0968 0.163 0.56
BMI 0.0124 0.0142 0.39
Radiological features
Baseline WMH (cc) -0.00215 0.00451 0.64
Brain volume (cc) -0.000201  0.000437 0.65
Lacunes (count) -0.0232 0.0382 0.55
Microbleeds (count) 0.00678 0.0160 0.67
FA median -1.774 1.999 0.39
MD peak height (mm?/s) 39.463 42.113 0.37
Novel pathophysiological markers
11C-PK11195 binding 0.0274 0.0164 0.12 0.0501 0.0147 0.011
hotspots
Kin hotspots 0.00847 0.00870  0.35 0.0274 0.0132 0.077
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Figure 8.8. Scatter plots showing relationship between baseline BBB permeability hotspots
and one year change in zscore in (A) executive function — EF; (B) processing speed — PS; (C)
long-term memory — LTM; and (D) global cognition — GC.
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Discussion

Longitudinal data from this cohort of patients with SVD do not show that either BBB
permeability or microglial signal measured by PET imaging predict disease progression.
The only significant relationship was that the "C-PK11195 binding hotspot volume
predicted improved global cognition at one year. This study suggests that these disease
processes do no predict disease progression in SVD and raise the possibility that

microglia in particular may rather be protective.

Radiological progression

At one year follow-up, I found radiological progression of disease in this cohort of
patients with moderate to severe SVD that is broadly in keeping with existing
literature. WMHs increased by 3.6 4+ 3.9cc which is similar to the expected value of
2.5¢ce calculated in chapter two and previously published2?%4; the incidence of lacunar
infarcts (25% in one year) was also broadly similar to previous estimates of between
9.5% - 36.6%.3% 35% of this cohort showed incident CMBs, which is considerably
higher than the 2.2% documented previously in an SVD cohort268, albeit in a
population with less severe disease. This may be related to the increased sensitivity of
our neuroimaging sequences (i.e. using a SWAN sequence at 3T compared to a T2*-
weighted sequence at 1.5T).391 As expected, we found decreases in both MD peak
height and median FA, indicating a deterioration in microstructural integrity in this

population that was also similar to previously published values.268:289

I identified few associations between demographic variables and cardiovascular risk
factors that predicted radiological SVD progression. Age was significantly associated
with WMH progression, a finding that has previously been well documented 153254262,
and diabetes with incident lacunar infarction, which is less clear in previous literature
from observational cohorts.266:293 The DTI parameters median FA and normalised peak
height MD at baseline were the only significant predictors of progression in each case.
Multivariate regression models revealed no significant predictors among possible

predictors.
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Although baseline MC-PK11195 binding did not predict progression in any of the
radiological markers of SVD, it was noteworthy that in multivariate models the volume
of hotspot tissue in NAWM predicted less WMH growth, fewer incident lacunes and
higher FA/MD (i.e. less deterioration in white matter microarchitecture). This was
unexpected and although not statistically significant, the finding was quite consistent
across outcome measurements. There are several possible explanations for this

observation:

1) It is a chance finding and not representative of a true biological process; or the
association is correlative rather than causative. It may be the case that inflammation
(if relevant) causes irreversible cellular and tissue changes over a much longer time
period than the one year follow-up in this study, and the association is driven by
participants in whom inflammation peaked at a previous timepoint but set in motion
an irreversible cascade leading to further damage. Evidence towards this is supported
by findings from this cohort that NAWM voxels that become WMH at follow-up have
a significantly lower 1C-PK11195 binding potential than the remainder of the white

matter.356

2) Aspects of the pathophysiological processes influencing the PET signal resolve over
time and this causes apparent improvement in some markers in specific areas of the

brain, for example, oedema.’®

3) The PET signal is representative of a process that is reparative or regenerative

rather than destructive.

Microglial function has previously been split somewhat crudely into two polar
phenotypes; a pro-inflammatory “M1” phase characterised by expression of surface
proteins including CD86, IL-13, and TNF-o, and an anti-inflammatory “M2” phase
characterised by expression different markers than include CD206, IL-10, and TGF-
B.338 This is likely to be an oversimplification, and TSPO itself mediates the
polarisation between microglial M1 and M2 phenotypes in rat models392; as this process

is dynamic, PET imaging may not distinguish between populations of pro-
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inflammatory microglia becoming less activated or vice versa. Some authors have even

argued (contentiously) against the existence of M1 and M2 phenotypes altogether.393

Ageing may add additional complexity as aged microglia are known to have an altered
transcriptome compared to earlier life3%4; in this extensive transcriptomic atlas, TSPO
is identified as one of the genes significantly upregulated in ageing and this may be an
important confounder when leveraging it to image microglia. It has been proposed that
TSPO does not indicate microglial activation in humans as in rodent and non-human
primates based on analysis of multiple transcriptomic studies across a range of
preclinical models of neuroinflammation and data from cohorts of patients with both
Alzheimer’s disease and multiple sclerosis.?? It is therefore possible that the microglial
signal identified using "'C-PK11195 PET imaging represents a protective phenomenon,
and various mechanisms by which this could happen have been investigated including
direct repair of myelin, clearance of toxic proteins such as B-amyloid and the
preservation of synaptic function.?3> Further data from participants in the MINERVA
trial will allow this hypothesis to be tested, albeit in a small number of subjects: if the
intervention reduces microglial signal from the PET images, follow-up imaging at one
year and clinical outcome/neuropsychometric performance can be used to test whether
this is positive or deleterious. Additionally, future experiments to perform single cell
RNA sequencing on stored CSF from these participants will allow me to test whether

any cell populations in the CNS are associated with the imaging signal.

Hotspots of increased BBB permeability did not significantly predict progression in
any of the markers of BBB tested, though the indicative relationship suggest an
association with lower WMH progression, fewer incident lacunes and improved DTI
markers. The potential explanations for this are similar to those for the findings from
the PET imaging as discussed above; the study may have been insufficiently powered
or the follow-up at too short an interval to detect changes over the relevant timescale.
These findings are similar to the two previous longitudinal studies investigating DCE-

MRI in SVD.187.214
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It is less obvious to conjecture that opening of the BBB could be beneficial; the BBB
is ubiquitously held to be a critical regulator of homeostasis and prevention of toxins.
However, there are suggestions in mouse models of Alzheimer’s disease that focused
transcranial ultrasound used to temporarily open the BBB can expose the brain to
circulating endogenous antibodies against 3-amyloid and alter the phenotype of cortical
microglia3%; this technique may also induce a neuroprotective phenotype in astrocytes
at the BBB37 and other authors have suggested that this is both safe and desirable in

the treatment of certain neuro-inflammatory or neuro-oncological conditions.3%8

Progression of cognition

Measures of cognitive performance in the executive function domain and global
cognition increased significantly between baseline and one year follow-up. This
“practice effect” is a well-described phenomenon across nearly all cognitive tests in
every neuropsychometric domain, typically affecting the zscore in the range of between
0-0.5.399 These values area comparable to the practice effect I found in this cohort
(though executive function was somewhat higher with an improvement of 1.14). Values

were also consistent with the results of a previous study in a specific SVD population.245

Given that cognitive performance improved throughout the study, any associations
identified may represent a higher ability to learn the task rather than the preservation
of cognition per se. However, some authors have suggested that an inability to
demonstrate a practice effect is itself a predictor of cognitive impairment?® and so it

may be relevant to consider which factors predict greater cognitive improvement.

On univariate analysis, baseline 1QQ was significantly associated with worsening of
executive function zscore. This is counter-intuitive and may represent statistical
artefact or a “floor” effect in participants who performed worse (although cognitive
impairment /dementia were exclusion criteria for the study and deterioration was likely
possible in all participants). Cerebral microbleeds were associated with lower
processing speed, consistent with previous analyses in patients with SVD,102 although

the mechanism of this association has yet to be elucidated. Baseline WMH was
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associated with worsening of long term memory, consistent with previous meta-
analysis.® However hypertension was associated with improved cognitive performance;
this is unlikely to be plausible and likely reflects the very low numbers of participants

without hypertension.

On multivariate analysis, the only statistically significant association identified was
that 11C-PK11195 binding hotspot volume predicted favourable cognitive performance.
This finding was reasonably robust (p = 0.011), although the effect size was small
(correlation coefficient for each percentage point increase in hotspot volume to z-score
in cognition = 0.0501). Neuroinflammation is common across several neurodegenerative
conditions and has a clear association with neuropsychometric performance.40!
Analogous to the possible explanations for association between the PET findings and
radiological progression, there are three possible explanations for this longitudinal

finding:
1) It is a statistical artefact and not representative of a true biological phenomenon

2) The apparent improvement is indicative of a process or factor causing compromise
at baseline that resolves by follow-up, for example either the inflammation due to an
acute infarct or the cognitive sequelae caused by new onset disability that improves
by follow-up. As the median time between stroke and enrolment in this study was 12
months, it is unlikely that the index stroke is relevant to the time course of cognitive

performance during this study.

3) Neuroinflammation represented by the PET signal is beneficial and promotes

regeneration, as has been suggested above.

Conclusions and further directions

I did not find evidence that either the innate inflammatory response or increased
permeability of the BBB seen in patients with SVD was related to progression of
disease, either clinically or radiologically. This was a small study and likely under-
powered to detect such associations; in addition, to the sample size, the follow-up

period was short and although in SVD populations there is typically enough change in
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WMHs over one year to detect associations,?’ there were few incident lacunes and
CMBs and associations may have been missed. Cognitive impairment develops over
considerably longer than the duration of this study and so although significant changes
in cognition were detected, this may not have been clinically relevant. Similar to the
limitations discussed in chapters six and seven, I performed a large number of
experiments on this small sample of patients and if they were not representative of the

condition this may have introduced bias to the results.

Strengths of this study include that the image analysis was performed by the same
rater, blind to timepoint and that the cognitive test battery was comprehensive and

examined the specific domains affected in vascular cognitive impairment.

Further studies will interrogate the baseline immunophenotype in more detail to
examine whether serum inflammatory markers relate to disease progression and if so
whether this is mediated by the BBB permeability and microglial signal; peripheral
immune challenge with LPS was shown to affect the phenotype of microglia and disrupt
BBB tight junctions in mice?36, and one day after this challenge microglia were found
to express claudin-5 (an endothelial cell tight junction component) at the BBB itself.
This time course and the nature of the challenge are unlikely to be representative of
the response to microglia in chronic ischaemia, but the experiment illustrates the
potential for microglia to interact with the BBB in different ways at different

timepoints.

I have also secured ethical approval to collect longer-term follow-up data from this
cohort of patients, including neuropsychometric testing at two and four years after
enrolment and data on diagnosis of dementia or cognitive impairment. When combined
with the participants from the MINERVA trial, this will provide longitudinal data in
57 patients with SVD and 20 control participants who had identical neuroimaging and
serum analysis, and will be better powered to detect any significant relationships

between these disease processes.
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CHAPTER NINE

Conclusions and further directions
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Summary: Part 1

Part I of the thesis includes a review of existing literature concerning WMH
progression, and a meta-analysis of the expected annual WMH growth across different
populations, with implications for clinical trial design. I calculated that WMH
progression is highest in cohorts of patients selected on the basis of existing and
symptomatic SVD, and in such populations is expected to grow at a mean rate of 2.50
cc per year. This is informative for future clinical trial design, as are calculated requisite
sample sizes on which to measure a significantly slower progression when WMH are
used as an outcome. The sample sizes I calculated based on baseline WMH volume

and participant characteristics match well with a significant and positive recent clinical

trial, the SPRINT-MIND study.240

I further investigated WMH regression in several cohorts of participants with SVD,
and found a relatively small proportion of participants who exhibited this phenomenon.
Those who did showed only a very modest reduction in WMH volume between
timepoints. These findings are significantly lower than in other studies including
community dwelling participants or unselected stroke patients, and further work would
need to demonstrate the method I used could also be applied to patients at a much

earlier stage of SVD with significantly lower WMH lesion burdens.

In part I, T focused on WMHs as a biomarker of SVD severity. WMHs are a key
radiological hallmark of SVD% and are well correlated with evidence of small vessel
pathology at post-mortem examination.!?6 However, there are multiple categories of
biomarker (i.e.. biological measurements that relate to the underlying disease process
but distinct from clinical outcomes) that can be used not only for diagnosis, but also
for prognostication and treatment response. There is excellent evidence that WMHs
are associated with stroke and cognitive impairment%?; some individual studies have
also reported evidence that WMH progression is associated with a worsening of these
outcomes.??* No study has yet shown that treatment to reduce the risk of stroke or

dementia has done so explicitly by reducing WMH progression or reversing it; however
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it is noteworthy that the SPRINT-MIND study showed a beneficial treatment effect

of intensive blood pressure control on both WMH progression?4 and dementia risk.24!

The ultimate aim of Part I was to provide data on which future interventional studies
might be based. There have been some suggestions that DTI markers are more sensitive
to subtle white matter damage?'? and so this may be a more appropriate biomarker to
use for monitoring in clinical trials; however, one longitudinal study showed
approximately equivalent sample sizes needed to demonstrate a treatment effect?8? and
it is likely that upcoming clinical trials will continue to use WMH volume as a

biomarker for therapeutic effect.

Summary: Part II

Part II of the thesis includes data from the two analogous cohorts of patients with
SVD who have undergone advanced neuroimaging and immunophenotyping. 57
patients and 20 stroke-free control participants were included, making this a relatively
large population to have had such detailed investigation. Metrics of microglial signal
and BBB permeability discriminated very well between the patient and control groups,
particularly the volume of hotspot tissue in the NAWM, and this provides further
observational evidence that these processes are associated with SVD. I showed for the
first time that SVD severity as evidenced by WMH volume is correlated with 11C-
PK11195 binding in patients with SVD, consistent with findings in patients with
clinical?® or high risk genotypes for Alzheimer’s disease.?%* It is possible that DTI
measures of white matter ultrastructure are more informative for this relationship and
work is underway to assess the relationship between DTT markers and the 1C-PK11195

binding in this cohort.

I found no significant relationships between any of the candidate inflammatory
biomarkers and conventional markers of SVD severity. These studies were likely
underpowered to detect such associations (previous studies finding significant

relationship having around ten times as many participants???) and work is ongoing to
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recruit a considerably larger population for deep immunophenotyping. Within a
subpopulation of this cohort, there was evidence that classical and intermediate
monocytes may relate to SVD severity via an association with microglial. This is an
important finding and suggests a possible mechanism for the interaction between the
central nervous system immune compartment and the periphery. Further data-driven
analysis of this mass cytometry data, as well as stimulation assays of peripheral blood
mononuclear cells, should provide further details on the cell populations involved in

this interaction.

BBB permeability measured using DCE-MRI was not well correlated with markers of
SVD severity or cognition, though it correlated well with Qa,. This is important as
subsequent analysis (Robin Brown & Hugh Markus, under review) using the pre- and
post-treatment DCE-MRI data from the MINERVA cohort demonstrated that the
BBB metrics are not well reproduced between timepoints. Taken together, these
findings suggest that BBB permeability is a highly dynamic process and this has

significant implications for any interventions targeted at manipulating the BBB.

Outstanding research questions and further directions

Establishment of microglial signal and BBB permeability as causative
factors for disease progression

The studies detailed in this thesis do not conclusively answer the questions as to
whether microglial activation and permeability of the BBB have a causal role in SVD
progression, and this is one of the major outstanding questions to be addressed. While
these experiments endorse several of the key criteria for a biological relationship to be
considered causative,*% particularly concerning immune activation, I was not able to
satisfy all of them. There is a clear statistical relationship between 1C-PK11195
binding and clinicoradiological markers of SVD severity, with an effect size that is
meaningful, and a plausible mechanistic interpretation as to how this interaction may

be deleterious; however, the key criterion that is unsupported by these data is the
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relationship in time between measures of inflammation and severity of SVD, and if
anything, the data in chapter eight suggest that microglial signal may be protective
against SVD progression. Power will be added to this study by incorporating analogous
one year follow up data from the MINERVA trial to analyse one year clinical and
radiological outcomes of the entire pooled PET-MRI cohort, though this analysis will

have to correct for any treatment effect in the trial population.

Overlap between BBB permeability and microglial signal

Another aspect of the disease processes investigated in part II of the thesis that has
not been fully explored is the relationship between the two novel processes, either in
space, or in time. If both are relevant for SVD progression, then to fully describe the
pathophysiological mechanisms involved it would be necessary to elucidate whether
these processes co-occur at the same anatomical location, and whether this happens

contemporaneously or if one precedes the other.

Spatial overlap has already been considered in the 20 patients with SVD from the
observational phase study3??; there was no significant anatomical overlap between
hotspots of 1C-PK11195 signal and BBB permeability in this cohort. I will repeat this
analysis in the pooled participant cohort to verify that there is no topological
relationship that may have been missed in a smaller study that was not powered to

detect such correlations.

Further detailed analysis of the relationship between these disease processes and
conventional clinical /radiological measurements of SVD severity might be achieved by
complex multivariate mediation analysis such as structured equation modelling. In this
context, the underlying pathophysiological processes could be modelled as latent
variables affected by cardiovascular risk factors and genotype, with outcomes bases on
conventional MRI metrics and neuropsychometric performance. Structural equation
modelling likely requires at least 100 observations (and more if there are many degrees
of freedom introduced by multiple dependent variables)4% and it may not be feasible

to undertake advanced neuroimaging in enough participants to support this analysis;
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however, if serum biomarkers can be found that represent CNS inflammation and BBB
permeability, it would become much more tractable. Deep immunophenotyping of a
further 200 participants with SVD is underway and additional studies to explore this
possibility will be performed. The recruitment of a larger sample for detailed
immunophenotyping will help to address the issue presented by the large number of
comparisons tested in this thesis using the same reasonably small cohort of

participants.

Interaction between central and peripheral inflammation

Another key outstanding mechanistic questions is to fully describe the relationship
between the CNS and peripheral immune compartments. These compartments might
plausibly be related in either direction, either by recruitment of peripheral bone-
marrow derived myeloid cells as a response to intra-parenchymal damage and release
of damage-associated molecular patterns within the CNS3% or by the peripheral
immunophenotype responding to vascular risk factors/comorbidities to produce
cytokines that affect brain homeostasis.?26 Further experiments to delineate these
processes further will be performed using comparative transcriptomic studies of
mononuclear cells from CSF and peripheral blood already biobanked from the
MINERVA trial participants to determine the origin and phenotype/behaviour of these

cells.

Periventricular versus deep white matter disease

Several authors have found radiological or histological differences between deep WMHs
and periventricular WMHs, %07 and there are suggestions that different disease
mechanisms might be responsible for their formation and progression, with the
inflammatory response particularly related to WMHs in deep white matter
territories.408:409 Data from the PET-MRI studies described in part II will allow the
differential relationships between these processes and other conventional radiological

hallmarks of SVD to be investigated.
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MINERVA trial results and future therapeutic targets

A final significant further direction of research from this thesis is the analysis of the
MINERVA trial results, which will test whether treatment with minocycline is
associated with a reduction in neuroinflammation as measured by "C-PK11195 binding
or BBB permeability as measured using DCE-MRI. One year follow up
neuropsychometric testing and repeat MRI will allow analysis of whether this
treatment has any protective or deleterious effect on SVD progression, and if so,
whether the treatment response is mediated by the effect on either of these disease
processes. I have secured ethical approval to continue to follow-up this cohort for six
years after trial enrolment; this will involve collecting data from electronic and General
Practice records in order to ascertain time to dementia (although the sample size may

be too small to be able to detect a meaningful predictive effect).

The disease processes identified in this work and other studies suggest several potential
novel therapeutic strategies that might be tried if treatment with minocycline is
ineffective. These include cilostazol, a weak antiplatelet agent that had some beneficial
effect on dependence after lacunar stroke and in combination with isosorbide
mononitrate may reduce the risk of recurrent stroke or cognitive impairment?47;
cilostazol may inhibit pro-inflammatory transcription factors in microglia.4!® Another
licensed drug that may be repurposed is colchicine, a microtubule inhibitor that is
effective in reducing recurrent cardiovascular events in ischaemic heart disease*1412
and is currently under investigation in unselected stroke.?4? Small molecules targeting
immune cell recruitment such as CSFIR (a microglial receptor that drives
proliferation) and MCP-1 (a monocyte adhesion molecule) have had promising initial
results in pre-clinical studies in rodent models of SVD#3 and atheromatous disease?!*
respectively, but are not yet licensed in human participants. Results of these studies

may inform future mechanistic trials in SVD.
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APPENDIX A. Studies included in WMH progression review (chapter two).

Table A.1 shows the list of studies identified and included in the systematic review and meta-analysis, including cohort details, subgroups if

relevant, baseline WMH volume, image analysis pipeline and annualised WMH growth.

Reference Cohort Subgroups Number of Annualised | Baseline | Image analysis pipeline Sequence Field Slice
(if participants | WMH WMH used to strength (T) | thickness
applicable) growth (cc) segment (mm)
(ccly) WMHs
Dufouil et al. 200566 Perindopril Control 103 0.0006* 0.0018* Manual T2 1.0/1.5 5
Protection Perindopril 89 0.00013*
Against Recurrent
Stroke Study
(PROGRESS)
Godin et al. 2011276 3C-Dijon Controls 402 0.06 5.6 Semi-automated - segmentation in T2 15 3.5
Hypertensive | 917 0.4 SPM99 and in house multispectral
patients Bayesian classifier (Université Paris,
France)
Ammirati et al. 201964 | Asymptomatic 51 0.08* 0.97 Semi-automated — local thresholding FLAIR 1.5
patients with segmentation program (Jim6,
carotid stenosis Www.xinapse.com )
Guo et al. 2020415 Population-based | Control 662 0.11 5.05 Automated — in house (Shandong First | FLAIR 3 2
cohort and trial of | Rosuvastatin 119 0.23 4.29 Medical University, Shandong, China)
rosuvastatin vs
placebo
Markus et al. 2005264 Austrian Stroke 267 0.18 (years 1 | 1.32 Semi-automated — (Displmage, T2 15 5
Prevention Study -3) University College London, UK)
(ASPS) 0.29 (year 4-
6)
Brickman et al. 201546 | Dementia patients | Controls 261 0.2 7.91 Semi-automated — in house (Columbia, | FLAIR 15 1.3
Vs controls Alzheimer’s 26 9.18 USA)
disease
Kim et al. 202047 MCI patients 87 0.22 40.58 Automated — in house tissue classifier FLAIR 3 2

algorithm (Hanyang University, Seoul,
Republic of Korea)




Van der Veen et al. Second 663 0.23% 2.8 Semi-automated — in house k-nearest FLAIR 15 4
20132%4 Manifestation of neighbours clustering algorithm
ARTerial disease (Utrecht, Netherlands)
— MRI study
(SMART-MR)
Nasrallah et al. Systolic blood Control 200 0.23 4.57 Automated — in house deep learning FLAIR 3 1
2019240 Pressure Intensive BP 249 0.37 4.4 based segmentation algorithm
INtervention Trial | treatment (Pennsylvania, USA)
— Memory and
cognition IN
Decreased
hypertension
(SPRINT-MIND)
Burton et al. 200618 Dementia patients | Controls 33 0.23 5 Semi-automated — in house contouring | FLAIR 15 5
Vs controls AD 14 0.74 14 algorithm (Newcastle, UK)
DLB 14 0.28 5
PD 13 0.75 6
Callisaya et al. 2013%° | Tasmanian Study 225 0.24 5.6 Automated — segmentation in SPM5 FLAIR 15 3
of Cognition and then in house adaptive boosting
Gait (TASCOG) statistical classifier (Monash, Austria)
Ma et al. 2020418 Rotterdam Scan 1109 0.28* 5.68 Semi-automated — in house k-nearest FLAIR 1.5
study neighbours clustering algorithm
(Erasmus, Netherlands)
Whitman et al. 2001267 | Healthy 70 0.28 3.1 Manual T2 15 5
population
(age 74-88)
Al-Janabi et al. 2019%1° | Alzheimer’s 351 0.31 6.27 Automated — in house Bayesian FLAIR 15 1.2
Disease classifier (University of California Davis,
Neuroimaging USA)
Initiative 2
(ADNI2)
ter Telgte et al. RUN-DMC 54 0.32 5 Automated — in house neural network FLAIR 3 0.85
2019306 INTENse (Nijmegen, Netherlands)
Khalaf et al. 2015420 Patients with late | Remitters 23 0.35 0.41 Automated — in house fuzzy FLAIR 3 3
life depression Non-remitters | 24 0.69 0.71 connectedness algorithm (Johns
Hopkins, USA)
Nylander et al. 2018% | Prospective 252 0.36% 10.1 Automated (CASCADE, T2 1.5 3
Investigation of ki.se/en/nvs/cas- cade)
the Vasculature in
Uppsala Seniors
(PIVUS)
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Findlay et al. 201942 Patients with end- | Dialysis 24 0.38% 2.96 Semi-automated FLAIR 3
stage renal failure | Renal 10 0.01# 0.28
transplant
ten Dam et al. 200667 | Prospective Study | Pravastatin 265 0.4% 1.8 Semi-automated — in house FLAIR 15
of Pravastatin in Control 270 0.4% 1.6 segmentation algorithm (Leiden,
Elderly at Risk Netherlands)
(PROSPER)
Ramirez et al. 2016%> | Dementia patients | Controls 44 0.4 4.4 Semi-automated (Lesion Explorer, T2 15
Vs controls AD without 56 0.16 https://www.rotman-
SVD baycrest.on.ca/files/publicationmodule/
AD with 57 1.0 @random45f5724eba2f8/Ramirez_etal
severe 2011.pdf)
baseline SVD
Maillard et al. 20124?2 | Alzheimer's Control 72 0.41 6.6 Semi-automated - segmentation in FLAIR 15
disease, mild MCI 34 0.47 9.4 SPM99 and in house multispectral
cognitive AD 13 1.22 9.0 Bayesian classifier (Université Paris,
impairment and France)
controls
Moon et al. Neurol Multidomain 358 0.44 12.6 Automated (White matter FLAIR
2018423 Alzheimer’s Hyperintensity Automated
Preventive Trial Segmentation Algorithm contrast based
(MAPT) algorithm, WHASA)
Nebes et al. 2002424 Case of Controls 12 0.47 5.32 Semi-automated — in house border FLAIR 1.5
depressionvs 12 | Depressed 1 8.42 12.05 identification algorithm (Massachusetts
controls General Hospital, USA)
van Leijsen et al. RUN-DMC 276 0.5 5.8 Semi-automated (SPM12, FLAIR 15
20174% https://www.fil.ion.ucl.ac.uk/spm/softwar
e/spm12/)
Promjunyakul et al. Healthy 24 0.51 Semi-automated - in house clustering FLAIR 3
2015% population (age (incident algorithm (Oregon, USA)
>65) within first
five voxel
layers of
existing
lesions)
Prins et al.2004426 Dementia patients 20 0.57% 3.3 Semi-automated (Show_Images 3.6.1) | T2 15
Gottesman et al. Atherosclerosis 983 0.58 7.8 Automated — in house signal intensity FLAIR 15
201087 Risk in classifier (Johns Hopkins, USA)
Communities
(ARIC)
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https://www.rotman-baycrest.on.ca/files/publicationmodule/@random45f5724eba2f8/Ramirez_etal2011.pdf
https://www.rotman-baycrest.on.ca/files/publicationmodule/@random45f5724eba2f8/Ramirez_etal2011.pdf

Wohl et al. 1994427 Healthy 16 0.58 2.74 Manual T2 15 3
population
(age 47-83)
Garde et al. 2005428 Healthy 26 0.63% 4.7 Automated — in house local T2 15 2
population thresholding algorithm (Copenhagen,
(age 80) Denmark)
Van Dalen et al. Prevention of Controls 36 0.7 5.7 Automated — in house k-nearest FLAIR 3 1.2
201729 Dementia by Intensive CVD | 24 0.73 6.3 neighbours clustering algorithm
Intensive treatment (Amsterdam, Netherlands)
Vascular Care
(PreDIVA)
Johnson et al. 201627 | NeuroCognitive Depressed 130 0.74 6.7 Semi-automated (MRX, GE) T2 15 3
Outcomes of Control 110 0.72 5.18
Depression in the
Elderly (NCODE)
Raz et al. 20072 Hypertensive Controls 23 0.75% 6.36 Manual T2 15 5
patients vs Hypertensive | 23 1.15%
controls
Cho et al. 20154?° Stroke patients 100 0.865 2.78 Semi-automated (Analyze 10.0, FLAIR 4.5
www.analyzedirect.com)
Silbert et al. 200843° Oregon Brain 104 0.9 9.73 Semi-automated (REGION) T2 1.5 4
Aging Study
(OBAS)
Liu et al. 2013431 Sydney Memory 185 0.9 12.3 Automated — in house k-nearest FLAIR 3
and Ageing Study neighbours clustering algorithm
(University of South Wales, Australia)
Mok et al. 2009238 Regression of Control 106 0.95% 1.1 Semi-automated (Easy Vision 4.3, T2 15
Cerebral Artery Simvastatin 102 1.5% 1.6 Phillips)
Stenosis trial
(ROCAS trial)
Valdes Hernandez et Patients with mild 46 0.97% Semi-automated — multispectral FLAIR 15
al. 201643 stroke classifier (MCMxxxVI, University of
Edinburgh, UK)
Peng et al. 2014282 Hypertensive 294 1.01 13.78 Automated (Freesurfer, FLAIR 3 1
patients aged >80 surfer.nmr.mgh.harvard.edu)
Van Sloten et al. Age, Gene/ 1949 1.2 11 Automated — in house neural network- FLAIR 15 3
2015433 Environment based classifier (Reykjavik, Iceland)
Susceptibility
(AGES-Reykjavik)
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https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/

Wang et al. 2012434 Mild stroke 46 1.21*% 12.17 Semi-automated — multispectral FLAIR 15
patients classifier (MCMxxxVI, University of
Edinburgh, UK)
Lee etal. 2017 Healthy 450 1.27 9.66 Semi-automated (NeuROI, University of | FLAIR 1.5/3 3
Radiolt53 population (age Nottingham, UK)
50-87)
Chappell et al. 2017262 | First stroke 264 1.27 22 Semi-automated — multispectral FLAIR 15 5
patients classifier (MCMxxxVI, University of
Edinburgh, UK)
Lee et al. 202043 Patients attending 392 1.35% 10.01 Semi-automated (NeuROI, University of | FLAIR 15 4
routine Nottingham, UK)
healthcheck
Bernbaum et al. CATCH (Minor 40 1.83 9.21 Manual FLAIR 3 35
2015%%5 stroke/TIA
patients)
Jiaerken et al. 2019436 | Alzheimer’s Controls 19 1.98 11.11 Semi-automated (SPM12, FLAIR 3 5
Disease MCI 16 1.26 14.37 https://www.fil.ion.ucl.ac.uk/spm/softwar
Neuroimaging AD 5 8.45 36.17 e/spm12 and in house manual
Initiative (ADNI) correction)
Sachdev et al. 20078 | Healthy 51 2.15 16.38 Automated (SPM99, FLAIR 1.5 4
population (age https://www. fil.ion.ucl.ac.uk/spm/softwar
58-85) e/spm99, Analyze,
www.analyzedirect.com and in house
University of New South Wales,
Australia)
Gouw et al.. 20087 Leukoaraiosis 20 2.3 24.6 Semi-automated (Show_Images 3.6.1) FLAIR 0.5/1.5 5
And DISability in
the elderly
(LADIS)
Cook et al. 2004437 Healthy 29 2.89 8.4 Semi-automated (MRX, GE) FLAIR 15 3
population (age
60-89)
Sam et al.2016438 Patients with SVD 45 3.3 26.7 Semi-automated (SPM8, FLAIR 3 3
(Fazekas score https://www fil.ion.ucl.ac.uk/spm/softwar
>2 on MRI) e/spm8, Lesion Explorer,
https://www.rotman-
baycrest.on.ca/files/publicationmodule/
@random45f5724eba2f8/Ramirez_etal
2011.pdf and AFNI afni.nimh.nih.gov)
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https://www.rotman-baycrest.on.ca/files/publicationmodule/@random45f5724eba2f8/Ramirez_etal2011.pdf
https://afni.nimh.nih.gov/

Moscufo et al. 20125! Healthy 77 3.3 13.9 Semi-automated (Freesurfer, FLAIR 3 1.3
population (age surfer.nmr.mgh.harvard.edu and 3D
>75) Slicer)
Lambert et al. 20163 | St George’s 99 5.62 31.9 Semi-automated (SPM12, FLAIR 15 5
Cognition and https://www.fil.ion.ucl.ac.uk/spm/softwar
Neuroimaging e/spm12 using group averaged tissue
Study (SCANS) probability maps, and ITK-SNAP,
www.itksnap.org/)
Studies reporting values other than cubic centimetre/millilitre equivalent:
Hooshmand et al. Swedish National 299 0.00005% Semi-automated (SPM12, T2
20164%° Study on Aging TBV https://www.fil.ion.ucl.ac.uk/spm/softwar
and Care in e/spm12/)
Kungsholmen
(SNAC-K)
Goldstein et al. Healthy 121 0.0066% 0.094% Manual T2 15 3
2005277 population TBV ICV
(age 55-79)
Firbank et al. 200783 Study in Normotensive | 41 0.021% TBV Automated (SPM99, T2 15 5
COghnition and Hypertensive | 45 0.0285% https://www. fil.ion.ucl.ac.uk/spm/softwar
Prognosis in the on TBV e/spm99/)
Elderly (SCOPE) Candesartan 0.036% TBV
Hypertensive | 47
on placebo
de Bresser et al. Type 2 diabetes Controls 34 0.03% TBV Semi-automated — in house k-nearest FLAIR 15 4
2010%40 patients vs Type 2 DM 68 0.035% TBV neighbours clustering algorithm
controls (Utrecht, Netherlands)
Dickie et al. 201627 Lothian birth 351 0.86% TBV 0.76% Semi-automated — multispectral FLAIR 15 4
cohort ICV classifier (MCMxxxVI, University of
Edinburgh, UK)
Wolfson et al. 200544 | Mobility-impaired | Controls 7 0.02% TICV Automated — 3D expectation- T2 15 3
patients vs Patients 7 0.1% TICV maximisation algorithm (Harvard, USA)
controls 14
Gu et al. 201938 Washington 310 0.92% TICV | -6.02 (log | Automated — in house seed-growing FLAIR 1.5 3
Heights-Hamilton WMH algorithm (Columbia, USA)
Height-Inwood /ICV
and Columbia ratio)
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https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/

Aging Project

(WHICAP)
Liu et al. 201628° Healthy 232 6.39% of 5.11 Semi-automated (Freesurfer, FLAIR
population baspline surfer.nmr.mgh.harvard.edu and
(age >80) lesion FMRIB Automated Segmentation Tool,
volume

https://fsl.fmrib.ox.ac.uk/fsl/fsiwiki/lFAST
)
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APPENDIX B. MRI sequence details (chapters four to
eight).

Table B.1 shows the MRI sequence parameters used for imaging in the PET-MRI

cohort of patients with SVD and healthy control participants.

Sequence Acquisition parameters
Ti-weighted Axial 3D fast-spoiled gradient echo
sequence (BRAVO), flip angle = 12° inversion time =

450ms, field of view =28 mm, slice thickness = 1mm,
number of slices =192, reconstructed matrix size
=512 x 512

T2-weighted Axial T2 fast-spoiled gradient echo sequence angled
anterior commissure-posterior commissure (AC-PC), flip
angle = 111°, TE = 85 ms, TR = 6000ms, field of view =
22mm, slice thickness = 5 mm, number of slices = 31,
reconstructed matrix size = 1024 x 1024

FLAIR Axial T2 FLAIR, angled AC-PC, flipangle = 160° TR =
8800ms, TE = 120ms, Tl = 2445ms, field of view = 22mm,
slice thickness = 5 mm, number of slices = 28,
reconstructed matrix size = 256 x 256

Susceptibility- Axial susceptibility = weighted  imaging, flip angle =
weighted 17°, repetition time = 40.6ms, echo time = 24.2ms, field of
view = 22 mm, slice thickness = 2mm, number of slices =
70, reconstructed matrix size = 256 x 256

DTI Axial DTI, angled anterior commissure-posterior
commisure with the diffusion gradients applied in 63
directions with a b-value = 1000s/mm?, TE = minimum, TR
=15763ms, field of view = 19.2mm, slice thickness = 2 mm,
number of slices = 65-70 depending on slice angulation
reconstructed matrix size = 256 x 256

DCE-MRI 3D radiofrequency spoiled gradient echo, TR = 6.3ms, TE
= 1.784ms, number of slices = 16, reconstructed matrix
size = 256 x 256, final resolution = 0.94 x 0.94 x 3mm, flip
angles = 2°,5°,12°,17°,22°,27°, temporal resolution = 15
seconds per flip angle with interphase interval 15 seconds
(eight cycles)




APPENDIX C. Intra- and inter-assay reliability data for

proteomics panel data.

Table C.1 shows the distribution of intra-assay coefficients of variance across the 92
biomarkers in the Olink CVD III panel.

Coefficient of <5% 5-10% 10-15% >15%
variance range

Number of 12 59 19 2
biomarkers

Table C.2 shows the distribution of inter-assay coefficients of variance across the 92

biomarkers.

Coefficient of <10% 10-20% 20-30% >30%
variance range

Number of 31 53 8 0
biomarkers
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APPENDIX D. Univariate regression model results for
individual Olink biomarkers as predictors of radiological

features of SVD (chapter six).

Table D.1 shows the univariate regression model 3 coefficients and p values for WMH
volume, lacune count, CMB count and brain volume for each individual biomarker in
the Olink CVD III panel. Green cells represent protective associations (i.e. negative
correlation with WMHs, CMBs and lacunes, and positive correlation with brain
volume) and red cells represent deleterious associations. Uncorrected p values are

highlighted yellow at <0.05.

WMHs Lacunes CMBs Brain volume
Marker B pvalue P pvalue B pvalue B p value
BLM.hydrolase 0.402 0.002 0.148 0.273 0.272 0.037 -0.230 0.070
MB 0.387 0.004 0.060 0.665 0.151 0.261 0.056 0.666
Gal.4 0.390 0.005 0.007 0.961 0.249 0.064 -0.083 0.538
TNFRSF10C 0.320 0.021 -0.145 0.310 0.003 0.982 -0.086 0.525
TR 0.280 0.046 -0.015 0.919 0.085 0.532 -0.096 0.469
PECAM.1 -0.262 0.077 -0.218 0.167 -0.030 0.837 -0.095 0.535
ITGB2 -0.244 0.080 -0.157 0.256 -0.276 0.037 -0.127 0.335
DLK.1 -0.243 0.081 -0.178 0.200 -0.210 0.116 -0.003 0.980
CHIT1 -0.226 0.104 -0.131 0.340 -0.155 0.246 -0.091 0.478
TIMP4 0.217 0.120 0.131 0.350 0.147 0.274 -0.009 0.945
NT.proBNP 0.209 0.134 0.091 0.517 -0.086 0.525 -0.170 0.206
CCL24 -0.207 0.136 0.010 0.940 -0.186 0.161 0.085 0.506
OPG 0.185 0.180 0.239 0.076 0.127 0.338 -0.207 0.120
SELE -0.187 0.180 -0.079 0.571 -0.028 0.836 -0.183 0.197
LTBR -0.186 0.186 0.174 0.260 -0.068 0.615 -0.054 0.715
TNFSF13B 0.183 0.190 -0.094 0.524 -0.039 0.770 0.072 0.599
SELP -0.184 0.195 -0.128 0.361 -0.157 0.247 0.051 0.724
RETN 0.181 0.216 0.237 0.098 -0.158 0.258 -0.145 0.284
TR.AP 0.166 0.232 -0.037 0.790 0.010 0.939 -0.116 0.371
CTSD -0.165 0.236 0.147 0.283 -0.060 0.654 0.064 0.622
PRTN3 -0.170 0.240 -0.159 0.263 0.073 0.600 0.002 0.990
ICAM.2 -0.160 0.254 -0.054 0.698 -0.059 0.660 -0.143 0.299
LDL.receptor -0.159 0.256 -0.052 0.737 -0.101 0.454 0.084 0.562
Notch.3 0.158 0.271 0.175 0.222 0.002 0.988 0.197 0.141
Ep.CAM -0.146 0.293 0.093 0.498 0.058 0.664 -0.014 0.915
MMP.9 -0.145 0.301 -0.167 0.225 -0.207 0.118 0.008 0.955
GP6 0.143 0.303 0.033 0.808 0.060 0.652 -0.028 0.829
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CD163
SHPS.1
PLC
TLT.2
CHI3L1
AZU1
CD93
GDF.15
ST2
VWF
TFF3
TFPI
OPN
IL2.RA
TNFRSF14
Gal.3
MPO
CCL16
PSP.D
CSTB
ALCAM
MCP.1
MMP.2
CCL15
IL.17RA
PGLYRP1
CASP.3
t.PA
uPA
GRN
JAM.A
IL.6RA
P13
IGFBP.2
CDH5
AP.N
MEPE
TNF.R2
IGFBP.7
IL.18BP
IL.IRT1
PCSK9
CPB1
RARRES?2
EGFR
PAIl
U.PAR
CTSz

0.140
-0.139
-0.138

0.139
-0.138
-0.131

0.124
-0.132
-0.130

0.124

0.117
-0.117
-0.115

0.111
-0.109

0.112

0.107

0.102

0.099
-0.100
-0.100
-0.088

0.086
-0.085

0.087
-0.080
-0.079
-0.076

0.073
-0.075

0.068
-0.065
-0.060
-0.059
-0.056

0.055

0.058
-0.055

0.054
-0.055

0.054

0.046
-0.042
-0.041
-0.041
-0.040

0.037

0.035

0.313
0.324
0.329
0.335
0.341
0.350
0.375
0.378
0.389
0.396
0.403
0.403
0.411
0.428
0.438
0.440
0.442
0.466
0.486
0.489
0.505
0.524
0.544
0.545
0.555
0.563
0.570
0.583
0.600
0.606
0.629
0.643
0.667
0.675
0.689
0.696
0.697
0.699
0.699
0.700
0.701
0.738
0.761
0.766
0.768
0.777
0.796
0.804

-0.134
-0.091
0.111
0.012
-0.107
-0.267
0.120
-0.010
-0.003
-0.055
0.133
-0.064
0.157
0.136
0.078
0.045
0.152
0.079
0.004
0.263
-0.155
-0.123
-0.081
0.020
0.021
0.038
0.104
0.032
0.145
-0.043
-0.086
0.021
-0.017
-0.128
0.018
0.128
0.116
-0.016
0.090
-0.130
-0.080
0.099
0.210
0.064
-0.046
0.019
0.180
-0.186

0.330
0.525
0.431
0.937
0.477
0.052
0.381
0.945
0.985
0.707
0.338
0.652
0.251
0.333
0.574
0.775
0.285
0.565
0.978
0.065
0.327
0.375
0.570
0.889
0.884
0.794
0.447
0.816
0.308
0.771
0.536
0.881
0.910
0.355
0.900
0.350
0.425
0.909
0.520
0.353
0.578
0.468
0.120
0.645
0.735
0.891
0.193
0.175

- 288 -

-0.295
-0.034
0.156
-0.016
-0.086
-0.284
0.145
-0.032
-0.094
0.047
0.181
0.150
-0.066
0.191
0.033
0.174
0.123
0.159
-0.034
0.195
-0.010
-0.168
-0.145
0.089
-0.035
-0.028
0.136
0.060
0.083
-0.069
-0.043
0.010
0.003
-0.198
-0.045
0.167
0.176
-0.030
0.077
0.019
-0.231
0.210
0.010
0.014
-0.061
-0.089
0.173
-0.163

0.023
0.800
0.245
0.909
0.535
0.030
0.275
0.821
0.514
0.739
0.174
0.260
0.625
0.150
0.804
0.208
0.353
0.233
0.803
0.153
0.944
0.200
0.283
0.505
0.805
0.830
0.301
0.648
0.532
0.615
0.747
0.940
0.982
0.138
0.737
0.209
0.210
0.822
0.562
0.891
0.082
0.109
0.941
0.914
0.648
0.506
0.198
0.215

-0.015
0.016
-0.199
0.162
-0.038
-0.091
-0.007
-0.279
0.099
-0.052
0.030
0.267
0.074
-0.122
-0.012
-0.223
-0.161
-0.023
0.039
-0.032
-0.123
0.125
0.146
-0.045
0.021
0.094
-0.011
0.076
0.193
-0.018
0.116
-0.154
-0.173
-0.071
0.202
-0.022
0.000
0.102
0.119
0.015
0.062
-0.117
0.057
-0.128
0.241
0.122
-0.118
-0.010

0.908
0.903
0.134
0.236
0.789
0.485
0.954
0.042
0.510
0.707
0.816
0.047
0.567
0.365
0.926
0.135
0.226
0.857
0.770
0.817
0.429
0.336
0.274
0.734
0.877
0.490
0.933
0.550
0.141
0.895
0.368
0.254
0.232
0.581
0.115
0.867
0.999
0.433
0.358
0.913
0.643
0.359
0.656
0.326
0.057
0.349
0.362
0.937



IGFBP.1
PDGF.subunit.A
MMP.3
EPHBA4
FABP4
CXCL16
TNF.R1
COL1A1
SCGB3A2
CNTN1
KLK6
IL.IRT2
SPON1
PON3
CPA1
FAS

AXL

-0.033
0.030
-0.029
-0.031
0.030
0.024
-0.023
0.021
-0.020
0.020
0.017
0.015
-0.010
0.007
-0.007
-0.001
0.000

0.820
0.829
0.833
0.834
0.835
0.866
0.869
0.880
0.887
0.890
0.904
0.917
0.944
0.960
0.963
0.995
0.998

-0.150 0.289
-0.158 0.251
-0.024 0.860
-0.050 0.742
0.026 0.861
0.129 0.356
-0.046 0.737
-0.112 0.422
-0.034 0.804
0.070 0.628
-0.047 0.734
-0.033 0.813
0.252 0.064
-0.205 0.134
-0.256 0.065
-0.084 0.546
0.086 0.538

- 289 -

-0.414
-0.086
-0.098
-0.103

0.011
-0.019
-0.118
-0.043
-0.025
-0.015

0.025

0.141

0.171
-0.157
-0.146
-0.026
-0.176

0.002
0.515
0.463
0.457
0.935
0.888
0.374
0.747
0.848
0.913
0.852
0.292
0.201
0.237
0.268
0.846
0.185

0.007
-0.276
-0.132
-0.166

0.242
-0.236
-0.144

0.021

0.281

0.019
-0.095

0.159
-0.100

0.045

0.173

0.192

0.056

0.959
0.034
0.304
0.241
0.071
0.066
0.253
0.872
0.026
0.885
0.466
0.223
0.446
0.729
0.190
0.133
0.677



APPENDIX E. Univariate regression model results for

individual

permeability (chapter seven).

Olink biomarkers as predictors of BBB

Table E.1 shows the univariate regression model 3 coefficients and p values for BBB

hotspot proportion and Qay, for each individual biomarker in the Olink CVD III panel.

Green cells represent protective associations (i.e. negative correlation with WMHs,

CMBs and lacunes, and positive correlation with brain volume) and red cells represent

deleterious associations. Uncorrected p values are highlighted yellow at <0.05.

Marker
P13
TFPI
TLT.2
SELE
PAIl
CD93
U.PAR
CCL16
PSP.D
IL.18BP
MEPE
AXL
SPON1

PDGF.subunit.A

CDH5
FABP4
SCGB3A2
TNFRSF14
NT.proBNP
IGFBP.7
JAM.A
Ep.CAM
PECAM.1
MPO
TNFSF13B
PCSK9
TR.AP
EGFR
SHPS.1
AP.N

OPN

0.443046
-0.37208
-0.31233
-0.28572
-0.25225
-0.20191

-0.2064
-0.19658

0.205789
-0.19551
-0.20505
-0.18958

0.182436

0.182775

-0.1758
-0.18526
-0.16432
-0.15983

0.17421
-0.14992
-0.15543
0.13256

0.163928

0.137596

0.166954

0.135592

-0.137
-0.12955

0.159083
-0.12499
-0.12549

BBB hotspot proportion

p value
0.005792
0.018902
0.038136
0.044741
0.097695
0.157602
0.176832
0.179994
0.182729
0.183265
0.183986
0.205565
0.222912

0.23192

0.24494
0.253844
0.273323
0.281325

0.29846
0.314997
0.315052
0.359324
0.360754

0.36331
0.365254
0.365502
0.371099
0.378157
0.382606
0.384778
0.392179
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Qan
p value

-0.32745 0.398358
0.097236 0.817167
0.119474 0.68094
0.079589 0.751475
0.160039 0.733123
0.030701 0.911777
-0.08477 0.743395
-0.1255 0.648303
-0.0058 0.983546
-0.03033 0.905885
-0.09796 0.711297
0.158463 0.706815
-0.20588 0.491555
0.483523 0.035466
-0.0241 0.9304
-0.03518 0.889439
0.09247 0.709318
0.163958 0.544138
-0.47981 0.298124
0.10251 0.796533
-0.11189 0.687636
-0.17 0.565647
0.766174 0.003159
0.142032 0.584792
-0.88419 0.163671
-0.25721 0.331734
0.460166 0.301347
0.144523 0.553393
-0.64545 0.177083
0.061251 0.864985
-0.09234 0.761706



ALCAM

BLM.hydrolase

Gal.4
CHI3L1
IL.17RA
PGLYRP1
SELP
uPA
MCP.1
t.PA
Notch.3
ST2
TIMP4
DLK.1
RARRES?2
GDF.15
PRTN3
CPA1
CTSsz
GP6
CHIT1
TFF3
MB
VWF
KLK6
CCL24
CTSD
IL.ART2
IL.ART1
AZU1
EPHB4
IL2.RA
CASP.3
TNFRSF10C
TNF.R2
CNTN1
FAS
PON3
CSTB
IL.6RA
CCL15
CPB1
ITGB2
Gal.3
LDL.receptor
IGFBP.1
TNF.R1
OPG

-0.14479
0.142113
-0.12839
-0.12826
-0.12101
-0.11582
-0.10703
-0.10867
-0.11006
-0.10365
-0.10073
-0.1253
0.101778
-0.09396
-0.09592
-0.0973
0.097066
-0.08687
0.085019
0.075072
-0.07199
-0.07162
-0.08078
-0.07846
0.06565
-0.06582
-0.06445
-0.0604
-0.06257
0.058962
0.062373
0.056975
-0.05697
-0.05537
0.050734
0.058389
-0.05391
0.048419
-0.04218
0.03639
0.041229
-0.03205
0.033441
-0.03636
-0.03586
0.028665
0.026397
0.028441

0.393798
0.394276
0.414018
0.422888
0.426113
0.456375
0.481657
0.487975
0.488308
0.500319
0.502324
0.507508
0.516733
0.527927
0.528182
0.538326
0.587374
0.591864

0.59319
0.621256

0.62769
0.630368
0.639955

0.64847
0.656229
0.659655
0.662446
0.687301
0.693828
0.694015
0.712812

0.71709
0.719201

0.72192
0.729607
0.737424
0.744985
0.774386
0.791474
0.801084
0.805942
0.826254
0.826828
0.835212
0.844922
0.847676
0.856212
0.859018
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-0.37198
-0.0675
-0.01285
0.427033
0.234062
-0.14369
0.096514
0.762964
-0.423
0.386765
-0.11705
0.408046
-0.46552
-0.07774
0.804445
-0.05916
-0.36009
-0.13423
-0.01813
0.230633
0.21884
-0.17638
-0.73998
0.622766
0.323802
-0.31976
-0.24286
-0.22384
-0.04345
0.187554
0.198604
-1.04626
0.240859
0.080989
0.304471
-0.06376
-0.47723
-0.01709
-0.0176
-0.31648
-0.22346
0.508677
0.376718
0.229244
0.569347
0.132755
0.341134
-0.60437

0.389315
0.870352
0.974176
0.171815
0.391374
0.631653
0.771688
0.06754
0.2191
0.221159
0.667913
0.269318
0.26194
0.818151
0.001761
0.80433
0.412862
0.635172
0.970717
0.483439
0.494485
0.518677
0.149782
0.016426
0.202109
0.439291
0.509182
0.561461
0.890601
0.504863
0.596574
0.016179
0.423102
0.80129
0.269951
0.859092
0.287869
0.960323
0.958321
0.428191
0.495234
0.106598
0.397033
0.603627
0.149686
0.676483
0.140561
0.053284



MMP.9
GRN
RETN
TR
ICAM.2
PLC
IGFBP.2
CD163
LTBR
MMP.3
COL1A1
MMP.2
CXCL16

-0.02407
0.024556
0.024097
-0.01932
-0.01509
0.016012
0.014026
0.01279
-0.01414
0.009474
-0.0104
0.003001
0.001438

0.867987
0.872436
0.878934
0.899954
0.919219
0.922855
0.925172
0.933913
0.934143
0.948334
0.949186
0.985063

0.99217
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0.396281
-0.24785
0.090317
0.144937
0.427004
0.013763
0.400323
-0.17496
-0.07012
-0.01019
-0.06788
0.015497
-0.02149

0.300263
0.563468
0.809094
0.674086
0.096919
0.958815
0.098275
0.622555
0.790865
0.981507
0.855419
0.954421
0.946107



